
Baker Hughes INTEQ

Formation Pressure
Evaluation

Reference Guide

80824   Rev. B January 1996

Copyright © 1993 Baker Hughes INTEQ

Baker Hughes INTEQ
Training & Development
2520 W.W. Thorne
Houston, TX 77073
United States of America
713-625-4890



This material cannot be reproduced in any manner or
otherwise used in any presentation

without the express written permission of
Baker Hughes INTEQ



Reference Guide
80824 Rev. B /January 1996
i

l of 

 

ker 

h 
n 

ocal 

he 

f 

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

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

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

3. Foster constructive thought and continued development of Ba
Hughes INTEQ personnel in the management of formation 
pressures

This reference guide is based upon several Baker Hughes INTEQ sources 
(EXLOG’s Theory And Evaluation of Formation Pressures Manual, 
Eastman Teleco’s Pore Pressure Course, Milpark’s Drilling Fluid 
Technology Manual), many new ideas from published articles, along wit
information and feedback from field-based personnel. These have bee
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 l
Training and Development department.

Ease of introduction is provided by the detailed table of contents and t
glossary of terms, definitions and formulae should make access to 
background information more rapid. References are listed at the end o
each section. Should the reader of this manual require a copy of a 
reference, if a copy is unavailable from the field office, please contact the 
Baker Hughes INTEQ Training and Development department in Houst
Texas.
iii
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What is Pressure Evaluation?
The evaluation of formation pressures is an integral part of the well 
planning and formation evaluation process. For example, in order to dr
well safely and economically, it is necessary to know the pore pressure
fracture pressure so that the mud density can be optimized to provide 
sufficient overbalance, while being low enough so that formation integ
is not compromised (see Figure 1-1).

In areas where exploration and production histories are established, o
data sets can be used to provide detailed profiles of expected pressur
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 adop
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
manual), relationships between petroleum geology and drilling enginee
can be interpreted to give accurate estimations of formation pressures
any point during the course of a well. In addition, mathematical models 
algorithms can be used to predict formation fracture pressure following
first pressure integrity (Leak-Off) test in a competent formation.

The successful estimation of formation pressures requires the correct 
application of methods and evaluation procedures, and the knowledge,
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 Hughe
INTEQ must be an person with extensive field experience. They must h
a thorough understanding of drilling engineering, have excellent 
communication skills, and be knowledgeable of logging procedures an
interpretation techniques. This person must have witnessed pressure 
evaluation services first-hand, and have played a part in these service
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 INTEQ DrillByte ® service has an unprecedented 
amount of computing power, which can be used to collect, store, proce
and interpret vast amounts of drilling and geological data, and to produ
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 mak
accurate decisions and quantitative estimations of formation pressures
to eliminate the need to make lengthy, laborious repetitive calculations

Even with all this advanced technology, pressure evaluation still requir
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 th
duties are of genuine importance to the drilling operation. As a result, t
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 o
at the local base. Their ability to communicate with these personnel is 
vital component of the service.

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

Instrumentation

Pressure evaluation personnel should be trained in the use of the vario
calculators and computers available within Baker Hughes INTEQ. Such 
equipment is invaluable when making pressure calculations. Several 
Engineering Assistance Programs (EAP) are available in DrillByte .

A sophisticated pressure evaluation package GeoPress™ is included in 
DrillByte  (version 2.0+) and should be used whenever it is available. I
general, the amount of instrumentation used in pressure evaluation wi
1-2 Baker Hughes INTEQ
Confidential 80824 Rev. B / January 1996
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vary with each particular job. Figure 1-2 illustrates the variety of 
equipment and parameters available to pressure evaluation personne

When used, FEMWD services can provide many parameters that can 
valuable in formation pressure evaluation. Parameters such as Gamm
Ray, Resistivity, 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 interpretat
evaluation and correlation material.

Secondary equipment can also be important sources of formation pres
variables. Services which include mud density (In and Out), mud 
temperature (In and Out), mud conductivity (In and Out), Mud Flow, Pi
Volume Totalizer, Shale Density, and Shale Factor proves invaluable w
monitoring formation pressures. To ensure its effectiveness, wheneve
of these services are included in the logging unit, the pressure evaluat
personnel are required to know how to operate, calibrate and troubles
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 reco
is also of value in the development of future exploration and drilling pla

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

• Drilling 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
the Operator on DrillByte  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 evaluatio
and engineering information, which is then compiled into a Final Well 
Report (FWR) for the client.
Reference Guide 1-3
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Figure 1-1 Pressure Diagram Plot
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Figure 1-2Logging Unit Systems and Information Flow
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Origins Of Abnormal Pressure
In most geological settings, a “normal” set of parameters can be used 
predict what formation pressures might be encountered while drilling. I
these conditions always prevailed there would hardly 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 predic
formation pressures for upcoming wells? The geological history of the a
to be drilled is usually known. This, combined with a knowledge of how 
abnormal pressures develop in different geological settings, can enabl
well planner to anticipate the location, extent and potential magnitude 
possible pressure problems. 

The fundamental difference between normally and abnormally pressur
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 interfe
with the fluid column and preventing it from achieving normal hydrosta
equilibrium.

Once the continuity of the fluid column has been broken, the pore fluid
can be acted upon in a number of ways. For example, if we picture the
of abnormal pressure as a compartment, it can be present in three 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
a short period of time (these very leaky seals are not often knowingly 
drilled but have other geologically important roles, such 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 differential pressure 

• the time over which pressure changes have occurred 

The best seal would be a perfectly impermeable, plastic rock, capable
retaining its integrity and encapsulating a fluid-filled porous rock. An 
example of such a lithology is salt. As a result, salt can be the cause o
2-1
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many severe pressure problems. The most common seals that are dril
the oilfields are claystones and shales. Though it would be a mistake t
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 overpressures, especially 
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 n
change in vertical permeability. This gradual leakage of pressure mean
that overpressures are very transient (in geologic terms), unless the 
pressure is constantly replenished by some other charging mechanism

Bradley, in his 1975 paper, showed that there only needs to be a leakag
one “drop” of water per square centimeter every year for 300 years to b
off a differential pressure of 1000 psi. This is well within the permeability 
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 a
and seal efficiency is still very high. 

How Does Abnormal Pressure Develop?

The discussion thus far has centered around different aspects of the 
subsurface rock/fluid system. It has been mentioned that in order to 
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 (som
proven and some only postulated) some simple analogies are required. The 
simplest is a cocoa tin full of water (see Figure 2-1). The tin has finite 
volume, a certain tensile strength and a sealing efficiency dependent o
how firmly the lid is fixed on. To change the internal pressure in the tin 
can do one of two things: 1) change the volume of the tin or 2) change
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
compressibility and a low hydrostatic effect, which can lead to very 
different pressures at the top of the compartment 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 enters or escapes), then compare 
them with systems where the compartment size remains fixed, althoug
these are by no means easy distinctions to make.

As we look at these mechanisms and the geological environment in wh
they occur, we will see that a knowledge of how pressure anomalies 
develop really can help the well planner to anticipate troublesome zon
2-2 Baker Hughes INTEQ
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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 compartme
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 d

Geological Settings

In areas where erosion has removed a significant thickness of the 
overburden, the more elastic sediments (like shales and claystones) m
relax sufficiently to undergo an increase in pore volume. Also, this volu
increase may draw in fluids from interbedded and surrounding porous 
rocks (i.e. lenticular sands) resulting 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.

H2OH2O

HEAT

Normal Pressure Bulged due
to Imposed Pressure
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Temperature

Temperature is a complicating factor, but generally “decompressed 
expansion” in areas of uplift and erosion will lead to subnormal pressu
Nearly 60% of the rocks in the USA are subnormally pressured. In an 
underpressured compartment the seal is entirely matrix supported.

Changing Fluid Volume

The simplest form of fluid change, and the most common cause of low
than-normal pressure, is 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 subsiden
the matrix takes on the full load. The subsidence of the sea bed above
Ekofisk field in the North Sea is a good example.

As mentioned above, temperature has an effect on the “decompressional 
expansion”, and an increase in temperature gradient at the same time as the 
erosion may compensated for (or even over-compensate for) the loss o
imposed pressure. For this reason the areas most likely to be 
underpressured are those that were originally hot and undercompacte
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 aquifer with an outcrop below the water table, wil
show a pressure that is (for drilling purposes) subnormal (See Figure 2

Subnormal pressure is not as dramatic as overpressure, but the resulting loss 
of circulation and consequent loss of hydrostatic pressure control in the
can be even more catastrophic than a “simple” kick from overpressure,
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 dril
what types of pressure regimes may exist at depth. 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 onse
changing pressure. The origins of abnormal pressure are many and va
and although each mechanism is relatively simple when taken in isola
they combine to form rather complex sets of interacting influences.

The knowledge of local pressure regimes can also be used to assist in 
deciding where the well is placed. 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 
2-4 Baker Hughes INTEQ
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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 which make efforts to 
predict overpressure difficult (and at worst futile). If this is the case, ho
can we ever hope to plan a well with confidence?

Tried and trusted methods reduce complex models into simple ones, a
then restrict predictive modelling to simple basins. This is by far the m
preferable, since many of the past failures have involved taking a nice
simple model out of its home basin. This is one reason why the preferred 
areas for research and modelling are the Gulf Coast of the USA, other
Tertiary Deltas (e.g. Niger and Nile) and the North Sea Tertiary sequence. 
The preferred lithologies for modelling are always clay dominated 
siliciclastic sequences and carbonates. The modeled formations are th
deeper compartments emplaced late in the basin’s history.

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

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

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

Formation Pressure Models

Basin modelling to predict sub-surface pressures has mainly concentr
on the historical (on a geologic time scale) ebb and flow of formation 
pressures in order to predict possible accumulations of hydrocarbons. 
Recent models include England, et al (1987) and Mann and Mackenzie 
(1990). 

The latter used a 2-D model to predict abnormal pressure in rapidly 
subsiding siliciclastic sequences, above an impermeable basement. T
model is based entirely upon vertical migration and the changing vertic
permeability of the sediments as they are buried. The only over-pressuring 
mechanism invoked is simple compaction disequilibrium. There is a very 
good approximation in this model to the actual pressures in the Gulf of 
Mexico to 4000m, the Northern North Sea to 5000m, the Haltenbanke
(Norway) to 3500m and the Nile Delta to 4000m. This suggests that 
compaction disequilibrium is indeed the dominant mechanism at these 
Reference Guide 2-5
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depths, in offshore Tertiary clays and sands. This ties in fairly well with 
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 dynami
of a basin. Again, the emphasis is on predicting hydrocarbon migration and 
accumulation, but the model appears able to produce a good approximati
of the pressure profile. Whether the profile is better than the simple mo
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 tho
that the Ungerer Model is better in older, more complex basins.

Mudford and Best’s (1989) model incorporates temperature and 
compactional effects on permeability, as well as hydrocarbon generation. 
Work on the Ventura gas field led them to conclude that compaction 
disequilibrium was 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 settin
unless seismically derived lithostratigraphy is determined.

Figure 2-2: Piezometric Surface Effect on P ore Pressure

Compaction Disequilibrium 

As can be seen, compaction disequilibrium is a common cause of abnorma
pressure. This is especially true in rapidly filling (Tertiary) sedimentary 
basins. Passive plate margins, with one or more large deltas (i.e. Gulf 
Mexico, Niger Delta, etc.) are common areas for this type of geopress

A
A

A
A

AAAA
AAAA

AAAA
AAAA

AAAA
AAAA

AAAA
AAAA

AAAA
AAAA

AAAA
AAAA

AAAA
AAAA

AAAA
AAAA

AAAA
AAAA

AAAA
AAAA

AAAA
AAAA

AAAA
AAAA

AAAA
AAAA

AAAA
AAAA

AAAA
AAAA

AAAA
AAAA

AAAA
AAAA

AAAA
AAAA

AAAA
AAAA

AAAA
AAAA

AAAA
AAAA

AAAA
AAAA

A
A

AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

A
A
A
A
A
A

“Under-pressure”

“Over-pressure”
2-6 Baker Hughes INTEQ
Confidential 80824 Rev B /January 1996



Formation Pressure Evaluation Origins Of Abnormal Pressure

der 
f 

tic.

 

ly 
 
p 
fact, 

 
ds to 
l 

le or 
 
er 
 

ave 
ave 
stems 
h 
Under “normal” circumstances the sediments deposited at the delta front 
will dewater as the matrix material reshuffles itself (See Figure 2-3) un
the influence of gravity and the overburden created by the deposition o
even more overlying sediment. The dewatering process (See Figure 2-4) 
relies on slow, continuous permeability that ultimately connects with the 
surface/water table, allowing the pore fluid pressure to remain hydrosta

If seasonal changes in load (the switching of a channel) or a change in
sediment source occurs, the quantity and/or type of sediment can change 
abruptly. A change from a clay/silt/sand mixture to clay alone can easi
restrict the dewatering process to those clays/silts adjacent to a sand layer.
Rapid loading by a huge thickness of the same clay/silt sediment may ti
the dewatering balance temporarily in favor of overpressure. In actual 
the dewatering process is rarely perfectly “normal”.

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

Figure 2-3: Porosity/Depth relationship for a typical compacting clay sequence

In the Mississippi River delta, these lumps (where the high pressures h
reached the surface) are seen as small islands. Similar islands of mud h
erupted in Indonesia. The pressures can sometimes be relieved by sy
of sub-vertical faults above the diapir or by growth fault systems. The hig
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pressures in these shale masses are a major contributing factor in the 
formation of massive “growth faults” that cut across the delta, trapping 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 segregat
redistribute pressures. Pressure anomalies are often laterally sealed b
clay smeared fault-plane, which can also have zones of mineralization
associated with it. For this reason when drilling through growth faults i
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 th
high pressure to communicate with any lower pressure potential along
fault plane. This can be the surface or a sand body adjacent to the fau
the fault closes, any sands so charged are often resealed against shales an
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 g
throw are more likely to reseal against shales, instead of ending up ne
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 low
pressures, with the risk of creating an overpressured permeable zone (See 
Figure 2-5). If the bed thickness is sufficient, the edges of the clay will bl
down first, compact, and seal the original overpressured area in the m
by virtue of the reduced permeability at the edge.
2-8 Baker Hughes INTEQ
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Figure 2-4: Bulk Density reversal in an abnormal pore pressure zone

Tectonics 

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

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

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

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

The phase before thrusting can also induce pressure. In the foreland b
of active mountain building thrust belts the horizontal stresses can reach 
twice the overburden before faulting occurs, any of that stress which a
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 b
of a thrust. The limestone below the thrust remains overpressured.

Figure 2-5: Typical Pore Pressure Depth plot of compaction disequilibrium geopressures
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Formation Pressure Evaluation Origins Of Abnormal Pressure
Figure 2-6: Idealized diagram of zones of abnormal pressure
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Diagenesis

The physical/chemical transformation of one rock or mineral into anoth
is often cited as a cause of overpressures. Many minerals will undergo
chemical metamorphoses at relatively low temperatures, long before t
metamorphism occurs. A classic example is the transition of gypsum t
anhydrite (CaSO4 x 2H2O to CaSO4) in which there is a total volume 
change of about 50% with the expulsion of water. Normally this chang
occurs at about 40°C, at relatively shallow depths.

Conversely, pressures may be generated by the change from a high d
porous rock to a lower density, less porous rock. A good example of th
de-dolomitization. Under the right conditions dolomite (CaMgCO3) will 
turn into calcite (CaCO3). Since calcite crystals occupy more space than 
dolomite, with the absence of fractures, they will tend to squeeze out a
remaining pore fluids.

Such a condition should only occur when the connate water is replace
a fresher fluid (which can also rehydrate gypsum). This process is prob
restricted to near surface sediments.

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 he
be the cause, either directly or indirectly, of overpressure.

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

The basic premise of this mechanism is that the surficial, younger 
argillaceous sediments are often rich in a smectite clay called 
montmorillonite (See Figure 2-7). The significant feature of the smectit
group, is its very high surface area. These clay platelets are held toge
by a weak electromagnetic force (Van der Waal’s bonds), and there is
considerable amount of area to which up to ten layers of water can bo
(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,
pressure required to release the remaining water increases (See Figure
Ultimately, only high temperature and chemical processes 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
smectites and its potential role in the development of overpressure. Sh
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 172° - 192° C is required 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 som
overpressures, the resulting extra hydraulic pressure will also tend to 
inhibit further dewatering. Therefore, under most conditions the simple 
dewatering process will not lead to excessive overpressure, since there
negative feedback loop at work. However, there is also the chemical 
diagenesis to consider.

The threshold temperature for the loss of the penultimate water layer i
roughly the same at which hydrocarbons are generated. At this point t
smectites can turn into illite clays (See Figure 2-11).
Reference Guide 2-13
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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 qui
than Ca or Mg smectites), the presence of available cations like K+ will 
satisfy the surface charges in place of water and collapse the clay into
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 a
“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 
magnesium smectite). Total volume change is in the order of 6 percen

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

Other workers have found large variations in the temperature required to 
initiate simple, physical smectite dehydration. Bruce (1984) found a 
threshold temperature of 71° C in the Mississippi River and over 150° C in 
the Niger delta. He suggests that cation availability may partly control 

The real links between overpressure and smectite/illite transformation 
appear to be more closely related to the higher density of the illite pac
and the consequent loss of vertical permeability through the zone. In this 
way the clay is not always the direct source of the pressure but rather 
mechanism for capping pressure, especially if hydrocarbons are begin
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 relationship between pressure 
and percentage of illite packets. They found that normal pressures sto
when the transformation began, and continued to rise through the zon
increasing illite. From this, it appears that 40% to 50% illite is sufficient
retard vertical permeability. 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
normally ascribed to compaction disequilibrium. It may be inferred that 
hydrostatic pressure and “frozen” matrix stress have prevented simple
dewatering, which are seen at shallower depths. At greater depths, the
permeability effects of illite probably dominate. 

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

• Was there any original smectite? Some basins contain very little
an example of this variability, smectite comprises 40% of the clay
the Northern Atlantic but only 20% in the Southern Atlantic. In th
south western part of the Indian Ocean it reaches concentration
high as 80% (Biscayne 1964 - cited in Reike + Chilingeran).
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• Is there any sand present, which can act as a conduit to leak flu
away from the simple dehydration (or any other) mechanisms? Th
old “sand-count” as a means of assessing overall vertical 
permeability now has a more practical 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 formed? Has the 
basin subsided or been elevated? Has the local heat flow chang

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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Stage 1

Post sedimentation
“House of Cards Structure”
Porosity = 70 to 85 %
Clay is 80% Monmorillonite

20% other

Stage 3

Before Diagenesis
(About 3,000 - 6,000 FT.
Below 60° C)
Porosity = 20 to 35%
Clay is 

10% Mixed layer
20% other

70% Montmorillonite

Stage 4

During Alteration
To Illite (100° - 200° C)
High Porosity
Porosity = 30 to 40%
Clay is 

60% Mixed layer
20% other

20% Montmorillonite

Stage 5

After Diagenesis and 
Compaction
(over 200° C)
Porosity = 10 to 20%
Clay is 

10% Montmorillonite
20% other

70 Illite

Stage 2

Initial Burial
“Herringbone Structure”
Porosity = 50 to 80 %
Clay is 80% Monmorillonite

20% other

Most water is bound water

Low porosity

Free pore water from 
desorbed interlayer water

Clay releases silica, 
adsorbs potassium

Low porosity 
very little
bound water

Pore Space Adsorbed interlayer water

Unit clay layer
Pore spaces

Adsorbed water envelopes

Hydrated smectite

VOLUME LOST
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Aquathermal Pressuring

Nobody can be in any doubt that if a tin of water was placed over a fire
will ultimately pop its lid. This analogy is important as an origin of 
overpressure. It was mentioned previously that the change in tempera
associated with cooling can cause a reduction in pressure. On the oth
hand, how much of a risk is temperature to drilling (See Figure 2-12).

To heat a rock it must move to a higher geothermal gradient (i.e. bury 
The gradient itself, however, is regionally variable; some interior basin
are cool, some active continental margins are hot.

Figure 2-12: Pore pressure increases with geothermal gradient
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PRESSURE x 103, psi

OVERBURDEN BALANCED
AT 2500 FT IF SEALING
OCCURRED AT 2000 ft

PORE PRESSURE INCREASE
DUE TO AQUATHE RMAL
PRESSURING 2.67 psi/ft

PORE PRESSURE GRADIENT IF
COMPACTION CE ASED AT 2000 ft
(IGNORING TEMPERATURE INCREASE)

OVERBURDEN BALANCED AT
9,200 FT IF SEALING
OCCURRED AT 7000 ft

PORE PRESSURE GRADIENT
IF COMPACTION CEASED AT
7000 ft (IGNORING
TEMPERATURE INCREASE)

OVERBURDEN
PRESSURE
GRADIENT

HYDROSTATIC
PRESSURE
GRADIENT

54.4° C @ 2000 ft

64.1° C @ 2500 ft

93.3° C @ 5000 ft

132.1° C @ 7000 ft

190.3° C @ 10000 ft

(GEOTHERMAL GRADIENT
ASSUMED 1.3° C/100 ft)
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The actual rate of expansion in aqueous brines and the resulting incre
in pressure was documented by Barker in 1972, and criticized by Daines in
1980. The point of contention is not so much “does water expand” or “d
the expansion cause pressure” but “can the seal really hold the pressure?”

The volume increase required 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 balance, more likely that 
aquathermal pressuring is an extra drive that ruptures seals, moves fluids 
and pressures, generally keeping the systems dynamic. Temperature 
drives the convection of fluids in the upper parts of many basins, 
redistributing ions that can affect diagenesis.

Osmosis

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

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

Imposed Pressure

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

The most obvious man-made charging comes about during production
when fluids are pumped into a reservoir to replace the extracted 
hydrocarbons. As an example, in the Unita basin the Rangely field 
waterflooding has raised the pressure from abnormally low to a 0.6 psi/ft 
(1.39 bar/m) high, causing earthquakes on a nearby strike-strip fault. 
(Raleigh 1972).

Faults

As discussed earlier, normal faults and thrust faults are the result of va
stress imbalances in the crust and superficial sediments. They are ofte
caused by, helped by, or linked to overpressure. When moving and 
dilating, pressures can easily be transferred. This can result in moving 
fluids to a previously lower potential or bleeding pressure off, returning
back to hydrostatic.

Faults are also good lateral seals. 
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Seismic Or Fault Pumping 

A model for generating overpressure which has attracted increasing 
interest through the 1980’s is “seismic” or “fault” pumping. Rocks unde
stress tend to act like a heart, and pump fluid from one location to anothe
Based on studies of rock dilatancy during earthquakes, this theory prop
that the rock stresses which can cause wrench faulting and earthquakes can 
affect the pore volume of rocks.

Examination of vein mineralization by Sibson (1975) indicated that the 
zoning of the minerals was caused by discontinuous, episodic, passage
fluid through the veins. Further work by Burley, et al (1989), invokes this 
seismic pumping mechanism and links it to pore water salinity change
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 pres
compartments is cited in Jansa and Urrea ‘90. The dissolution of 
carbonates is linked to the highly acidic fluids developed when CO2 
dissolves under pressure in the presence of organic acids. Both are linked 
to kerogen maturation.

When pores expand, they will do so in the direction of least stress (σ3), 
before the “valve” contracts. The vertical distance over which the push
fluids will travel is reckoned (by Burley) to be as much as 2000 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 hydrocarbon maturation 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 cyc
of fluid “breakout” followed by resealing at intervals of thousands of year
Hunt’s fluid pumps are principally of thermobaric origin and are also 
responsible for hydrocarbon migration into zones of lower pressure as
basin sinks, his ideas follow closely the work of Powley.

Tigert, in his thesis “Pressure Seals and Their Diagenetic Zebra Structu
Patterns”, found alternating cemented and porous bands in transition 
zones, while other workers have found slightly fractured pressure seal
infilled with calcite and silica. These bands are on the scale of one inch 
cement to each foot of clean sand (Powley). In nearly all cases it appe
that the faults along which the fluids flow and the “valve” area become
mineralized and sclerotic that they eventually seal up completely.
2-20 Baker Hughes INTEQ
Confidential 80824 Rev B /January 1996



Formation Pressure Evaluation Origins Of Abnormal Pressure

ce to 
with 

t is 
 real 

 with 
s of 
 
o not 

ot 
tus 
ould 
th 

t 

e 
 it 
hen 

 

.

General Basin Structure

Most deep basins appear to be divided into two zones. From the surfa
10,000 feet, the systems are widespread, convective and hydrostatic, 
combinations of the various in situ mechanisms causing overpressure. This 
normally shows up as forms of simple compaction disequilibrium.

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

As the basin subsides hydrocarbons mature, collect, and are expelled
hot fluids repeatedly pumped upwards to create the zoned seals, area
abnormally hot fluid, and lateral seals. Some hydrocarbon occurrences
have been linked to breaches in the lateral seals (since hydrocarbons d
tend to accumulate in areas of high pressure potential). When a 
compartment breaches, it tends to be the hydrocarbons that leave and n
the water. This link to the location of hydrocarbons was the main impe
for the work by several oil companies on pressure compartments. It sh
be stressed that the work is best applied on its home territory (i.e. Nor
America) and is exportable only with care.

Gas Hydrates & Pingos

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

• Gas hydrates are frozen mixtures of methane contained in cystallin
water. Because of the arrangement of the methane within the ice,
can store > 160 times more gas per unit volume than free gas. W
drilled, they can release 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 tundra, these anticlinal-looking 
mounds grow in the winter due to the freezing of shoaling lakes, 
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 matters worse by melting the ice around the borehole

The presence of gas hydrates may also cause elevated temperatures in 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 betwe
depth, pressure and fluid density clearly shows how an enclosed but 
normally pressured compartment at great depth can be turned into an 
“overpressured” one by lifting it to a shallower depth. If the pressure is 
maintained at half the previous depth, twice the drilling fluid density is 
required to balance it. This phenomenon is relatively rare but in some 
areas, locally common.

Since the combination of circumstances required to lift a pressured 
compartment without breaching it are so special in a particularly favorable 
setting it may happen more than once. Classic settings for this are: (a)
mountain building zones where thrusts and isostatic adjustments can cause 
the rocks to rise. In the South American Andes some very high pressu
have been caused like this; (b) In areas of wrench tectonics where blo
may be “popped-up” or inverted having previously been in low basins.
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,
of which is to trap porous rocks and carry them to shallower depths. Sa
plastic, light and has no porosity so it is the ideal medium to seal porou
rocks. When it flows as a wall, stock or diapir it can develop internal 
vortices like a billowing cloud of smoke, which can trap, encapsulate and 
lift the surrounding country rock. These fragments, usually dolomite or 
anhydrite, are referred to as “rafts” (See Figure 2-13), although they are
floating they are being swept upwards on a very slow plume. They can
contain gas (including H2S), oil or water and may appear quite 
unexpectedly. They may be solitary or in clusters. Either way, they are
significant hazard to drilling and are difficult to control. One common 
practice is to bleed them down, since they usually have limited extent.
the wellsite the observed rate of depletion should give some idea of ho
long the process may take. In the worst cases one raft will “blow-out” i
another leaving the rig operator to wait until equilibrium is established.

Generally, no transitions into the raft are observed. 
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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 compartm
regardless of, and in addition to, hydrostatic pressures.

In this way an equally pressured compartment with any structural elevation 
will demonstrate higher pressures at the highest (shallowest) point and
from thereon down through the compartment the pressures encountered 
will equal the overpressure of the fluid within the compartment. This ca
occur on the flanks of diapirs or in small lenses of sand on anticlines.

Further complications arise if gas is present, since the overpressure 
experienced at the top of the structure is supplemented by the lack of 
hydrostatic control by the gas and the buoyancy of the water below. Th
additional pressure is a function of the difference between the density 
gradients of water and gas, multiplied by the vertical height. At the bas
the gas column the pressure is the highest overpressure plus the (min
gas hydrostatic. At the base of the system it is the top overpressure va
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 almost perfect 
seal to fluid movement. This barrier to the vertical expulsion of fluids fro
underlying sediments, together with restricted lateral drainage can produce 
overpressured zones in formations underlying evaporite sequences. The 

Uplifted 
Paleopressure

Isolated 
rafts with

Paleopressure
o
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Confinement Confinement
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mobility of these formations, such as halite, also means that any fractu
that develop can be quickly repaired, maintaining the salt’s effectiveness a
a seal. This mobility can have the opposite effect by creating “holes” in
formation where the salt used to be and allowing some fluid drainage. 

Tectonism 

Movement of salt domes can affect pore pressure in a number of ways:

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

2. Isolated rafts of permeable rock may become trapped within 
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 zon
manner similar to that of montmorillonite dehydration. Gypsum is the 
precipitated form of Calcium Sulphate. Transformation to anhydrite occ
fairly early on in the burial process, generally above 40°C (The presence of 
salt will lower this temperature to around 25°C, with pressure an important
factor). The change from gypsum to anhydrite involves the production of 
free water into pore spaces. If this is limited, and lateral drainage is 
restricted, then increases in pore pressure could result. Water amount
up to 38% of the original volume may be released, but since the chang
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 of organic molecules are among the most 
significant agents in producing overpressure, particularly in very shallo
and very deep settings. The pressures they create are largely unrelated to 
compaction, and because of this the methods used to detect geopress
caused by compaction disequilibrium will not work well. The combination 
of this, along with the growing number of deep wells, requiring on-site 
pressure monitoring, is one of the greatest challenges for the “pressure 
engineer” today.

Biogenic Methane 

Any organic material trapped within sediments, without previously being 
oxidized, is a prime target for bacterial decay and slow cooking. This de
produces pockets of shallow gas since, much like the generation of mars
gas, the temperatures are generally 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 see
a plume into the surface sediments, where it becomes trapped under t
surface clays or permafrost.

Cellulose can be broken down into both methane and carbon dioxide

C6H10O5 → CO2 + CH4

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

Shallow gas can create significant drilling hazards.

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

Thermochemical Generation 

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

In this last category, the most important to overpressure and well safet
carbon dioxide, hydrogen sulfide and other acid gases. These can all lea
quite dramatic changes in pore fluid chemistry, which can radically affect 
diagenesis in the surrounding rocks.

The temperature range associated with the normal “oil window” begins
65oC and proceeds to 150oC. Gas occurs as the increasingly smaller 
“dryer” molecules are produced, since the temperature continues to 
increase. Ultimately, beyond about 230oC, metamorphic processes take 
over and any remaining carbon is reduced to graphite. The depths tha
correspond to the various windows will vary from basin to basin, and w
time, but it is not unreasonable to say that the oil window starts at abo
7000 ft (2000m), peaks at about 14,000 ft and ends about 17,000 ft. T
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 secondary migration, it is the 
production of gas that has the most serious consequences. Gas expands 
much more than oil or water, and whenever it is trapped, it reduces the
hydrostatic control.

The production of hydrocarbons from organic matter, and light 
hydrocarbons from heavies, also increases the total number of molecu
and therefore increases the space they occupy. If there is adequate drainage
then no pressure increases will occur. Where drainage is restricted, pore 
pressures can increase and with continued compaction, since less wa
expelled, the remaining pore water may become saturated with gas. If
free gas is unable to escape, then the pore pressure will rise. This incr
in pore pressure may assist in causing small cracks and fissures to for
which may help in migration of hydrocarbons to reservoir rocks (and 
results in reduction of pore pressures).

If the hydrocarbons move into permeable rocks that have restricted 
drainage then they could be subject to increased pore pressure by ext
charging (imposed pressures). Some undercompacted claystones sho
high gas values, which may help to confirm this mechanism as an origi
geopressured zones. Where hydrocarbon generation has occurred there ar
often high residual levels of CO2 as 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
pore pressure. Both oil and gas have lower fluid densities than water a
their presence will create lower than expected pore pressure gradients. 
Where gas is present as a free gas cap, overlain by impermeable rocks, its 
compressibility can result in a higher than expected pore pressure gradient, 
until the oil or water column is reached. Then the pore pressures woul
return to normal.

In producing fields, reservoir depletion may cause 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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Pressure Engineering

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

In order for these ideas to be gainfully employed by the individual 
(geologist or engineer) for geopressure evaluation, it is necessary to 
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 f
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 often requires 
various degrees of tact and diplomacy to get ideas or recommendation
across to the other. Those individuals engaged in geopressure evaluation 
must be able to bridge that gap in order to maintain efficient and effective 
communication at all times.

To facilitate this, it is everyone’s responsibility to; 1) observe what is go
on downhole and how the geological and engineering parameters rela
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 o
water at any given point in that column, with the water at rest. It is the 
pressure due to the density and vertical height of the fluid column.
3-1
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In oil field terminology, hydrostatic pressure is determined using:

Equation 3-1

where
P = hydrostatic pressure (psi)
W = water density (lb/gal)
D = vertical depth (ft)

The number 0.0519 is a conversion factor for the oilfield imperial units 
(psi, lb/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

therefore

P 0.0519 xW x D=

lb/gal x 7.48 gal/ft3 x
1

144
--------- ft2/in·2 psi/ft=

7.48
144
---------- psi/ft/lb/gal=

0.0519 psi/ft/lb/gal=
3-2 Baker Hughes INTEQ
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So fresh water, having a density of 8.34 lb/gal, or 62.35 lb/ft3, exerts a 
pressure of

Similarly, using S.I. units:

Equation 3-2

Water

The most important component of the system we are about to investiga
water. As mentioned earlier, below the local water table (or sea level) 
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 commo
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, transm
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 d
normality. That is, what is “normal” fluid pressure?

Many sources (especially older ones) state that “normal pressure is 0.
psi/ft”, which is like saying that all the pore fluids, from surface to T.D. a
1.06 g/cc. This is a sweeping assumption and does not take into accou
regional variations in seawater density, or pore water salinity variation
with depth. 

In this manual “normal pressure” will be the static pressure exerted by
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) gravit
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 gener
water will always find its own level and exert a pressure, regardless of
geometry (shape) of the “container” (See Figure 3-1) and for this reaso
can disregard the obviously convoluted interconnections (“tortuosity”) t
make up effective porosity within a rock. Since our interest is in essenti
static, or at least slow moving systems, it is also possible to disregard 
pressure built up by the viscosity of water flowing through the narrow p
throats within the formations. 

8.34 x 0.0519 0.433psi/ft=

P kPa( ) W kg/m3( ) x D m( ) x 0.0098=
Reference Guide 3-3
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The fluid pressure of most concern is referred to as the “normal hydros
pressure”. Once this normal hydrostatic pressure is determined, it will 
become the baseline for all measurements and estimations. In any we
drilled anywhere in the world, to keep the pore fluids out of the well-bo
and to minimize invasion of the rock by mud filtrate, the hydrostatic 
pressure of the drilling fluid must counter-balance the hydrostatic pres
of the pore fluid. This is known as “balanced drilling”. 

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

This concept is best illustrated using a U-tube with symmetrical arms (
Figure 3-2). One arm is the pore space, the other the well-bore annulu
Both are filled with fluids of equal density. When perfectly balanced there 
is no movement from one side to the other, and the level on both sides
the same. 

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

In offshore wells it is typical to find fluids of sea water density continuin
into the subsurface (if the sediments are of “recent” marine origin) and 
changing (abruptly or gradually) 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. 

Figure 3-1: Hydrostatic Pressure
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HP = 0.0519 x 12 x 5000 = 3114 psi
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Figure 3-2: Simple “U” & “J” Tubes

If there is any doubt as to how variable the density of pore water can b
consider that in the UK North Sea Brent Field, the Lower Brent connate 
water has a specific gravity of 1.04 g/cc, nearly the same as the 1.03 g/cc of 
modern North Sea water. However, in the Southern Gas Basin of the N
Sea, the sea water density is roughly similar, but the connate pore wa
the Rotliegende reservoir is about 1.2 g/cc (about 16% higher). 

Therefore, any assumptions made about “normal pressures” in the Brent 
field will not be applicable to (say) the Leman field. This also disregards 
the water-compaction, temperature-expansion pressure effects at dep
(which are relatively small) and any changes related to dissolved gase
heavy solids (which may be large). Most of the lesser effects tend to 
counter one another. 
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Mean Sea Level
Water Table
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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 normal gradient for the well. As 
was seen, this will definitely have an impact on the specifications for th
drilling fluid program. 

Until now the U-tube analogy consisted of arms of equal height. It kept 
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 re
flow-line (which is the top of the mud-column in the annulus) will be 
considerably higher than the water table or sea-level. In order to mode
situation we need a “J-tube” analogy (See Figure 3-2), where the high 
is the annulus and the low side is the drilled formation. Imagine filling t
J-tube with water, and using basic physics, the water will run out of the
open low-side until it reaches its natural level. This is because we have 
unbalanced the equation for hydrostatic pressure at the bottom

Equation 3-3

by increasing Dv in the annulus. To restore equilibrium and make the total 
pressure the same on both sides without emptying the high side (lost 
circulation), we must increase the confining pressure on the low side “
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 
but perfectly feasible if the original fluid is a brine.

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

In complete our discussion; to balance the low side of the tube and av
displacing it, a slightly lighter fluid is needed on the high side. On rigs, i
much easier to refer to the pressure that is needed for balanced drillin
terms of mud density, rather than spend a lot of time in conversion and
conversion of units before taking the required action. 

Another consideration is the effect of the “air-gap” (the difference in 
elevation between the top of the mud column and the top of the pore f
column). It is the difference in height between the two arms of the “J” tu
and creates the difference in density required to balance the pressure at th
bottom. The required density on the high side will vary when the differe
in height changes.

P SGx Gravity x Dv=
3-6 Baker Hughes INTEQ
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The effects of tides or ship ballasting are minor, however a large chang
the air gap can occur when a semi-submersible rig is replaced by a dri
production platform with three times the previous air-gap, and hence th
extra length of mud column. For this reason any pre-drilling calculation
post-well analyses or offset comparisons must; 1) start with the pressu
the bottom of the U or J-tube, then 2) at any depth in the well, correct f
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 a
even greater variety. At times, this can be a daunting prospect, with plenty 
of equations and a plethora of abbreviations and conversion 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 “riser margin”.

Pressure is basically a measure of force over a unit area. In the “API” 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 B
(100,000 Pa), the meteorological unit of barometric pressure. A Pasca
one Newton force per square meter, and a Newton is the force require
accelerate a 1 kilogram mass at 1 meter per second.

Sometimes “atmospheres” (atm) are used as the units of measuremen
Atmospheres are very close to bars but are different enough to introdu
significant errors if no conversion is made when comparing data (especially 
at high pressures).

Figure 3-3 illustrates how measured pressure at any point increases steadily 
as you move down a column, in direct proportion to the depth and den
of fluid. If the density of the fluid changes, so does the slope of the cur
Reference Guide 3-7
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Figure 3-3: Pressure Gradients of Water / Oil / Gas

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

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

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

In Figure 3-4, the mud density gradient required to balance the sum of all 
three fluid pressures at depth is none of the individual densities, but it 
fluid required to produce the average gradient (i.e. a line taken from 
surface to the total pressure at bottom). So it will be lighter than that of th
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. 
only difference being that when calculating the mud gradient to be use
we sum the formation pressures on the low side of the J-tube to get the
pressure gradient, and then divide that pressure by the depth of the hi
side (to the flowline) to get the perfect mud density gradient.

A AAAAAAAAAAAAAAA

AA AAAAAAAAAAAAAAA

Depth (meters)

Pressure 
(bars)

WaterGas

Oil

Gas
Oil

Oil
Water

500

1000

1500

2000

2500

3000

3500

0 100 150 200 250 300 350 400
3-8 Baker Hughes INTEQ
Confidential 80824 Rev B /January 1996



Formation Pressure Evaluation Pressure Engineering

ety 

 

e 
llow 
This mud gradient is called the Formation Balance Gradient (FBG) with 
units in psi/ft, bar/m or mud density (Equivalent Mud Density, EQMW).

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

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

Equivalent Wellsite Units

It is important to realize that the pressure units (g/cc, lb/gal, psi/ft) or their 
equivalents, express a gradient or pressure per unit depth. However, at the
wellsite it is more common to refer to the drilling mud density as mud 
weight (still expressed in lb/gal or g/cc). Notice that specific gravity (s.g.) 
is not a density. Specific gravity is the ratio of a density compared to th
density of water, and hence has no units. Oilfield accuracy tolerances a
s.g. to be numerically equal to the material's density in g/cc.
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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 f
the RKB to flowline is around 5 to 10 feet, and it is important to realize t
this distance is sufficient to cause significant gradient differences at 
shallow depths. At greater depths, the distance from RKB to flowline 
becomes insignificant when calculating gradients, but for sake of 
consistency, all gradients are calculated from the flowline. Also, the FBG is 
usually spoken of in pounds per gallon or specific gravity (this makes 
comparisons with mud density simple). However, when writing reports, 
take care to use the correct terminology (i.e. FBG at 10,000 ft is 15.7 lb
EQMW, pore pressure is 8148 psi).

The gradient that the pore fluid density produces alone is called the no
pore pressure gradient. Hence, this gradient is dependent upon the densit
of the pore waters and will vary from area to area.

Onshore (Rocky Mountain area), the water is relatively fresh, and has 
normal pore pressure gradient of approximately 1.0 s.g. (8.34 lb/gal 
EQMW).

In the U.S. Gulf Coast area, waters are more saline, with a normal pore 
pressure gradient of around 1.03 s.g. (8.6 lb/gal EQMW).

In other offshore areas, seawater density and pore water density may 
from slightly saline (8.5 lb/gal) to saturated saline (9.9 lb/gal). 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-derive
pressure-versus-depth profile should be determined.

As stated above, salinity of the formation water can be dependent upo
lithology. In certain evaporites, saturated saltwater has a gradient of 0
psi/ft. Therefore, knowledge of the depositional environment is importan
For example, if you were drilling in the Zechstein basin, a calculated 
pressure gradient of 0.520 psi/ft would not be very significant, whereas in
fresh-water basin it would indicate a large overpressure.

Before a well is drilled, an estimate of the normal pore pressure gradie
should be found. This can be obtained from actual density measureme
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 no previous data is available, it is assume
that the normal pore pressure gradient is 8.34 lb/gal (onshore) or seawater 
density (8.5 to 9 lb/gal) if offshore.
3-10 Baker Hughes INTEQ
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Figure 3-5: Variation of Hydrostatic pressure with formation water salinity

If the normal pore pressure gradient is 8.34 lb/gal, then the pore pressu
5000 feet is

If the normal pore pressure gradient is 8.7 lb/gal, the pore pressure at 5000 
feet is

Note that the apparent small change in gradient produces a large chan
pore pressure at depth. This is accentuated as depth increases, therefo
very important that accurate normal pore pressure gradients be obtain

Formation
Water
Type

Salinity
Chloride
mg/Liter

ppm NaC1
Normal Pressure

Gradient
(psi/ft)

Equivalent
Mud weight

(lb/gal)

Fresh Water 0 0 0.433 8.34

Brackish
Water

6,098
12,287
24,921

10,062
20,273
41,120

0.435
0.438
0.444

8.37
8.43
8.55

Seawater 33,000 54,450 0.448 8.63

Saltwater 37,912
51,296
64,987

62,554
84,638

197,228

0.451
0.457
0.464

8.67
8.80
8.92

Typical Offshore
Gradient

65,287
79,065
93,507

108,373
123,604
139,320
155,440
171,905
188,895

107,709
130,457
154,286
178,815
203,946
229,878
256,476
283,643
311,676

0.465
0.470
0.477
0.484
0.490
0.497
0.504
0.511
0.518

8.96
9.04
9.17
9.30
9.43
9.56
9.71
9.83
9.97

Saturated 
Seawater

191,600 316,140 0.519 9.99

5000 x 8.34 x 0.0519 2164psi=

5000 x 8.7 x 0.0519 2258psi=
Reference Guide 3-11
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The Rock

Discussions thus far have centered around pore fluids. This was nece
because fluid pressures in a normally pressured system act equally in
directions and only support fluids. They play no significant part in 
supporting the rock matrix. If that is the case, what is supporting the ro
grains, the cementing material, and the interstitial material within the ro
The “rock” is the short answer. The weight of overlying sediment is 
supported by the grain to grain contact and is primarily a force acting 
downwards under gravity. A component of the fluid pressure also acts
downwards, and provides a medium in which the rock grains gain 
buoyancy according to their displacement. So the total grain to grain loa
rock mass minus its buoyancy.

The process of compaction, with the concomitant shuffling of grains, and 
creation of more complex grain boundaries (like pressure sutures), is 
driven by a steady increase in matrix pressure with depth.When calcula
this matrix pressure, the raw data used is bulk density (ρb).

The total vertical pressure acting on any horizontal plane in the sedime
referred to as the Overburden and consists of two components, matrix 
pressure and pore pressure.

Equation 3-4

Total overburden pressure (S) at any depth 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 pressu
sequence, the matrix pressure can be found by subtraction, without an
need to calculate the buoyant force. By determining bulk density direc
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
find the matrix stress (σ) at any depth, if the rock is normally compacted

In this calculation the Overburden Gradient is always taken from the same
datum as the Formation Balance Gradient (at sea the first interval will be 
water, not rock).

Notice that all gradients presented by Baker Hughes INTEQ refer to the 
flowline unless otherwise stated.

σ Matrix Pressure=S P σ+=

σ S P–=
3-12 Baker Hughes INTEQ
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 Data For Overburden

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

1 psi/ft ÷ 2.31 g/cc = 0.433 psi/ft /g/cc

Overburden can then be calculated using:

Equation 3-5

As mentioned earlier, the basic data for overburden gradient calculatio
the bulk density of the rock (ρb). This can be either measured directly or 
calculated after measuring the other components of the formation since:

Equation 3-6

where:
ρb = formation bulk density (g/cc)
ρf = average density of the pore fluid (g/cc)
ρm = matrix density (g/cc)
Ø = porosity (fractional)

From this relationship, it can be seen that as Ø approaches 1, ρb approaches 
ρf, and conversely as Ø approaches 0, ρb approaches ρm. 

If all densities are known, the porosity can be determined using:

Equation 3-7

S 0.433 ρ
O

Z

∫ z( )dz=

ρb ∅ x ρf 1 ∅–( )ρm+=

∅
ρm ρb–

ρm ρf–
------------------=
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Typical matrix and fluid densities are:

Figure 3-6: Typical Densities of Rocks and Fluids

Several sources of density data include:

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” metho
a mercury balance, or by measuring the displacement in wate
small test-tubes full of cuttings.

2. Measurements of rock in situ. Using density logs to directly 
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 p
into Equation 3-6

• Neutron Porosity Logs 

• Nuclear Magnetic Resonance studies of cuttings 

• Sonic Logs

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

Limitations on these data sources are:

1. Shale Density - the density values obtained by jars and colum
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 mo
susceptible to this than organic (Bromoform/Neothene) columns.

Lithology
Matrix Density

(g/cc)

Sandstone
Limestone
Dolomite
Anhydrite
Halite
Gypsum
Clay
Fresh Water
Salt Water
Oil

2.65
2.71
2.87
2.98
2.03
2.35

~2.7-2.8
1.0
1.15
0.80
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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 experie
of the operator.

Measurement of density in situ.

1. This is the best method, since any elastic compression is tak
into account. Allowance can also be made for some of the effe
that can distort density data, like gas filled porosity (which sho
up as a very low density unrelated to the porosity). However,
most cases it can be read directly from the log, provided the 
quality control curve on the log stays within limits. 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. Regional curves (Figure 3-7) and tables are sometimes provid
to the service company by the operating company. When the
are available, caution is advised. When pooled data is used t
construct local overburden gradients, it is immediately obvious 
that the validity of this type of data depends heavily on the 
density of offset data. In mature areas the curves should alwa
be better.

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

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

If this seems too much to ask, imagine having to work with somebody 
else’s gradients and not knowing whether the calculated values (whichare 
used to ensure the safety of the rig) are derived from the best possible dat
Reference Guide 3-15
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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 evaluatio
techniques for abnormal pore pressures are fully described in Chapter

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

• Offshore: water depth 450 feet, seawater density 8.6 lb/gal. 
Assume normal pore pressure gradient is 8.6 lb/gal, and the 
depth of interest is 1000 ft. The RKB to sea level is 60 ft, RKB
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 lb/gal (0.446 psi/ft)

pore pressure gradient from flowline 
 420 ÷ (995 x 0.0519) = 8.1 lb/gal (0.422 psi/ft)

• Onshore: Depth to water table is 220 feet, water density is 8.3
lb/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 lb/gal (0.433 psi/ft)

pore pressure gradient from flowline 
338 ÷ (1000 x 0.0519) = 6.5 lb/gal (0.338 psi/ft)

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

For this reason, the gradient as measured from the flowline is termed 
Formation Balance Gradient (FBG), and this is equal to the mud densi
required to balance the pore pressure. The values calculated for the 
hypothetical cases (both onshore and offshore), 6.5 lb/gal and 8.1 lb/g
are thus the mud densities needed to balance the pore pressures at 10feet 
for those conditions. Obviously, no water-based drilling mud can be as
light as these, and this represents a major problem in drilling shallow h
where fracture pressures are often approached and exceeded, resulting
lost circulation and no returns.

The Formation Balance Gradient 

As mentioned above, the formation balance gradient is the pore press
gradient referenced to the flowline, and when expressed in terms of m
density (lb/gal), it expresses the mud density which is necessary to balance 
the pore pressure at the depth of interest. Figure 3-9 shows an examp
worksheet for calculating normal FBG. Figure 3-10 shows the relations
between the actual fluid density and the FBG (EQMW), which is the 
gradient referenced to the flowline.
3-18 Baker Hughes INTEQ
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At the wellsite, some of these terms are used synonymously, which re
in confusion if they are not fully understood:

• Local Pressure Gradient is used in this manual to describe the 
actual rate of pressure change with depth at a point in the 
formation. Where fluid communication exists, it is simply the 
hydrostatic pressure gradient. When expressed in units of den
it is equal to the actual fluid density present at the point. Only
when pressure is increasing at a non-hydrostatic gradient (that 
in a transition zone) will it be higher. Though the only “true” 
gradient (that is, rate of change) term, it is rarely directly 
applicable to wellsite pressure calculations.

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

• Pore Pressure Gradient is pressure 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 Gradient is pressure per unit depth, measure
from the flowline. It is 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 exactly equal to the static mud 
density required in the borehole to balance formation pore 
pressure. This term was first defined by EXLOG and is stand
in all Baker Hughes INTEQ programs and logs.

• Normal Formation Balance Gradient is the normal hydrostatic 
pressure gradient measured from the flowline. The following 
examples illustrate the particular relationships between these 
gradients.
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Figure 3-10: Actual formation fluid dens ity and FBG

To further illustrate these concepts, assume:

• Pore water density: 1.06 g/cc (8.8 lb/gal)

• Offshore rig with a water depth of: 320 ft 
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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 ÷ (380 x 0.0519) = 7.4 lb/gal

in comparison to the actual fluid pressure gradient of 8.8 lb/gal

At 3000 ft (below flowline):
Pore Pressure: 2940 x 8.8 x 0.0519 = 1343 psi
Normal FBG:1343 ÷ (3000 x 0.0519) = 8.6 lb/gal

in comparison to the actual pore pressure gradient of 8.8 lb/gal.

At 10,000 ft (below flowline):
Pore Pressure: 9940 x 8.8 x 0.0519 = 4540 psi
Normal FBG: 4540 ÷ (10,000 x 0.0519) = 8.7 lb/gal

in comparison to the actual pore pressure gradient of 8.8 lb/gal

With depth, it is apparent that the Normal Formation Balance Gradient will 
approach the actual pore pressure gradient asymptotically. In the above 
case, as the pore pressure gradient remains constant (equal to hydrostatic), 
the Normal Formation Balance Gradient is the same as the equivalent
density that will precisely balance the pore pressure at any point. 

Using the same rig situation, but with geopressures:

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

At 10,000 ft (below flowline): Pore pressure gradient: 10.5 lb/gal
Pore Pressure: 9940 x 10.5 x 0.0519 = 5417 psi
FBG: 5417 ÷ (10,000 x 0.0519) = 10.4 lb/gal

In these cases, the Formation Balance Gradient equals the Equivalent
Density, but the Normal Formation Balance Gradient remains the sam
in the first example, (i.e. 7.4 lb/gal, 8.6 lb/gal and 8.7 lb/gal at seabed, 300
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 necessary to convert this gradient to a 
pressure (psi or its metric equivalent) by the use of simple equations.

Fracture pressures can also be converted to equivalent mud densities. 
However, since fracture pressures vary considerably with changing 
lithology and pore pressures, the term “fracture pressure gradient” beco
almost meaningless. Nonetheless, at any point in the hole, the calcula
fracture pressure can be converted to an EQMW (this represents the m
density necessary to cause that pressure at that depth). By converting 
fracture pressure to EQMW, convenience is gained - particularly for 
3-22 Baker Hughes INTEQ
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immediate well planning - but it should be remembered that equivalent 
mud density is a gradient referring to the mud in the hole, and not a 
property of the formation.

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

Equation 3-8

where:
σ1 = effective overburden pressure (psi)
S = total overburden pressure (psi)
P = pore pressure (psi)
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The term σ1 has no application in geopressure evaluation apart from 
fracture pressure calculations, nevertheless it is important in understan
the relationship between pore pressure and overburden pressure.

As the pore pressure increases, more and more of the overburden bec
supported by the pore fluids, reducing the effective overburden pressure. 
When the pore pressure is equal to the overburden pressure, the effective 
overburden pressure is 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 w
still occur, albeit at a slower rate, unless the pore pressure is equal to 
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 rema
constant. The expected rate of pore pressure increase can then be calc
using:

Equation 3-9

An example of these calculations follows:

At 5000 feet, the OBG is 17.1 lb/gal and the formation balance gradien
equal to 10.0 lb/gal. If the geopressure was caused by compaction 
disequilibrium, what would the pore pressure 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 Overburden Pressure (σ1)at 5000 ft:

4437 - 2595 = 1842 psi

P S σ1–=
3-24 Baker Hughes INTEQ
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, not 
Figure 3-12: Effective overburden pressure in normal and geopressured formations

The effective overburden pressure could also be obtained by simply 
subtracting the two gradients and converting the answer to pressure:

σ1 = (OBG - FBG) x 5000 x 0.0519

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

At 10,000 ft, OBG = 18.2 lb/gal

Overburden Pressure (S) at 10,000 ft:

18.2 x 10,000 x 0.0519 = 9446 psi

As the effective overburden pressure remained constant,

Pore Pressure (P) at 10,000 ft:

9446 - 1842 = 7604 psi

Formation Balance Gradient (FBG at 10,000 ft:)

7604 ÷ (10000 x 0.0519) = 14.7 lb/gal
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Effective Circulating Density

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

The density of the drilling fluid itself does not remain constant througho
its cycle. For example, the weight of suspended cuttings in the annulu
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 bottomhole pressure is the 
effective back pressure imposed on the bottom due to annular pressur
losses. When circulating through an open flowline, the measured mud
pressure at the surface (casing pressure) will be zero. Since a certain 
amount of pump pressure was required to circulate the drilling mud, those 
pressure losses must be accounted for.

Frictional effects in the annulus present a restriction to fluid flow, and a
certain amount of pump pressure is required to overcome this restriction. 
This restriction acts in the same way as a closed-in choke applying a back 
pressure to the bottom of the hole, in addition to the hydrostatic pressure.
The total pressure at the bottom of the hole during circulation is termed
BottomHole Circulating Pressure (BHCP), and its equivalent mud density
is termed the Effective Circulating Density (ECD).

The extent of the flow restrictions and pressure losses is dependent up
the total depth, annular dimensions, fluid viscosity, and flow regime, 
(laminar or turbulent). Using the conventional Bingham model for drillin
fluids, the pressure losses can be approximated using: 

Equation 3-10

where:
Pla = annular pressure loss (psi)
L = measured length of section (ft)
YP = yield point (lb/100 ft2)
I.D. - O.D. = hole (or casing) I.D. minus pipe (or collar) O.D.(in)
PV = plastic viscosity (centipoise; cps)
V = annular velocity (ft/min)
A = 225 for drillpipe, 200 for annulus
B = 90,000 for drillpipe, 60,000 for annulus

Pla
L x YP

A x I .D
·

O.D
·

–( )
---------------------------------------- PV x L x V

B x I .D
·

O.D
·

–( )
2

-------------------------------------------+=
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This equation provides pressure losses in a pipe or annulus containing
moving in laminar flow, and tends to give slightly inflated values.

Equation 3-11

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

Equation 3-12

where: 
ECD = effective circulating density (lb/gal)
ΣPla = total annular pressure loss (psi)
W = mud density (lb/gal)
D = vertical depth (ft)

Equation 3-13

where: 
BHCP = bottomhole circulating pressure (psi)

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

Annular Velocity ft/min( ) 24.51 xgallons per minute

I .D
·2

O.D
· 2

–( )
-----------------------------------------------------------------------=

ECD W
Pla∑

0.0519 xD
---------------------------+=

BHCP Pla∑ W x D x 0.0519( )+=

=ECD x D x 0.0519
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Using the Power Law Model annular pressure losses can be defined a

Equation 3-14

where
Pla = annular pressure loss (psi)
L = measured length of section (ft)
τ = shear stress (lb/100 ft2)
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 b
reduced due to the swabbing action of the drillstring. As the pipe move
upward, frictional forces between the pipe, mud and borehole wall will 
cause a pressure reduction. The maximum effect of this pressure reduction
on the mud density will be immediately below the bit. The maximum 
overall pressure reduction will occur at the bottom of the hole, due to thi
“plunger” effect. An open drillstring will allow some fluid to flow through
the jets, allowing some degree of pressure-relief, but if the drillstring ha
float or downhole B.O.P., swabbing pressures will be at a maximum. As a
general rule of thumb, this pressure reduction can be at least the same as
the annular pressure losses. Actual values will depend on pipe pulling
speeds and hole conditions. A safe weight to trip can be determined from 
the annular pressure losses using:

Equation 3-15

Pressure reductions due to swabbing can be serious when drilling 
geopressured intervals, as the lowering of the BHCP/ECD may cause 
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 avoi
because changes brought about that are unexpected in magnitude ma
to severe hole problems.

Pla
Lτ

300 I .D O.D–( )
---------------------------------------=

Wtrip W
Pla∑

0.0519 xD
---------------------------–≤
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Figure 3-13: DrillByte Swab And Surge Analyses
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Riser Margin

In some countries, particularly Norway, 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 ins
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 (with seawater 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 water. The air gap is 45 ft, RKB to flowline is
5 ft, and 30-inch casing was set at 600 ft. The BOP’s and riser were 
installed, and hole was drilled to the 20-inch casing point at 1500 ft. High 
gas shows were recorded at 800 and 1100 ft, with a mud density of 9.5 lb
gal. In order to run 20-inch casing, it is necessary to pull the riser.

With 9.5 lb/gal mud in the hole, the following pressures 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 necessary to displace it with seawater 
(density 8.5 lb/gal). When this is done, the resultant pressures would be:

At seabed, hydrostatic pressure: (250 + 45 - 5) x 8.5 x 0.0519 = 128 p
… 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) x 9.5 x 0.0519 + 128 = 525 psi
… at 1500 ft: (1500-295) x 9.5 x 0.0519 + 128 = 722 psi

Resulting gradients of EQMD are 
at 600 ft 9.0 lb/gal
at 800 ft 9.1 lb/gal 
at 1100 ft 9.2 lb/gal
at 1500 ft 9.3 lb/gal

Notice that the gradients at 800 ft and 1100 ft (9.1 and 9.2) are now much
less than the original 9.5 lb/gal used when drilling. If these zones are 
permeable gas zones of between 9.0 and 9.5 lb/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 le
causing further reduction in pressure: 
3-30 Baker Hughes INTEQ
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At seabed, hydrostatic pressure: 250 x 8.5 x 0.0519 = 110 psi
... at 600 ft: (600-295) x 9.5 x 0.0519 + 110 = 260 psi
... at 800 ft: (800-295) x 9.5 x 0.0519 + 110 = 359 psi
...at 1100 ft: (1100-295) x 9.5 x 0.0519 + 110 = 507 ps
...at 1500 ft: (1500-295) x 9.5 x 0.0519 + 110 = 704 ps

Resulting gradients of EQMD are
at 600 ft 8.4 lb/gal
at 800 ft 8.7 lb/gal 
at 1100 ft 8.9 lb/gal 
at 1500 ft 9.1 lb/gal 

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

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

Equation 3-16

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

Using the above example where the height of the BOP stack is 35 ft, in 
order to keep 9.5 lb/gal gradient at 1100 ft, the new mud density must be

This increase in mud density, or riser margin, must be known at all times as 
the well is being drilled. Should a situation arise whereby it becomes 
necessary to move off location (e.g., storms, ice movements, rig damage
etc.), the logging geologist should be able to provide the operator with

New Mud Density
D x W( ) 8.5 Dw BOPL–( )–

D Dw– A– BOPL+
---------------------------------------------------------------------=

W
1095 x 9.5( ) 8.5 250 35–( )–

1095 250– 40– 35+
---------------------------------------------------------------------- 10.2 lb/gal= =
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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 pressure may be exceeded. In these situations a rig may have 
risers, one for drilling top hole, and when surface casing has been set,
riser is exchanged for the narrower one. It may be necessary, however, to 
attempt to drill surface hole without a riser, but this can be hazardous 
shallow gas is encountered. 

 Sources Of Fluid Density Data

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

When using the Formation Balance Gradient (or Pore Pressure), the no
curve must come from a set of pore fluid densities measured at or nea
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 w
is spudded. In most cases, any error margin on the FBG will be determined
from offset data density.

Several sources of fluid density data, and their usefulness include:

• Production Samples - High quality 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” pressure gradient can be 
“contaminated” with overpressure and thus cannot be back-calculated 
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 tota
resistivity and, if porosity data is available, (usually from sonic in t
and intermediate hole and Neutron-Density logs below) then the 
formation water resistivity (Rw) can be calculated. Rw can be use
derive parts 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 cau
by NaCl, and thus it fails to differentiate between other salts and 
dissolved gases with different densities.
3-32 Baker Hughes INTEQ
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For this reason the resulting density is usually a “NaCl 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 electric
conductivity), calculations can lead to an overestimation of fluid densit
Similarly, underestimates can occur where calcium or hydrogen sulphid
dense gas) are present in high concentrations.

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

This considers situations where data is available. What if (as happens
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 con
a Formation Balance Gradient using that value. Onshore, we may not 
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 
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 1000m are dominated by circulating
meteoric water. The subsequent 2000m by a connate water showing a 
gradually increase in salinity and change in ionic composition. Waters 
deeper than 3000m are of a chemically reducing nature, with a high but 
uniform salinity. The levels of gases dissolved in the waters tends to v
in direct proportion with salinity. Finally, salinity tends to increase towar
the center of a basin. 
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Pore Pressure Evaluation Techniques
Introduction

Drilling into a geopressured zone will generally cause a change in a 
number of basic formation/drilling relationships. This change is usually 
seen as a reversal of a gradual depth-related trend in a lithologically 
uniform formation. Several reasons for this change include:

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

• Porosity and water content decrease uniformly with depth in a nor
pressured clay rock. A geopressured zone in which dewatering has
been slowed will show a reversal in this trend, with an increased w
content and increased porosity.

• Other factors relating to fluid movement, such as ionic concentratio
hydrocarbon saturations, etc. an be different in geopressured zones.

• Differential pressure across bottom, which increases with depth w
a normal pressured formation is drilled with a constant mud densi
will decrease or even reverse when a geopressured zone is pene

Thus, any measurable parameter which reflects any or all of these factors 
can be used as a means of interpreting changes in formation pressure
eventually for evaluating and obtaining quantitative estimates of forma
pore pressures.

Remember, however, that these properties and the parameters that reflect 
them vary between lithologies, and that a drilling break or reversal of a 
trend may simply indicate a lithological change has occurred, requiring
new trend to be established. Similarly, minor lithological variations 
introduce minor variations in the individual parameters. Care should be 
taken in the interpretation to account for these lithological variations.

Before the introduction of a Pressure Evaluation Log Suite and specialized 
recording systems, there were a number of ways of detecting geopress

In one sense, as pressure-related data increases, older methods are b
replaced or revised. This is both desirable and expected. However, it i
crucial not to rely on any methods to such an extent that good logging
practices and experience are ignored. Similarly, when only a Formatio
Evaluation Log is being plotted, the logging geologist should be consta
4-1
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alert to the occurrence of these geopressure-indicative phenomena an
should they occur, report them immediately to the operator and make 
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 n
only the presence but also the magnitude of a pressure abnormality be
known. Complete well control is an ideal that even with the best equipm
and personnel is not normally reached. Drilling activity, lithological 
changes, and the type and history of geopressure all affect the degree of 
accuracy with which its magnitude may be estimated. When reporting 
information, the individual should always specify their confidence level
and never be afraid to express uncertainty.

Pressure determinations by direct measurement also have disadvantages, 
and are generally made only after a pressure abnormality has been entered 
and a permeable zone encountered. These methods are therefore 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 prep
correlation charts and transparent pressure readers which relate trend
deviation to known formation pressure data. These charts can then be
for future wells, to estimate pressure from trend deviations. However, they 
are reliable only in the area for which they were prepared. Minor variati
within the area result in the pressure determination being a vague, 
qualitative estimate at best, and attempts to use a chart outside its area
preparation, even in an area of similar geological setting, can be disas

Attempts to use cap-rock deviation as a pressure indicator have rarely 
proved to be of value. In addition 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 permeability may be as efficient as a thin seal of low 
permeability). Furthermore, the magnitude 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
seal, and the age of the formations. In cases where correlation has be
possible between cap-rock deviation and known pressure data, there a
generally thin, discrete 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, 
can prove valuable in certain areas, little faith should be placed in the 
method.

Before a new well commences, a pre-spud meeting should be arrange
During this meeting all relevant data from nearby wells, seismic anoma
4-2 Baker Hughes INTEQ
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and geological data should be collected and discussed in order that 
suspected problem zones can be delineated and analyzed. This oppor
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 cause of leakage to the surface, either 
through the cap-rock or faults. The seepage of hydrocarbons to the surface 
can be detected by satellite imaging systems (which pick up the 
discoloration of vegetation) and, at sea techniques like laser fluorscan
show up leakages of some hydrocarbons to the sea surface. Another e
method is side-scan sonar, which can show plumes of gas leaving the
bed. Deep seismic can also show “gas chimneys” leaking.

Seismic Data

The success and accuracy to which geophysicists can predict formatio
boundaries in the subsurface through seismic interpretation has been us
to great advantage in determining possible hydrocarbon provinces. 
Formations down to 20,000 ft depth can be delineated to about 98% 
accuracy, but below this accuracy deteriorates rapidly. However, with 
different geophone spread, greater resolution (better than 1 percent er
can be consistently obtained for predicting formation tops below 20,000 ft. 
The highest accuracy can be consistently maintained in an area in wh
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
subsurface lithologies and geologic age is a major handicap in interpreting 
even formation boundaries.

The response of reflection seismography techniques to overpressure 
depends upon there being an acoustic velocity contrast between the 
overpressure and the surrounding rock. This can be caused by a chan
lithology, a change in the contained pore fluids, or a change in the 
cementation of the same basic lithology.
Reference Guide 4-3
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Because of these limitations, the only aspect of overpressure readily 
detectable on a seismic section are those caused by dramatic changes
normally means the interpreter is looking for a “bright spot” (the return
wave has a very high amplitude, caused by reflection from a low veloc
layer). Since the most frequent cause of low density and hence velocit
gas-filled porosity, this phenomenon is used when searching shallow a
intermediate seismic for signs of shallow gas. If gas is suspected, the 
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
“normal moveout” correction. In this process, the arrivals at all the 
geophones (which may be in the hundreds) from one common depth p
(CDP) are plotted side by side. Because the time taken for the sound t
reach the furthest geophone is much greater than that taken to reach t
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 cu
Since the object of seismic processing is to sum (or “stack”) all the arri
from one point (to reinforce the signal and remove noise) it is necessary to 
have all like peaks corrected to the same time. The correction required to 
bring the furthest signal into line with the closest is done by a compute
using various models. When all the arrivals have been corrected, it is 
normally assumed that the velocity profile used by the computer to achieve
the final result has become a good representation of the true situation.
individual velocities used can then be plotted versus depth. In theory t
should show a steady increase with depth and compaction. Deviation t
low velocity side of the trend can be interpreted as a change in pore flu
porosity, both possible indications of overpressure.

Construction of several velocity curves with depth, from surrounding areas
should adequately delineate the normal compaction trend for the area
gross sense the resultant curves should be representative of the sonic 
velocity within the formations to be drilled.

A major drawback with this method is the uncertain nature of the 
subsurface stratigraphy. Unless the lithostratigraphy is well known, it m
be that changes in velocity are indicative of changes in lithology. Base
the model used to correct the seismic traces, changes in lithology may
be delineated by these curves.

In order for geopressured intervals to be recognized, 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 reversal which also occurs across the normally-
pressured/geopressured transition in shales. Figure 4-1 shows typical 
velocity analyses for different lithological sections. A very similar curve 
can be produced by the vertical seismic profile (VSP) in a borehole.
4-4 Baker Hughes INTEQ
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Even though velocity is usually translated into transit time for the 
convenience of subsequent correlation with the sonic log, the interpretation 
remains the same, except that an increase in transit time is synonymous 
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 
increase with depth. Departure from this normal trend is generally due 
either to gross lithological changes or geopressure, which specifically 
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 b
safely planned. In areas of well known geology, a geopressured zone 
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 relation
A calibration curve (Figure 4-3) was developed for Gulf Coast wells, an
for broad estimates it should suffice for other Tertiary basins. 

To estimate the formation balance gradient from velocity analysis, it is
necessary to extrapolate the normal trend developed in hydrostatically 
pressured formations. At the depth of interest, determine the ratio of ∆T/ 
∆Tn (if the velocity analysis is calibrated in transit time), or convert 
velocity to interval transit time using:

Equation 4-1

where: 
T = interval transit time (µsec/ft)
V = velocity (1000 ft/sec)

T
10

6

V
--------=
Reference Guide 4-5
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Figure 4-1: Interval transit time var iations with compaction and lithology
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Use the resulting ratio with Figure 4-3 to obtain an estimate of the 
formation balance gradient at the depth of interest. Since the velocity 
analyses (in µsec/ft) is plotted on a log-log grid: the normal compaction 
trend approximates a straight line on a log depth-scale, facilitating norm
trend extrapolation. 

Common sources of error in velocity analyses are due to dipping beds
faults, multiple reflections, curved ray paths, processing, and 
interpretation. Usually the best quality velocity analyses is obtained fro
good quality seismic sections: good reflections give good root mean 
squared velocities (Reynolds, 1970). 

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 de
material (like lignite or cochina) are present. These are often 
distinguishable from gas on the basis that they will tend to be parallel w
the local structure, usually a gentle anticline. Any gas/water contact will be 
horizontal, unless distorted by local hydrodynamics.

In the deep subsurface, the gas/oil or gas/water contact can show up in a 
similar fashion. There is more room for confusion at greater depths, si
some zones of cementation which were influenced by long-lost 
hydrocarbons may still show up as velocity contrasts cutting the struct
If, instead of shallow or intermediate data, a deep section is used to se
for shallow gas, it is preferable to use a “true amplitude” section (where the
event amplitude has not been progressively adjusted for depth), the ga
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 overpress
This can be a simple matter of looking for salt or mud diapirs, or a mor
involved process of searching for subsidence, erosion and thermal hist
for conditions conducive to the development of abnormal pressure.
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Gravity Data

The use of gravity data to pick up geopressure is also based on 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 the case in 
younger rocks.

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

Magnetic Data

Although listed by some authors as a possible tool for finding overpress
it is of very limited use. There is some correlation between hydrocarbons 
and the valence state of iron in the soil, which may show up around se
from overpressured compartments.

Drilling Parameters

Mud Density/Gas Relationship

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

Equation 4-2

where:
W = mud density (lb/gal)
D = depth (ft)
FBG = formation balance gradient (lb/gal)
∆P = differential pressure (psi)

Substituting ECD for W gives the differential pressure while drilling. ∆P 
should be positive during all drilling operations, therefore accurate pore 
pressure estimations are necessary.

Differential pressure is one of the major factors that affects the amount of 
gas that enters the mud, and is therefore related to the amount of gas that 
will be measured at the surface. By interpretation of the gas magnitude/
formation/mud density relationships a very good estimate of the forma
balance gradient can be obtained. For example:

W x D x 0.0519( ) FBG x D x 0.0519( )– ∆P=
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 
gal, and the formation balance gradient is 8.6 lb/gal.

∆P = (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 parameters at 15,000 ft:

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

Even though the pressure differences in shallow hole are relatively 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 pressu
Thus if the differential pressure is high, less gas will be released from 
sand bed than from a clay bed if all variables (except the permeability) are 
the same. Conversely, if the differential pressure is low or negative, far 
more gas will be released from a sand than from a clay with the same 
porosity, gas saturation and pore pressure, because permeability is highe

Negative differential pressure (while drilling) complicates interpretations 
because gas influx will be continually occurring. This is shown by 
increasing background gas particularly, when just circulating. Negative 
differential pressure while tripping may result in swabbing, a kick, or 
severely gas-cut mud upon recirculation. A very small or close-to-zero 
differential pressure can cause connection gases to be produced from
permeable formations. Connection gases produced from clays are 
indicative of reasonably high negative differential pressure. 

Figure 4-4 demonstrates the effect of varying differential pressure 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 normalize
reduce the effects of hole diameter, rate of penetration, mud pump out
and surface extraction efficiency. (This procedure is explained in the 
Advanced Logging Procedures Workbook). Well A was drilled using a 
constant mud density, whereas in well B mud density was controlled to
maintain a constant positive differential pressure (overbalance).
4-10 Baker Hughes INTEQ
Confidential 80824 Rev B /January 1996



Formation Pressure Evaluation Pore Pressure Evaluation Techniques

 gas 
tion 
s 
ue to 

 

not a 

 in 
ases. 
bly 
 

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
curves overlay almost exactly. In the lower portion, a progressive devia
between the two wells is seen which is somewhat reduced but remain
evident even in the normalized curves. We can interpret this as being d
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, gas feed-in from the underbalanced 
borehole wall causes an increase in background gas which, since it is 
product of fresh-cut formation, cannot be accounted for in the 
normalization calculation. 

Well B, on which a constant overbalance was maintained by increases
mud density did not show increases in gas background or connection g
Indeed, if any zone showed good permeability, the overbalance proba
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 lo
differential pressure (and hence pore pressure) can be determined. Th
information should be used in conjunction with the other pore pressure
determination techniques. 

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

Gas-Cut Mud

Mud density reduction due to gas cutting is generally not a cause 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 cutting
the cuttings are circulated up the hole, pressure is reduced, and the gas
pores will expand and be released into the mud. The amount of gas ent
the mud system can be determined (Goldsmith, 1972) using:

Equation 4-3

where:
Gv = rate of gas entering the mudstream at 

reservoir pressure (gal/min)
R = rate of penetration (ft/hr)
d = hole diameter (inches)
Ø = porosity (fractional)
Sg = gas saturation (fractional)

For example, using:

d = 8.5
R= 85
Ø = 0.25
Sg = 0.70

with a reservoir pressure at 15,000 ft of 7000 psi

GV
d
24
------ 

 
2

x
π x R

60
------------- x ∅ x Sgx 7.48=
4-12 Baker Hughes INTEQ
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Equation 4-4

V = 0.731 gal/min at 7000 psi

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

Equation 4-5

Therefore, when the gas reaches the surface, the volume of gas flowing 
with the mud is about 350 gallons each minute. If the normal flow is 28
gallons per minute, using a 9.2 lb/gal, the gas mixed with 280 gallons of 
mud each minute, results in a mud density of:

Equation 4-6

where:
W1 = gas-cut mud density (lb/gal)
W2 = uncut mud density (lb/gal)

Increasing the mud density will not reduce this gas cutting, as the 
hydrostatic pressure of 9.2 lb/gal mud at 15,000 feet is 7162 psi, 162 psi 
greater than the reservoir (pore) pressure.

As can be seen, the decrease in bottomhole pressure caused by this d
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 cu
at shallow depth should be treated with the utmost caution.

The pressure reduction caused by mud-cutting is given by (Goldsmith,
1972):

V
8.5
24
------- 

 
2

x
π x 85

60
---------------- x 0.25 x 0.7 x 7.48=

Gva Gv x
P

14.7
---------- 0.731 x

7000
14.7
------------ 348 gal/min at atm prs= = =

WI
mud gpm( )

mud gpm( ) gas gpm( )+
----------------------------------------------------------- x W2

280
280 350+
------------------------ x 9.2 lb/gal 4.1 lb/gal= = =
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where:
P = pressure reduction caused by mud cutting (psi)
W1 = gas-cut mud density at the flowline (lb/gal)
W2 = uncut mud density (lb/gal)
D = depth of gas zone (ft)

Using information from the previous example:

∆P =  = 113 psi

Therefore, the actual mud gradient at 15,000 feet is
W = (7162 - 113) x 15,000 x 0.0519

= 9.1 lb/gal

For gas-cut mud in shallow hole, however, the problem becomes grea
magnified. For example: Hole size is 12.25 inches, rate of penetration 
500 ft/hour, depth is 1000 feet. Formation has 30% porosity with 70% 
saturation, formation pore pressure is 467 psi (9 lb/gal), mud density is 9.2 
lb/gal, and pump rate is 450 gal/min. Gas entering the mud system is:

:

Gas volume each minute at atmospheric pressure is:

Equation 4-7

∆P 14.7
W2 W1–

W1
---------------------- 

 ln
3.53 x W2 x D

1000
------------------------------------ 

 =

14.7
9.2 4.1–

4.1
--------------------- 

 ln
3.53 x 9.2 x 15000

1000
---------------------------------------------- 

 

12.25
24

------------- 
 

2
x

π x 500
60

------------------- 
  x 0.3 x 0.7 x 7.48 10.7gal/min at 467 psi=

10.7 x
467
14.7
---------- 340 gal/min at atmospheric pressure=
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The resultant mud density is:

Equation 4-8

Thus, pressure reduction at 1000 feet is:

Equation 4-9

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

The mud gradient is reduced from 9.2 lb/gal to 8.4 lb/gal by a reduction 39 
psi at 1000 feet. Clearly, if the formation pore pressure gradient is 9 lb
at 1000 feet the well will kick if this situation is permitted to occur.

These calculations do not take into account the effect of temperature o
expansion; consequently, the gas volumes calculated at the surface a
slightly larger than actual volumes, and the amount of mud density 
reduction is on the high side. Temperature and compressibility have a s
effect on gas expansion when compared to pressure. 

450
450 340+
------------------------ x 9.2 5.2 lb/gal=

∆P 14.7
9.2 5.2–

5.2
--------------------- 

 ln
3.53 x 9.2 x 1000

1000
------------------------------------------- 

  39 psi= =

9.2 x 1000 x 0.0519( ) 39– 438psi=

438
1000 x 0.0519( )

---------------------------------------- 8.4 lb/gal=

WARNING

Gas-cut mud at shallow depths may be 
extremely hazardous as a severe kick and 
loss of well control can result!
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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 calcul
values are very close to actual gas expansion. At greater depths wher
temperature change relative to surface 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 procedures, drill cuttings are sieved and 
graded to a size that is assumed to be representative of the bottom of 
hole. The larger fragments are considered to be cavings from the wall 
the borehole and play no part in 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 i
unstable. The most noticeable and usually the most predictive of 
geopressures are those of clay and shale. Other lithologies (coal and s
will cave as a matter of course, hence interpretations should not includ
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
the bulk sample. For this reason it is vital that those individuals involved in 
pressure evaluation not only supervise how the samples are collected
also regularly check the shakers to see whether cavings are being ign
Cavings are produced through several mechanisms, the most common are:

• underbalanced drilling

• stress relief

Abrasion of the walls by the drillpipe will also cause cavings but generally 
these will not be discernible from cuttings due to their small size. If the 
pore pressure is higher than the hydrostatic pressure in the borehole, 
pressure differential will cause the pore fluids to move towards the 
borehole. In impermeable formations, the resultant pressure gradient 
adjacent to the borehole wall may become so great as to overcome the 
tensile strength of the rock. When this occurs, the rock fails in tension,
cavings are formed. This process is illustrated in Figure 4-5.

Since, all parts of the earth’s crust contain stresses that change with d
area, lithology, history, etc., drilling a borehole relieves some stresses o
than those in the vertical plane, while the hole geometry in relation to s
4-16 Baker Hughes INTEQ
Confidential 80824 Rev B /January 1996



Formation Pressure Evaluation Pore Pressure Evaluation Techniques

 the 

l 
e 

 
e 

k, 
in 
cky 

lose 
ould 
stresses acts to concentrate them. If the borehole wall is insufficiently 
supported by the mud column, it may fail either in compression due to
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-cracks and fractures 
in the rock and these act as areas of stress concentration and potentia
initial failure points. Thus it is sometimes noticed that part of a borehol
may cave copiously for a short period of time, and then become stable. 
This is due to the removal of the damaged zone adjacent to the borehole. A
formation which is more coherent is then exposed which will absorb th
extra energy (drillstring interactions and fluid velocity) without failing.

Cavings produced due to underbalanced drilling are typically long, dar
splintery, concave and delicate. Their typical appearance is illustrated 
Figure 4-7a. Cavings produced due to stress relief tend to be more blo
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 
their distinctive morphology. Interpretations based on reactive clays sh
be pursued with caution.

Figure 4-5: Cavings produced due to underbalanced drilling
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Figure 4-6: Cavings produced due to stress rel ief and compressional failure
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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 balan
formation pressure but mud density alone will not), there will be a 
tendency for fluid to flow into the borehole. If permeability exists, the well 
may kick. If permeability 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 effe
will be recognized by increased torque when drilling, drag on trips and
connections, and bottom fill after trips. Normal drag after drilling new ho
is of the order of 10,000 to 20,000 pounds, depending upon hole and 
drillstring geometries. Drag consistently and significantly greater than 
“normal” is indicative of unstable borehole conditions. Deviated holes w
of course, incur much higher consistent drag.

The occurrence of connection gas indicates that a condition of imbalan
exists when the hole is swabbed at connections. Similarly, when locali
gas shows (trip gas, connection gas, gas sands) do not fall off rapidly 
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 hydrocarbons, that are normally 
flushed out of with the pore water during compaction These will eventu
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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SPIKY
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PLAN

FRONT SIDE
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generally carry a far higher hydrocarbon saturation than normal. This w
be reflected at surface by an increase in background gas, and, since c
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 hydrocarbons - 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 b
that a degree of differential sticking is occurring, hence to cure the prob
the mud density should be reduced. Another interpretation may be that
of the hole is producing cavings that are not immediately circulated ou
the hole (information on cuttings transport can be found in the Advanced 
Logging Procedures Manual), in which case the mud density should be 
increased. Careful analysis of all geopressure evaluation data should 
indicate whether the problem is due to overbalance or underbalance. I
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 numbe
factors, some of which are:

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

Note: In areas where the S.I. metric system is used, it 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 of all forces 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 force, that is 
pounds-force (lb-f), kilograms-force (kg-f), poundals 
(pdl), or newtons (N).

• Rotary Speed: The rate at which force is applied and the duration 
the force.
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• Tooth Efficiency: This is a variable term based on the original cuttin
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 action is applied 
there will be inefficient hole cleaning, and penetration rate will suff
Hydraulic action in excess of that necessary for efficient hole clean
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 m
strength than a consolidated sand. It is similar with carbonates: po
geometry may be such that the matrix can be either weak or 
competent. Matrix strength may thus be the converse of “drillabilit
in the drilling industry.

• Formation Compaction: This is related to matrix strength in that it 
defines porosity distribution; formation compaction simply increas
the ratio of matrix material to pore space. Since it is easier to pene
a pore rather than solid matrix, compaction may not change the ac
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 crus
rock immediately beneath the tooth, and cracks form in the rock (See 
Figure 4-8). In plastic formations the material will be gouged rather tha
crushed. 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
depend upon the differential pressure across bottom (the difference 
between bottom hole circulating pressure and formation pore pressure). If 
circulating pressure is much larger than formation pressure (overbalan
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
formation pressure increases sufficiently for it to exceed the circulating 
pressure (underbalance), mud filter cake ceases to form and cuttings a
forced away from the formation, with a consequent increase in penetra
rate.

Large ‘cavings’ can produced, under conditions of very high underbala
from beneath the bit resulting from slight tooth impact causing failure. 
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 se
that the rate of penetration can be controlled by differential pressure al
Rate of penetration would decrease uniformly with depth as compactio
increases. Upon entering a geopressure transition zone, decreasing 
compaction and differential pressure across bottom would lead to an 
increase in penetration rate. 

A number of “drillability” or normalized drill rate formulations have bee
proposed to remove the effects of the many drilling variables. For the b
application of these formulations, direct data monitoring and computation
equipment are necessary. However, field application has shown that, w
such equipment is not available, the easiest and most reliable method 
“d-exponent.” This formulation allows control of the major drilling 
variables, and has proved so successful that most of the more comple
“drillability” formulations are extensions and refinements of the basic “d
exponent.”.
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Bingham (1965) proposed that the relationship between penetration ra
weight on bit, rotary speed, and bit diameter may be expressed in the 
following general form: 

Equation 4-10

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

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

Equation 4-11

where:
d = drilling exponent (dimensionless)
R = rate of penetration (ft/hr)
N = rotary speed (rpm)
W = weight on bit (lbs)
B = bit diameter (inches)

In a constant lithology, the d-exponent should increase as the depth, 
compaction and differential pressure across bottom increase. Upon 
penetration of a geopressured zone, compaction and differential pressure 
will decrease and will be reflected by a decrease in the d-exponent 
(Figure 4-9).

R
N
---- a

W
B
----- 

 
d

=

d

R
60N
---------- 

 log

12W
106B
------------ 

 log

-------------------------=
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Since differential pressure is dependent upon the mud density as well 
formation pore pressure, whenever there is any change in the mud de
this will promote an unwanted change in the d-exponent.

Rehm and McClendon (1971) proposed this correction:

Equation 4-12

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

This correction was empirically derived but has been applied worldwide 
with much success. The use of actual mud density in place of ECD ha
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 hydraul
tooth efficiency and matrix strength:

• Drilling hydraulics become important in large holes where efficient 
hole cleaning is impossible, and in soft formations where jetting w
make a large contribution to drilling.

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

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

• If differential pressure becomes too large, the simple ratio correction 
will not completely compensate for its effect on the drill rate.

In addition, the relationships among force applied (W/B), rotary speed (N), 
differential pressure (N.FBG/ECD), and rate of penetration (R) are more 
complex than the Dxc formulation would imply. While working within 
“normal” working ranges, radical changes in any of these parameters (
example, change in hole size after setting casing) may result in a chan
the Dxc.

Dxc dx
N.FBG
ECD

------------------=
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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 D
By plotting Dxc’s manually, it is possible to remove their effect by plottin
smoothed curves. However, it is better practice is to annotate trend off
with notes explaining their origin.

The Dxc can be plotted on either semi-log or rectangular coordinate gr
and in either case will produce an approximately linear, normal, 
compaction trend line. Practice has shown that the semi-logarithmic grid 
gives a more efficient data display and is a more suitable format when
formation pressure estimates are made from Dxc values.

A

AAAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AA
AA
AA
AA
AA
AA

A
A

AAAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AA
AA
AA
AA
AA
AA
AA

AA
AA

AAAA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA

NORMAL

TRANSITION

GEOPRESSURE ZONE

PORE PRESSURE

ZONE

INCREASEINCREASE
- 0 +

D
E

P
T

H
 (

FT
)

Differential Pressure
Across bottom (PSI)

Rate of Penetration
(Constant N:W:B:ECD)

Dxc
4-26 Baker Hughes INTEQ
Confidential 80824 Rev B /January 1996



Formation Pressure Evaluation Pore Pressure Evaluation Techniques

 are 

s. 

l 

be 
Equation 4-13

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 (lb/gal)
ECD = effective circulating density (lb/gal)
W = weight on bit (1000 lbs)

or in the metric form:

Equation 4-14

with
R in m/hr
N in rpm
W in tonnes (1000 Kg)
B in cm
N.FBG and ECD in g/cc

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

Major causes of “scatter” in a Dxc plot are: 

• Lithological variation: The Dxc value is dependent upon matrix 
strength and will therefore change when ever the lithology change
Where lithological variations are relatively minor (e.g. silty 
laminations in claystone) it may be necessary to adjust the norma
trend line in compensate for the changes. Where there are major 
lithological variations (e.g. interbedded sands and shales), it may 
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 hydraulics are changed, or 
there is a change in the susceptibility of the formation to jetting, th
will be a change in the Dxc. It is usual for shallow unconsolidated 
sediments will be jetted rather than drilled, 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 generally 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 decreased differential pressure 
may be partially or even totally masked by the increase due to bit wea

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

As will all pressure evaluation parameters, it is essential that the Dxc not 
considered in isolation. An instantaneous decision based on the Dxc should
be conditional upon confirmation (after lag time) by other parameters, 
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 circulate
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 
balanced by the mud density

because,

• An abrasive sand can remove the last of the bit’s effective cutting
structure and the bit ceases to drill

• It has been decided to trip the bit without circulating since no pressure
indications have been seen

• When the trip begins, swabbing action reduces bottomhole pressu
and the sand kicks
Reference Guide 4-29
80824 Rev B /January 1996 Confidential



Pore Pressure Evaluation Techniques  Formation Pressure Evaluation

s, but 

g 

c 
ift 

ould 

r 

l 
e 

and 

 a 
The above situations may be construed as a failure of pressure method
in fact they are a failure to apply the methods correctly. 

The geologist should make full use of all available information includin
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 Dx
formulation and will result in offsets in the normal trend line. A trend sh
may also occur at hole size changes. It is recommended that when 
geopressures are expected, the drilling parameters (W, N, B, ECD) sh
be changed as little as possible. 

The contribution of formation compaction may be less than that of othe
parameters 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 radica
difference in age may produce some change in slope, especially wher
uplift and erosion have occurred between periods of deposition. For 
example, in the northern North Sea Basin, shale trends in the Tertiary 
Cretaceous will not exhibit full continuity. 

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

Equation 4-15

where:
Po = actual pore pressure at depth of interest (psi) or formation

 balance gradient (lb/gal EQMD)
Pn = normal pore pressure (psi) or FBG (lb/gal EQMD)
Dxco = observed Dxc at depth of interest
Dxcn = expected Dxc on normal trend line at depth of interest.

By rearranging this equation in the form

Equation 4-16

Po Pn x
Dxcn

Dxco
------------=

Dxco Dxcn x
Pn

Po
------=
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with known values of Dxcn and Pn at two depths, it is possible to substitut
values of Po and calculate the equivalent Dxco. 

Using the two calculated Dxco values 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-marked with 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 dril
progresses (based on additional evidence) it will be necessary to alter those 
predetermined gradients. As such, the position of “normal” trends shou
be established with great care, though personal selection may be in co
with another’s interpretation. Modification of trends does not detract fro
the role of Dxc as a geopressure indicator, it only changes its quantita
meaning. When additional information is available, it is possible that th
normal trends will have to be changed, thus necessitating reinterpretation 
of the magnitude of geopressure zones. When displacing the trend to l
values; however, justification must be found for the apparently over- 
compacted lithologies above the anomaly. For maximum credibility to be 
maintained in Dxc interpretations, all other geopressure indicators mus
support, as far as possible, conclusions drawn from the plot.

Dxc trend lines are normally placed using two different techniques, wh
may not be apparent to the individual geologist. Some geologists interpret a 
normal trend in shallow formations and then extrapolate this trend to 
greater depths. Others interpret normal trends for specific intervals only, 
changing position and slope to coincide with the majority of points in a
particular lithology. Both methods contain inherent pitfalls, some of wh
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 line
trend over a long interval is not mathematically correct. Doing so assu
that Dxc is an exponential function of depth, when in actuality it is 
probably closer to a logarithmic function. This being the case, a norma
trend on semi-logarithmic paper will produce a curve that gradually 
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steepens with depth. In a normally pressured area, this curved normal D
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
of greater gradient, but an overall “shift” should not be necessary. 
Therefore, extrapolation of a normal trend (established in shallow 
formations) to greater depths may diverge from the actual normal tren
and if geopressures are encountered, the calculated pore pressure wil
excess of the actual magnitude. Geologists who are thus in favor of 
extrapolating normal trends should be aware of the possibility that thei
“normal” trend may not be representative at depth.

Geologists who change normal trends with lithological variations gener
inadvertently steepen trends with depth, reflecting the true behavior of
normal trend on semi-log paper. Hence these trends may be more acc
and pore pressure calculations may be more meaningful. The best rule
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, the overall placement of 
a normal trend (for example, during the latter stages of a well) may be 
largely dependent on the previously encountered lithologies. As shown
(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 calc
horizons. Also, the shallow unconsolidated clays were subject to jettin
(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 developm
in alternating sands and shales. This diagram represents an extreme case, 
and the actual Dxc response in such sequences usually shows an incre
scatter, rather than distinct trend development.

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

Moreover, interpretation techniques must also contain the proviso that th
normal trend may steepen with depth, but shifting trends should not be 
necessary. In fact, theoretical justification for a shifted trend is not 
available.
4-32 Baker Hughes INTEQ
Confidential 80824 Rev B /January 1996



Formation Pressure Evaluation Pore Pressure Evaluation Techniques

ies 
te for 

the 

l the 
 an 
 

Figure 4-11: Example of the formation pore pressure gradients from the Dxc plot

Second Generation Exponents

Because the Dxc is still affected by several drilling factors, which are not 
taken into account by the Dxc formula, several oil-field service compan
and authors have derived equations and formulas to try and compensa
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)

• A exponent (Anadrill)

These are basically refined Dxc’s that attempts to more closely reflect 
various drilling/formation interactions. Where Dxc assumes a linear 
response between RPM and rate of penetration, the above try to mode
interaction to a non-linear relationship modified by tooth efficiency and
effective RPM term. Also, the contribution that hydraulics makes in the

A

AAAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAAA

AAAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAAAA

AAAAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
AA

AAAAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAAA

AAAAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAAAA

AAAAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
AA

AAAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAAAA

AAAAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

A

AAAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAAA

AAAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

NORMAL SHALE TREND LINE
NORMAL FORMATION BALANCE
GRADIENT IS 9 LB/GAL

NORMAL SAND
TREND LINE

EQUAL F B G LINES
17 15 13 12 11 10

TYPICAL TRANSITION ZONE

D
E

P
T

H

Dxc SEMILOG SCALE

9 lB/Gal

MAXIMUM GEOPRESSURE
GRADIENT IS 11.9 lb/gal

GRADIENT IS 13.8 lb/gal
MAXIMUM GEOPRESSURE
Reference Guide 4-33
80824 Rev B /January 1996 Confidential



Pore Pressure Evaluation Techniques  Formation Pressure Evaluation

t 
ather 

 

sion 

ing 
 

. 

iple 

ced.

.

g a 

of the 

tant 
usly 
).

g/cc or 
 

drilling process may also be normalized, resulting in a drilling exponen
that changes more as a result of lithological or pore pressure change, r
than fluctuation caused by bit wear or simplistic drilling parameter 
modeling.

These second generation exponents are generally 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. Discus
of these formation evaluation tools is limited due to their proprietary 
nature.

Shale Density

Shale density determination has often proved very effective in determin
the degree of undercompaction and consequent abnormal pore pressure in
shale bodies. The shale density kits provided by Baker Hughes INTEQ 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 princ
(Archimedes Buoyancy Principle), which states that a liquid exerts an 
upward force on an immersed body equal to the weight of liquid displa

The kits consist either of a variable-density single solution, or a set of 
liquids of varying densities. By placing a piece of shale in such 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 utilizin
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 
bulk density change will vary with the type and magnitude of the 
geopressure. Bulk density may also decrease, but it may remain cons
(due to lithology) or continue to increase at a lower rate than the previo
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 
more. When this reduction occurs over a significant depth interval, the
calculated overburden gradient may reverse.
4-34 Baker Hughes INTEQ
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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 oth
differences may or may not be apparent, unless the sample is observe
under a microscope prior to it being placed in the density solution.

Measurements based on cuttings in water-based muds usually are too lo
simply due to the adsorption characteristics of clays. Likewise, density 
measurements taken from wireline/MWD logs can also give false 
indications. Specifically, the density logs can be affected by a rugose h
and the shallow depth of investigation may not read beyond the hydra
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 
calculated bulk densities.

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

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

Several methods are used for measurement of shale bulk density:

• Pycnometer method: Using a container with repeatable volume, this
involves measuring change of weight due to displacement of fluid by 
sample. The most practical application of this method at the wellsit
to use a mud balance.

Place enough cuttings in the cup so that the balance indicates 8.3
gal (density of fresh water) with the cap on. Fill the cup with water
and weigh again. The new reading is W2 in the following equation:

Equation 4-17

• Mercury pump method: The bulk volume of a known weight of 
sample is measured. The bulk weight of a prepared sample is firs
established using an accurate chemical balance. The bulk volume
selected cuttings is then determined using a high-pressure mercu
pump by the Kobe system (Boyle’s Law Principle) at a pressure o
about 24 psi, which is recorded on the attached pressure gauge. 
Mercury is used to compress the air around the cuttings but does 
contact the sample material.

Bulk Density g/cc( ) 8.34
16.68 W2–
---------------------------=
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Note: This is contrary to the older procedure in which bulk 
volume is measured under atmospheric pressure with the 
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 sample used (25 g 
≅ 2000 individual shale cuttings) give good consistent results. Due to th
high degree of accuracy and convenience in operation, this method sh
be used whenever possible; however, very careful and consistent sam
handling is necessary for best results.

• Buoyancy method: The sample is weighed in air and in liquid of 
known density.

• Density comparison methods: The 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 
relative densities. This method is cheap and quick, but is limited in
sensitivity due to large difference in densities of available fluids 
(approximately 0.1 to 0.05 g/cc), and ease of contamination of 
calibrated fluids.

• Density gradient method: This consists of a fluid column in which 
density varies uniformly with depth. This is prepared by the partia
mixing of a light and a heavy fluid (water and zinc bromide) in whic
beads of known density are suspended. A calibration curve of density
versus depth is prepared. Shale cuttings immersed in the column 
sink to the level at which their density is the same as the fluid. De
is recorded and density read off from the calibration curve. A major 
disadvantage of this method is the rapid deterioration of the colum
due to vibration experienced on some offshore rigs, 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 cuttings. Special care 
must be taken to ensure that cuttings are true bottomhole cuttings, and
several determinations should be made for each interval in order to av
anomalous results. Six or eight cuttings should be chosen which are 
representative and free of dust or cracks which may trap air, and of wa
film which will cause enough surface tension between the water and 
density fluid to cause erroneous readings.
4-36 Baker Hughes INTEQ
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Figure 4-12: Ideal clay density responses in geopressured zones caused 
by different mechanisms

Increases in density beyond the normal trend, due to decreased poros
calcification should be carefully noted as these may constitute cap rocks 
above geopressures. Precipitation of pyrite or high iron concentrations
result in abnormally high bulk densities in clays and shales. In some w
it has been postulated that the occurrence of pyrite in shales can mas
density reduction caused by the porosity increase. Careful microscopic 
examination of clays will indicate the occurrence of very fine pyrite, an
high iron concentrations will be indicated by a red/brown color. Pore 
pressure interpretations cannot be accomplished utilizing shale density 
heavy minerals are present. However, since shale density is mainly us
for qualitative purposes in geopressure evaluation, the role of the othe
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 t
degree of scatter in the rectangular coordinate plot. A semi-log plot 
considerably reduces this scatter, but since the normal bulk density ran

SHALE DENSITY

Depth

Compaction
Disequilibrium

Montmorillonite
Dehydration

Aquathermal Tectonic

Geopressure

Normal
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between 1.6 and0 2.7 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
was also shown that a smectite-type clay will undergo diagenesis to illite 
with increasing temperature and ionic exchange. In order for diagenesis to 
proceed, water must be flushed from the clays. If exchange cations ar
available(i.e. potassium) a montmorillonite clay will lose its water but w
not convert to illite. Thus if this type of clay is drilled with a water-base
mud, the clay will hydrate and cause drilling problems. 

Shale factor is a measure of the cation exchange capacity (CEC) of cl
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
while pure illites (showing no swelling characteristics), have a CEC 
generally between 10 and 40 meq/100 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 zo
that contains smectites will have an affinity for water in an amount 
generally proportional to the montmorillonite content. This will be show
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 to impurities in the sample, 
methodology, experimental error, and the fact that the methylene blue
(used in the titration) is a very large molecule 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 
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 
this to a solution of distilled water and a few drops of 5N sulfu
acid in a metal blender measuring cup.

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

5. Add methylene blue dye slowly, and regularly remove a drop
the solution on the stirrer and place the drop on filter paper, 
noting whether the fluid is colored. Generally, the solids in the
4-38 Baker Hughes INTEQ
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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
halo may be readily seen.

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

7. Calculate the shale factor, using:

Equation 4-18

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

reached

For example:
sample mass = 0.5 g
volume of titrate = 25 ml
normality of dye = 0.01

shale factor = 

= 50 meq/100 g

A more accurate, but more time-consuming procedure is:

1. Take a clay sample, add about 20 ml of water, and disintegra
sample in the blender.

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

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

4. Put the suspension into the mud filter press, and allow the wa
to almost cease flowing from the press before disconnecting 
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 ab

This latter method may be more accurate in gumbo clays.

shale factor
100

sample mass g
--------------------------------- x vol ml x normality of methylene blue solution( )=

100
0.5
--------- x 25 x 0.01
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If the clay is calcareous, and calcimetry is also being run, shale factor 
be corrected for carbonate content.

Equation 4-19

For example:

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

Shale factor can be a useful lithologic indicator, as shown in Figure 4-1

The abrupt shift in shale factor from the normal sand/shale 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 sedim
(15 million years), was thought to be caused by continental movement
erosion in the shallower continental shelf at that time in the geologic 
history of Australia. Even in the normally-pressured low shale-factor 
shales and carbonates of greater geologic age, there can be occasional 
anomalies from pressured shale stringers (as at 11,500 ft). 

Theoretically, shale factor should be capable of indicating whether 
montmorillonite dehydration or compaction disequilibrium was the maj
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 
inefficiency of the dewatering process, resulting in clays containing a 
larger proportion of montmorillonite within the geopressure zone. Shal
factor would thus indicate a decrease at the top of the geopressured z
an increase within the zone, then a decrease as the pore pressure gra
decline (Figure4-14). Any overall increase in shale factor within a 
geopressured zone is indicative that compaction disequilibrium has pla
a part in its formation.

true shale factor
100

100 carbonate%–
------------------------------------------------- x apparent shale factor( )=

true shale factor
100

100 37–
--------------------- x 16 25meq/100g= =
4-40 Baker Hughes INTEQ
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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 geopressured zone was caused by montmorillonite 
dehydration, then upon entering the interval a sharp decrease in 
montmorillonite content should be observed. Hence the geopressured
will contain less montmorillonite, as it has been converted to illite, 
releasing to the pore spaces water which been unable to escape fast e
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and resulting in a pore pressure increase. Shale factor will thus decrea
the pressured zone (Figure 4-14).

Shale factor cannot be a quantitative geopressure indicator. The differing 
responses described above are not definitive, and geopressure has to
indicated from other sources before an interpretation using shale facto
be achieved. Also, geopressures caused by montmorillonite dehydrati
and compaction disequilibrium may not cause a change in shale facto
geopressures were caused by processes (i.e. aquathermal pressuring) which 
are independent of matrix composition, a change may not be reflected
shale factor with depth.

In the past, the consensus was that shale factor will increase in 
geopressured zones and can act as an indicator. Re-evaluation of the
various geopressure mechanisms show that this is not necessarily the
However, as was seen, shale factor should be capable of delineating 
between compaction disequilibrium and montmorillonite dehydration as 
the major geopressure mechanism.

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

Shale Factor Shale Factor

DepthDepth

Geopressures

Monmorillonite 
Content Decrease

Monmorillonite 
Content Increase

Geopressures

Shale factor indicates 
Compaction Disequilibrium

Shale factor indicates 
Montmorillonite Dehydration
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Temperature

The geothermal gradient, or the rate at which subsurface temperature
increase with depth, can be calculated from:

Equation 4-20

where:
G = geothermal gradient (°C/100 ft)
TF1 = temperature (°C at depth D1, ft)
TF2 = temperature (°C at depth D2, ft)

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

There is a constant flow of heat from the earth’s core to the surface, and the 
total flow of heat across any depth increment will be constant. Howeve
the temperature differential across an increment depends upon the therma
conductivity of the material. Since overall heat-flow to the earth’s surface
is generally constant within any particular 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., lowe
porosity).

Water and hydrocarbon migration to shallower depths may also affect the
geothermal gradient. Pore fluids, as insulators, retain heat, so during 
migration these hot fluids will modify the temperatures of the formation
they pass through and ultimately become trapped in. Note that this 
mechanism changes the geothermal gradient due to the relocation of h
fluids, rather than attributing gradient fluctuation to porosity. Fowler 
(1980) cited examples from the Middle East, Canada, and Alaska and o
U.S. oilfields, having geothermal gradient bulges which possibly indica
the entrapment of hot fluids from greater depths. The mechanism may al
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 geotherma
gradient may well indicate the potential of the whole area.

G 100
TF2

TF1
–( )

D2 D1–( )
--------------------------=
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Any insulating zone will produce a distortion in the isothermal lines whi
normally run perpendicular to the lines of heat flow (Figure 4-15; Lewis
and Rose, 1970). Because of the high geothermal gradient, these will be 
more closely spaced in this insulating zone. In the zones above and be
the isothermal lines are more widely spaced, in compensation, and the
zones exhibit a reduced geothermal gradient. The converse occurs in bed
of high thermal conductivity, like sands and some limestones.

Figure 4-15: Distribution of heat-flow and isotherms around an 
insulating (geopressured) zone

Since water has a thermal conductivity of about one-third to one-sixth that 
of most matrix materials, it can be seen that the thermal conductivity will 
be directly related to the degree of formation compaction. The higher-t
normal water content of geopressured shales reduces this thermal 
conductivity. Therefore, the top of a geopressured zone is marked by a 
sharp increase in geothermal gradient, and as such, the temperature of the 
mud at the flowline may reflect the geotemperature change.

Monitoring and recording flowline temperature is a practical method to 
determine temperature gradient, provided variable factors such as pump
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rate, lag time, ambient temperature, lithology, and temperature change
the surface (due to mud mixing and chemical treatments), can be acco
for. In areas where large annual temperature variations occur, conside
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 w
encountered in which, due to distortion of the isothermal lines, there w
be a reduction in geothermal gradient (Figure 4-16). It has been found in 
practice that this effect is reflected in the flowline temperature gradient, 
even to the extent of a fall in flowline temperature (i.e. a negative gradient), 
followed by an extremely large increase in flowline temperature as the 
geopressured zone is penetrated (Figure 4-17).

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

A dual temperature probe system with sensors in the flowline and sucti
pit is effective in removing surface effects, if lagged differential 
temperature is plotted. 

It is normally sufficient for the points to be plotted at 30-ft intervals unle
more frequent temperature variations are noticed. Points plotted at 10
intervals allow more accurate data and better resolution for improved 
interpretation. Note should be made of breaks in circulation, mud additive 
additions, water additions, or other significant events.
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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 b
changed, during short trips or other downtime, and a certain time is 
necessary for the mud system to reestablish a temperature equilibrium 
when circulation resumes. The rate at which this thermal equilibrium 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 mu
volume. The practice of reducing the active pit volume to a minimum, 
dictated by hole size, aids in reducing the time required to attain 
equilibrium after tripping and reduces the circulation time needed to 
stabilize flowline temperature.

A discontinuity in the plot also occurs at each casing depth, which 
corresponds to a change in hole size. A higher annular velocity in ope
hole reduces the amount of heat gained from exposed formations, and
lower annular velocity in the marine riser increases the amount of heat
to the sea. However, these factors only lead to a change in measured 
temperature; the rate of change of temperature should remain unchan
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Since pressure predictions are based on temperature gradient rather than
temperature magnitude, each depth segment between discontinuities can 
analyzed separately for gradient trends. It is also helpful to replot 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, en
end plotting of the individual segment trend lines may be of value. This 
trend-to-trend smoothed curve is merely a graphical method of removing 
irrelevant scatter from the plot. However, due to geopressures, the cha
in flowline temperature may be so that this curve smoothing may cause
anomaly to disappear. It is therefore suggested that both plots be prep
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 give
Thus a fall in flowline temperature gradient followed by a sharp rise wh
the geopressure transition zone is drilled provides a warning that even
closer attention must be paid to other drilling parameters in order to 
achieve confirmation of possible geopressures. However, like other 
methods of pressure evaluation, flowline temperature reflects a varyin
physical parameter in an assumed constant rock type; therefore, chang
lithology must be closely monitored in order to avoid false indications. 

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

Equation 4-21

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

This gradient factor 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. Apparen
gradient factor of 2.0 or more is indicative of a geopressure. However,
to the unreliability of most flowline temperature plots in reflecting actua
geothermal gradients, and the possibility that gradient factor may not be 
representative within a particular area, this method should be treated w
caution. It may be more valuable for onshore wells.

GF
G

Gn
-------=
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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 bottoms-up. A plot 
of this maximum temperature (after regaining circulation from a period of 
downtime) can closely approximate geothermal trends. Monitoring the
peaks may aid in geothermal trend interpretations.

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

• flowline temperature

• end-to-end flowline temperature

• trend-to-trend flowline temperature

• differential mud temperature (∆T)

Most wireline logging tools contain a maximum-recording thermomete
and the temperature recorded is included on each log heading. This 
temperature will usually increase with time as the logging program 
progresses.

Using a modified Horner plot, it is possible to estimate true formation 
temperature. It is assumed that the maximum temperature will occur a
total depth (TD). The Horner expression was originally developed for 
pressure build-up predictions for reservoir (DST) analysis, but was 
modified by Dowdle and Cobb (1975) to model temperature build-up. 
Although mathematically incorrect, actual formation temperature can b
4-48 Baker Hughes INTEQ
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closely estimated, particularly when circulation periods are short. The 
theory of the calculation is that, during drilling and circulation, the cool
mud reduces the temperature of the formation. This results in a temperature 
gradient that increases away from the borehole, to a point where the 
formation temperature is undisturbed. When circulation ceases, heat is 
transferred into the mud in the borehole, the temperature gradient 
surrounding the borehole decreases, and the radius of disturbance 
decreases. Hence by extrapolating the temperature increase to infinite tim
it should be possible to calculate the actual formation temperature. Th
expression is:

Equation 4-22

where:
Tf = true formation temperature
T = measured temperature
C = constant
tc = circulation time at TD
tL = time since circulation stopped

Thus a plot of T against (tc + tL) /tL on semi-log paper should be linear, an
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 been replotted on Figure 4-20, 
showing a possibly easier method of displaying the data. Note that the
on Figure 4-19 is semi-log, whereas it is linear in Figure4-20. Points on 
Figure 4-20 were plotted using the relation

Equation 4-23

against measured temperature. Extrapolation of points using the latter 
relationship allows a smaller margin of error when drawing lines throug
scatter of points. The near normal intercept of the gradient with the 
temperature axis allows precise temperature determinations.

T Tf C
tc tl+

tL
-------------log–=

tc tL+

tL
--------------log
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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 state
that if three temperature points are available, this can prove to be a us
cross-check with the Horner plot. The equation must be solved for Tf:

Equation 4-24

where:
T1 = recorded BHT, log run 1
T2 = recorded BHT, log run 2
T3 = recorded BHT, log run 3
t1 = time since circulation stopped, log run 1
t2 = time since circulation stopped, log run 2
t3 = time since circulation stopped, log run 3
Tf = 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 were 210°F, 219°F and 225°F.

Hence,

Tf t2 t1–( ) T1 x t1( ) T2 x t2( )–[ ]+

T2 T1–
------------------------------------------------------------------------------

Tf t3 t1–( ) T1 x t1( ) T3 x t3( )–[ ]+

T3 T1–
------------------------------------------------------------------------------=

Tf 7.83 4–( ) 4 x 210( ) 7.83 x 219( )–[ ]+

219 210–
---------------------------------------------------------------------------------

Tf 11.16 4–( ) 4 x 210( ) 11.16 x 225( )–[ ]+

225 210–
-------------------------------------------------------------------------------------=

Tf x 3.83 874.8–

9
--------------------------------------

Tf x 7.16 1671–

15
-------------------------------------=

Tf
15 x 874.8( ) 9 x 1671( )–
15 x 3.83( ) 9 x 7.16( )–

----------------------------------------------------------=

Tf 274.2=
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Depending on the particular environment, one method may be found t
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 b
plotted, and between the successive depths, the average geothermal 
gradient can be calculated from Equation 4-20. Between logging runs,
useful check on geothermal gradient can be achieved by using Temp 
Plates. These can be more accurate than flowline temperature and ∆T 
monitoring, particularly on offshore rigs.

Temp Plates are self-adhesive sensors containing hermetically sealed
sensitive elements which change chemical structure at given calibrate
temperatures. When exposed to the rated temperature, the indicator tu
from pastel grey to black. This chemical reaction is completed in less th
1 second and is accurate to within 1% of the calibrated temperature. T
change is also permanent and irreversible.

The Temp Plate can be attached to a survey tool as shown in Figure4-21, 
ensuring that the Temp Plate does not come adrift, by wrapping it with
tape. It is advisable to put a higher range Temp Plate on the clock whe
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 nea
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 Plate readings since the condition 
of the mud system and the plate’s position in the drillstring will affect it
performance. The length of time circulation was terminated prior to 
running the Temp Plate affects mud temperature stabilization, and this 
period increases with depth. Since steel is a relatively good conductor of
heat when compared to mud, high temperatures generated by a rotatin
drilling assembly and bit can produce artificially high readings, particularly 
if there has not been sufficient circulation time to dissipate it. Although 
Temp Plates turn black upon reaching the reactive temperature, they w
pass through darkening shades of grey before reaching this point, but 
transition is very rapid. 
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The adhesive strength of Temp Plates is very good. This means that a
range of plates can be stuck onto the survey tool early in the operation, and 
they need be removed only when all the heat sensors on a plate have
exposed. This ensures that minimal interference occurs with the runnin
the survey and that a successful reading is achieved.

Temp Plates are available in various ranges with a resolution of 1% of 
reactive value, and each contains four calibrated temperature indicato
disks. Each Temp Plate has a 20°C range. The total temperature inter
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
too small to detect the anomalous geothermal gradients due to 
geopressures, and when compounded with the problem of not recording 
actual mud temperature (because the plate is inside the survey tool), a
temperature measurements may be questionable. However, gross tren
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. Additiona
in deeper sections of some wells, small hole sizes and reduced pump 
mean that the circulating mud at the surface does not truly reflect chan
in geothermal gradient as indicated by other downhole temperature 
measuring techniques. 
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Figure 4-21: Location of Temperature Plates in deviation survey tool

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAA
AAA
AAA
AAA
AAA
AAA
AAA
AAA
AAA
AAA
AAA
AAA
AAA
AAA
AAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AAA
AAA
AAA
AAA
AAA
AAA
AAA
AAA
AAA
AAA
AAA
AAA
AAA
AAA
AAA

AAAA
AAAA
AAAA

AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA

AAAA
AAAA
AAAA
AAAA
AAAA

AAA
AAA
AAA
AAA
AAA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AA
AA
AA
AA
AA
AA

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA

AA
AA
AA
AA
AA
AA

Upper 
Container 
Plug

Go Devil

Upper
Sealing 
Packer

Rubber stop

Upper return spring

Shock Absorber

Double Recorder

Return Spring

Place
Temp Strips
as indicated

Clock
Reference Guide 4-55
80824 Rev B /January 1996 Confidential



Pore Pressure Evaluation Techniques  Formation Pressure Evaluation

g 

on 
s 

lid 

0,000 
red 

saline 

ained 

ear 
use. 

tions 
ings 

 on 

 
 
ts 
Mud Resistivity/Conductivity

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

Equation 4-25

where:
R = resistivity (ohm-meters)
C = conductivity (mmhos/m)

If conductivity is monitored at the flowline and the mud pits, a conversi
can be made to chlorides, and a differential, ∆Cl, can be plotted and used a
an indicator of geopressures. Schmidt (1973) surveyed pore water 
chemistry from sidewall cores in Louisiana and found that dissolved so
concentrations in normally pressured sandstones were around 600 to 
180,000 mg/l; and in geopressured sands the range was 16,000 to 26,000 
mg/l. The average range for normal pressure sands was 120,000 to 17
mg/l, and shales had ranges of 10,000 and 70,000 mg/l. In geopressu
sections, the shale and sand pore water composition is similar at 
approximately 20,000 mg/l. If these changes could be detected in the 
returning mud, the meter would indicate low resistivity in normal-
pressured sands, high resistivity in normal-pressured shales, and high 
resistivity in geopressured sands and shales.

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

For a change to be measured in drilling mud, there should be a large 
salinity contrast between mud filtrate and formation fluids. It would app
that a change would be more apparent when fresh water muds are in 
Saline muds would severely mask small changes caused by fluctuating 
pore water chemistry. It is strongly doubted whether a flowline 
conductivity sensor could detect changes in formation water concentra
simply due to the fact that the volume of pore water released from cutt
is infinitesimal in comparison to the mud volume. However, influx from 
permeable formations may be seen as changes either way, depending
relative salinities, and warnings of underbalance can be given. In the U.S. 
Gulf Coast, differential mud conductivity 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 exis
between mud and formation water salinity, the response is similar to ditch 

R
1000

C
------------=
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gas, showing influx at connections or increasing feed-in due to 
underbalance.

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 time (∆t) of the 
formation. As the distance between the transmitters and receivers is fixed, 
the only variable is time, hence interval transit time is measured in µsec/ft 

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

Equation 4-26

where:
Tc = time
ρ = density of the material
Mb = bulk modulus of elasticity (compression)
µ = Poisson’s Ratio

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

Equation 4-27

where:
Ø = porosity (fractional)
∆t = transit time of particular formation
∆tf = transit time of pore fluids (or filtrate, as the sonic tool on

measures approximately 1 inch into borehole wall)
∆tm = transit time of matrix

Though porosity is usually expressed as percent, the value used in log
analysis equations is always fractional. 

TC
ρ 1 µ+( )

3Mb 1 µ–( )
----------------------------=

∅
∆t ∆tm–

∆tf ∆tm–
----------------------=
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Figure 4-23 shows some typical matrix and fluid transit times.

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. T
very high transit times apply to the “house of cards” type of structure in
montmorillonite clays typical in shallow, wet sediments; the lower trans
times are for the more consolidated types. Porosities calculated for cla
tend to be slightly high, and corrective factors are not yet available. 

A sonic log run in a geopressured clay interval will show increasing tra
time, (∆t), (increasing porosity) with an increasing pore pressure gradie
In the transition zone (if it exists), the ∆t curve, on the log, will be seen to 
steadily move to the left (higher values) with depth. Typically, however, 
clays hydrate and wash out in pressured zones, and borehole rugosity
affect the sonic values if it is severe, to the extent of causing “cycle-
skipping”. Modern tools are self-compensating for hole washout, but th
problem cannot totally be removed. A useful cross-check to see if the s
values are representative is to correlate the values with those from a 
seismic velocity analysis.

The theory behind quantitative geopressure evaluation using the sonic
is fortunately independent of the amount of porosity. Since the sonic lo

Formation

Sandstone
Unconsolidated
Semi-Consolidated
Consolidated

Limestone
Dolomite
Clay/Shale
Anhydrite
Gypsum
Quartz
Salt
Granite
Iron (casing)

58.8 or more
55.6
52.6
47.6
43.5

167-62.5
50.0
52.6
55.6
66.7
50.0
57.0

Fluids

Salt Water
Fresh Water
Oil
Methane
Air

189
218
238
626
910

∆tm,µ sec/ft 1–

∆tf,µ sec/ft 1–
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can be a reasonable geopressure indicator: an increase in transit time
depth, in a constant clay lithology, is due to a change (increase) in por
(pore pressure gradient). A quantitative interpretation, based on Gulf Coas
methodology, may not be as accurate in other areas, but it has been fo
to be a very useful tool. 

As clays compact and lose porosity with depth, the measured sonic tra
time also decreases. As was seen, typical values for unconsolidated c
lie between 150-200 sec/ft. A plot of clay transit times on semi-log grid 
should produce a linear “normal” trend with depth. Hottman and Johnson 
(1965) correlated transit time deviations from the normal trend to adjac
reservoir pressures, but this method was specific to Gulf Coast reservoirs. 
The Equivalent Depth Method, using sonic data, can be used for most 
geopressure determinations. Figure 4-24 illustrates the procedure. 

A normal trend is extrapolated to the depth of interest. (Note: on placing 
the normal trend, remember that the minimum transit time is equal to t
matrix transit time (zero porosity). Since rocks of zero porosity rarely exist, 
the slope of the normal gradient must intercept at values greater than the 
matrix transit time.

The formation pressure is then determined using: 

Equation 4-28

where:

P = pore pressure (psi)
OBGa = overburden pressure gradient at Da (psi/ft)
OBGn = overburden pressure gradient at Dn (psi/ft)
Da = depth of interest in geopressure (ft)
Dn = normal equivalent depth (ft)
N.FBG = normal formation balance gradient (psi/ft)

For example, 

OBGa = 0.920 psi/ft at Da
OBGn = 0.830 psi/ft at Dn
N.FBG = 0.465 psi/ft
P = 0.92 x 10870 - 3300 (0.83 - 0.465)
P = 8796 psi, or 15.6 lb/gal at Da

P OBGa D× a( ) Dn OBGn N.FBG–( )–=
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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 overburde
gradient and pressures through porosities and bulk densities. AGIP 
engineers Bellotti and Giacca (1978) published an empirical relationsh
that enabled bulk densities to be established directly from interval tran
times. By calculating porosity from transit times a matrix and fluid are 
assumed, the densities corresponding to that particular matrix and fluid
known, and hence a bulk density can be estimated using: 

Equation 4-29

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 read
should be taken from all rock types.

Another method used to obtain bulk densities is to perform the followin

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

2. 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 189 µsec/ft for 
fluid transit time. Suggested matrix transit times for very 
shallow, wet clays; sub-compact clays and compact clays are
100, 70, and 65 µsec/ft, respectively. Local experience may 
dictate otherwise.

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

6. Calculate bulk density using: 

Equation 4-30

ρb 2.75= 2.11
∆t 53–

∆t 200+
--------------------- 

 
 
 –

ρb ∅ρf 1 ∅–( )ρm+=
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where:
ρb = bulk density (g/cc)
Ø = porosity (fractional)
ρm = matrix density (g/cc)
ρf = 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 son
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 conduct very little electricity, and 
effectively have zero conductivity. Any changes in the resistivity of a rock
will then be dependent upon the amount of water, its salinity, the amoun
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 and application in petrophysical analysis. For 
geopressure evaluation purposes, the best logs to use are the inductio
microlog types. Induction logs are intended to read the true conductivit
the undisturbed formation (Ct,). Values taken from this log are thus a 
function of porosity, porosity distribution and water salinity. Micrologs 
measures two areas: (1) a micro-lateral which is affected by mud cake, and 
(2) a micro-normal that measures the resistivity of the flushed zone. Si
the resistivity of the mud filtrate is known and is should be the same fo
flushed formations (temperature corrected), the resistivity of the flushe
zone (Rxo) is a function of porosity and pore geometry only. However, t
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 increa
trend with depth. The manner in which this trend increases is not 
Reference Guide 4-63
80824 Rev B /January 1996 Confidential



Pore Pressure Evaluation Techniques  Formation Pressure Evaluation

 in 

 in 
. 
ity 

s 

e 
predictable in wildcat areas, but in areas of intensive drilling, normal 
resistivity trends should be available. Typical normal trends are shown
Figure 4-25.

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

Calculation of pore pressures are facilitated by the use of the equivalent 
depth expression, where deviations from the normal resistivity trend ar
utilized instead of transit times.
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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,
detecting the energy and amount of radiated gamma rays returning fro
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 am
and relative energy of returning gamma rays is a measure of the dens
the material.

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

If a density log is run, bulk density values can be taken directly off the log 
and used in overburden calculations. There is usually a correction curv
the density track, but this correction is one that has already been applied, 
and it is plotted for the sake of completeness only. The correction will 
seen to be greatest in a washed-out hole, and the larger the correction
less reliable the density values are. A plot of density with depth on a lin
grid should display a gradually increasing trend with depth. Upon ente
a transition or geopressured zone in shales, the density curve may be
to decrease. If the lithology is constant, this is a definitive indication of
porosity increase. The depth of investigation of a density tool is about e
inches into the formation, hence, hydrated clay will affect the readings
causing low density values to be recorded. Calculation of porosity from the
density tool produces the most accurate values overall. Use Equation 4-34 
and Figure 3-6.

Equation 4-31

where:
Ø = porosity (fractional)
ρm = density of matrix (g/cc)

∅
ρm ρb–

ρm ρf–
------------------=
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ρb = density from log (g/cc)
ρf = fluid density (g/cc)

Pore pressures can be calculated in a geopressured zone using the de
log with readings taken in clean shales. The equivalent depth 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, 
may show changes in the clay porosity index that may be used to indic
predominant geopressure mechanism. Montmorillonite clays will cause
rapid neutron adsorption due to their very high bound water content; he
the porosity index will be very large. Illitic clays have much less absorb
water, hence, the porosity index should be correspondingly lower. As 
stated in Chapter 2, clay composition changes through a geopressure
section, depending on the predominant mechanism. Neutron response may
indicate:

• Compaction disequilibrium: clays within the geopressured 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 m
be released otherwise the pore pressure balances the overburden
any subsequent increase will promote the formation of horizontal 
fractures, allowing the pressure to dissipate. The neutron respons
would thus be constant through the zone, or a sharp decrease at th
of the geopressure if the excess water had been released.

• Aquathermal: since this process involves compaction disequilibrium, 
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 drilling began. The 
continued refinement and development of MWD services has produce
benefits in wellsite safety, drilling efficiency, lithology and hydrocarbon
interpretation, and formation pressure evaluation.

MWD data includes information gathered downhole, then stored and/or 
transmitted to the surface for interpretation and analysis. At present MWD
services are divided into three categories:

• Directional Services
- Borehole Inclination
- Borehole Azimuth
Reference Guide 4-67
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- Tool Face Reference
- Circulating Temperature

• Drilling 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 detec
and evaluation of formation pressures. MWD information, however, ha
the advantage that the data sets are transmitted to the surface during 
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 afte
bit trip, as opposed to wireline information being available only at casin
points. The increased use of fixed cutter bits, downhole motors and 
specialized mud systems in today’s drilling programs means fewer trip
making the use of transmitted MWD data much more attractive.

The evaluation of pore pressure is made more efficient when offset we
logs and information are readily available to MWD field personnel. 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 tab
and pre-well pressure plots which can be used as a guide until real-tim
information is available.

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

As with all pressure parameters, the effectiveness of MWD data as an
to pore pressure evaluation depends on the quality of correlation data,
types of MWD logs being produced, the geological sequence being 
evaluated and the mechanism which generated the geopressure 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 b
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 compaction disequilibrium (rapid 
loading), then any data that reflects compaction (i.e. density, porosity, 
resistivity) can be used. As with other drilling and logging parameters, 
necessary to establish the behavioral patterns of the parameter while 
drilling a normally compacted sequence, then extrapolating that behavior 
to greater depths, and looking for deviations from that established tren

In other lithologies (i.e. carbonates and evaporites), the link between 
porosity, compaction and pore pressure is less obvious, therefore requires 
greater caution when evaluating the data. Cap rocks, seals and pressu
charging from below due to hydrocarbon generation, may not generate
transition zones that are easily identified by looking at trend lines. If th
is no undercompaction or increases 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 
parameters that are affected by changes in differential pressure.

MWD Resistivity Devices

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

With the addition of the Dual Propagation Resistivity (DPR) tool to MWD 
services, a two curve resistivity log is possible. This tool transmits a ra
wave with a frequency of 2 MHz into the formation, and the phase 
differences and amplitude ratios of the signal are measured between two 
receivers, from which resistivity information can be derived. The phase
and amplitude derived resistivities have different vertical resolutions and 
depths of investigation, giving dual resistivity readings, similar 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 vertical resolution.

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 evaluation generally follows 
the same methods as using wireline resistivity data. Geopressured zon
caused by the undercompaction of claystones/shales will have an excess o
trapped pore fluids compared to normally pressured sections at simila
depths.

Those shales and claystones showing normal compaction will develop
formation resistivity values increasing with depth, as the amount of po
fluid is reduced and the flow paths become more tortuous. A plot of sh
resistivity versus depth on semi-log paper (Figure 4-26) will show a lin
increase with depth and this behavior can be extrapolated to a greater 
depth. Deviations from this trend will indicate either a change in litholo
or a change in pore pressure. Changes in lithology can be distinguishe
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 
normal hydrostatic pore pressure, it does not necessarily indicate a 
geopressured zone. 

Evaluation of geopressures in other lithologies, using MWD resistivity, 
where the pressures have not been caused by undercompaction is a l
more difficult. Geopressures trapped by an impermeable cap rock will not 
show gradual movement to lower resistivities away from the established 
trend, but will show the increased resistivity of the cap rock followed by
abrupt change to lower resistivities upon entering the geopressured 
interval.
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Figure 4-26: A Shale Resistivity Plot used for Pore Pressure Calculations.

Note the normal compaction trend line and the tectonic trend line
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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 signific
problem because the gas is contained in loose, undercompacted forma
at shallow depths, which have very low fracture gradients. Due to the 
compressibility of gas, the zone can be at higher pressures than the no
fluid gradients.

Detection of shallow gas zones is difficult because there is no opportu
to establish pressure trends. Also, the high drill rates and controlled dri
techniques tend to mask drilling and logging pressure parameters. If k
occur in these shallow gas zones, they cannot be shut-in due to the lo
fracture pressures, and are usually controlled by using diverter lines.

Good offset data, close attention to the seismic interpretation, and drilli
small diameter pilot hole can minimize the risks. The use of MWD data 
be invaluable; the sands will be identified using the Gamma Ray and t
gas will be indicated by the high resistivity values.

MWD Resistivity Pore Pressure Methods

Several methods have been developed to assist in the quantification of por
pressure using MWD resistivity data. The availability of “real-time” 
resistivity information has allowed another quantification technique for
comparison with the Dxc Ratio methods. 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 the qualifier.

Eaton’s technique involves both the MWD Gamma Ray and Resistivity
logs. The GR log is used to identify and verify shales zones. Shale sec
of between 20 to 30 feet are then chosen and the true vertical depth is 
noted. The resistivity value (Rsh) for that depth is then noted, corrected fo
any borehole effects, then recorded. Shale resistivities should be sam
as frequently as possible (at least once per 100 feet), then plotted on semi-
log paper on a 1-inch to 1000 feet vertical depth scale.

Based on experience, shale resistivities usually range:

• between 1.0 to 2.0 ohm-meters for normal compaction

• as low as 0.3 ohm-meters for geopressured shales

• as high as 10.0 ohm-meters for cap rocks, silty and pyritic sh

Once the plot of observed shale resistivities is made (which is continually 
updated during drilling), a normal compaction shale resistivity tend line i
constructed. This trend line is often a “best fit” line through the shale 
resistivity values in a normally-pressured section of the well (see 
4-72 Baker Hughes INTEQ
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Figure 4-26). As with drilling exponents, all observed shale resistivities 
that fall on this trend line are representative of the normal pore pressu
Shale resistivities values which fall to the left of this trend usually 
represent geopressured shales, and values which fall to the right usua
represent hard, cemented shales. Pore pressure is quantified using an
equation similar to that used for drilling exponents:

where: 
P = formation pore pressure (lbs/gal, psi, psi/ft)
S = overburden pressure (lbs/gal, psi, psi/ft)
Pn = Normal Pore Pressure (lbs/gal, psi, psi/ft)
Ro = Observed Resistivity (ohm-meters)
Rn = Normal Resistivity (ohm-meters)

Eaton's method can also be used with other pressure parameters, for 
example: 

where: 
Dxco = Observed Dxc
∆tn = Normal Sonic Transit Time
Dxce = Expected Dxc
∆to = Observed Sonic Transit Time

This method, although very useful when used in areas where the pressure 
generating mechanism is compaction related (Gulf of Mexico), the 
exponents require modification when used in area of “older” rocks and 
when compaction-related mechanisms are not the major source of the
geopressures. For example, in the western part of Colombia, the exponents
must be halved (1.2 becomes 0.6) to provide accurate pore pressure v

Several recent methods which use MWD resistivity for pore pressure 
determination are unique in that they do not require a “normal” trend. 
Realizing the difficulty in drawing a normal trend from plotted data, these 
methods “go around” the determination of normal trends by concentra
on the matrix component in the standard overburden equation. These 
authors feel that if overburden (S) is determined, and if matrix stress (σ) is 
found, the pore pressure (P) can be easily calculated. 

P S S Pn–( )
Ro

Rn
------

1.2

–=

P S S Pn–( ) Dxco
Dxce
-------------

1.2
and P– S S Pn–( ) ∆tn

∆to
--------

3.0
–= =
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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 h
the resistivity is affected by the matrix (i.e. trying to determine the matr
porosity from shale Rw and shale volume calculations).

The most common methods used are PPFG (Pore Pressure and Frac
Gradient) model (1987), Dual Shale (Bryant’s) model (1989) and Alixant’s 
method (1991). These methods require various MWD curve data, several 
tables of reference and each contains various “constants” which must 
determined. As such, a great deal of computer power is required to 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 R
information. The method is based on the type of lithology and the meth
of geopressure generation and the reasoning behind the model is that 
undercompacted shales generally have more porosity and lower volumetri
amounts of clay minerals when compared to normally compacted shal
similar depths. The undercompacted shales continue with the same am
of clay minerals, compositionally, they are just displaced by the increa
porosity (which is water-filled). Therefore, in the same volume of rock a
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 increasing depth the gamma ray intensity
tends to increase as compaction occurs and porosity decreases. Whe
gamma ray measurements of shales are plotted, a “normal trend” can be 
established and extrapolated. Deviations from the established trend, in
same lithology, can indicate a geopressured zone (Zoeller, 1983).

Several factors will also result in changes in gamma ray counts, which 
not directly related to pore pressure. Changes in mineralogy within the
shales/claystones can result in changes to the API 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 th
gamma ray counts due to the increased potassium content of the illite 
An increased montmorillonite content with depth would therefore 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 montmorillonite-type 
clay to an illite-type clay, with increasing depth and temperature, has bee
discussed in Chapter 2. Increasing montmorillonite is normally indicati
of immature claystones and shales showing undercompaction and 
subsequently higher than expected 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 p
pressure parameters.

MWD Porosity

MWD density and neutron porosity data can be used in the same mann
wireline data to detect geopressured zones caused by undercompactio
normal trend line can be established for both parameters, and deviatio
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
hydrogen, and changes in clay mineralogy can be confused with changes in 
porosity. The high amount of bound water in montmorillonite clays can
interpreted as increased 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
use of the Neutron Porosity measurement for pore pressure detection 
should be avoided.

When dealing with undercompacted shales and claystones, geopressu
quantification using the Modular Density Lithology (MDL) data can be 
accomplished using Eaton's Equivalent Depth method. However, the 
biggest benefit of using density data is for calculation of a “local” 
overburden gradient, if there is sufficient information

Where geopressures are contained beneath impermeable 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 b
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 dangerous situation.
Reference Guide 4-75
80824 Rev B /January 1996 Confidential



Pore Pressure Evaluation Techniques  Formation Pressure Evaluation

st 
zable 
 

ovide 

vals. 

nt 

ics 
l

ent 
 As 
lyses, 

s 
ure 

il 

re 
c: 

od 

hus, 
 of 

f 
ns 

 
can 
s 

 

Factors Affecting Formation Pressure Evaluation

Lithology

The classic sand/shale sequence of marine sediments is perhaps the easie
to evaluate for geopressures. Such lithological sequences are recogni
when displayed on the drill rate curve, Dxc plot, total gas plot, cavings
occurrence, temperature plot and MWD/wireline logs. Thick shale 
sequences allow normal trend development, permeable sandstones pr
good differential pressure estimations using the mud density/gas 
relationship, and geopressure trends can be constructed in shale inter

Massively thick clays provide excellent opportunities for drilling expone
evaluation and cavings analysis.

Thick sand/arenaceous lithologies cannot be evaluated by textbook 
exponent methods; great thicknesses of turbidites, greywacke, volcan
and terrigenous clastics with few intercalated argillaceous horizons excude 
the possibility of developing normal shale trends; however, these sedim
types will exhibit normal trends in Dxc, density, and temperature plots.
most of the geopressure evaluation techniques are based on clay ana
arenaceous lithologies severely restrict evaluation methods. Nevertheless, 
differential pressure is a major clue for evaluation, and mud density/ga
relationships must be utilized to the utmost. With these tools, geopress
evaluation can be achieved with confidence, albeit at a degree of deta
somewhat less than that possible in argillites. Where permeability is 
restricted in arenaceous sediments, the possibility of a geopressure 
occurring below becomes increased. The change in differential pressu
upon entering a higher pore pressure zone will be monitored by the Dx
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 meth
(Equation 4-15) will provide a very vague estimate, as empirical 
justification for pressure evaluation in sand types is not yet available. T
geopressure techniques may be used in thick sands, but the emphasis
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. Carbonate sediments can encompass the whole gamut o
porosity range, permeability range, and pore geometries from huge caver
through open fractures to secondary solution types in microfossils. The 
characteristic variability of carbonates causes concomitant variability in
geopressure plots. Argillaceous limestone and calcareous claystones 
generally be evaluated (in the majority of cases) in the same manner a
clays (where all the evaluation techniques apply). Clastic limestones, 
without a high degree of cementation, may be evaluated as sand type
4-76 Baker Hughes INTEQ
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sequences (increase emphasis on differential pressure evaluation 
techniques). Well cemented, massive types (i.e. micrite, secondary 
cemented fossiliferous limestone etc.) can be extremely difficult to 
evaluate. These limestone types have highly variable permeabilities, a
this is what makes evaluation difficult. If a limestone is without 
permeability, a transition zone cannot exist. Totally impermeable types 
(porous but the pores are not connected) may have extremely high po
pressures, probably caused by aquathermal mechanisms, but should 
cause major drilling problems due to their impermeability. It is the 
permeability barrier below which is a highly pressured porous zone that 
provides the greatest potential danger.

As cemented limestones have a relatively high tensile strength, caving
not appear until the degree of underbalance is large. Changes in differe
pressure will affect the Dxc, but to an unpredictable extent. Bulk densi
measurements on cuttings should reflect the actual density, as hydration 
problems do not occur; hence, density measurements in limestone wil
indicate porosity changes; but due to the competent nature of the rock
porosity increase does not necessarily indicate a corresponding increase i
pore pressure.

Probably the only techniques of anticipating the probable occurrence o
geopressure within highly competent, massive limestones, are the var
temperature plots. Again, however, the assumption is that the geopressured 
interval will be porous and water-filled, so that it may act as an insulato
heat. If a temperature gradient reversal does occur with depth, it can be 
assumed that it is a zone of considerable porosity (fluid-filled), but this
could either be a fractured, vugular, dolomitized or granular interval of 
high or low pore pressure. In any event, drilling should proceed with great 
caution until the character of the anomaly is determined.

Apart from the above discussion, there can be no hard-and-fast rules laid
down for geopressure evaluation in carbonates. A real experience should 
be developed in areas of intensive drilling in carbonates; but at all time
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, however, cause problems with exponent analysis. 
Because the bit is not wholly drilling, and the jetting action of the bit is 
major drilling mechanism, drilling exponents cannot be used in their 
accepted role. It is probably best to consider the as Dxc a differential 
pressure indicator, no matter what the drilling mechanism is, because 
rate of penetration will increase as the differential pressure decreases
Since the penetration rate is controlled, and rotary speed is kept const
Dxc changes become a function of bit weight which is allowed to vary. 
weight should then change with formation type and character. In soft, 
unconsolidated clays, jetting will proceed with vigor and will be 
considerably aided by increasing pore pressure. Rate of penetration bein
controlled allows bit weight to reduce to negligible quantities, which wi
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 attempt
to ascertain the presence of shallow, pressured, gas reservoirs. Howe
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 bit is 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 penetrat
rate or by circulating between singles, a shallow gas pocket can make its 
presence known without warning. The client and drilling personnel mus
made aware of the limitations of geopressure evaluation in shallow 
sediments, particularly the quantitative aspect. An unconsolidated sand 
containing pressured biogenic gas will not be heralded by a transition zone:
the surprise element thus becomes magnified to startling proportions, s
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 o
various hydraulic forces at the bit. Current exponents do not take into 
account the effect of changing hydraulic parameters: they assume 
hydraulics are 100 percent efficient and optimized. Pump efficiency, 
surface pressure losses and the various down-hole frictional losses ca
calculated, but there is 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 energetic hydraulics promote washouts, 
pump failure, increased bit wear and hole problems. The optimum 
conditions are between 60 and 70 percent of total hydraulic horsepower for 
maximum bit hydraulic horsepower. For maximum jet impact force, 
pressure loss at the bit should be approximately 50 percent of the total.

The different hydraulics involved in turbine and PDM drilling contribute 
shifts in the various trends, but how much of the shift is due to the cha
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 tre
response will be considerably masked. A common error is opting for a
insert bit in moderately hard formations, only to find that the bit produc
very sluggish drill rates. Cases are known where a geopressure transitio
zone was drilled with an inefficient bit; the result was a normal or sligh
shallower Dxc trend, completely masking the increasing pore pressure
this is permitted to continue, loss of the hole could occur due to sudden 
sloughing, or a kick taking place.

The decision to change from a milled-tooth to an insert bit is a difficult one,
particularly in wildcat areas. When the change is made, geopressure 
indicators other than drilling exponents should be monitored with 
increased concentration, as the situation could be such that the differe
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” technolog
favored by drilling crews can be so affected by extraneous phenomena
the result recorded on the drilling report may bear little resemblance to
bit in question.

By using the standard IADC grading scheme and a simple quantitative 
method, bit grading becomes meaningful and may be gainfully employ
when using second generation exponents. The method is not rigorous
provides consistency and reasonable accuracy in the time-frame avail

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 mult
the tooth height pertaining to that row by the number of teeth
that row.

3. Multiply this result by the number of cones.

Note that most bits have positional tooth and row variations, so the res
will not be the actual total tooth height.

When the old bit becomes available, perform the same measurements
the same cone, and calculate the quantitative tooth wear as shown in 
Figure 4-27.

Figure 4-27: Estimation of tooth Wear

Using Number 3 Cone

Heel Row: 24 Teeth
Tooth Height: 1”
Total Height: 24”

Middle Row: 18 Teeth
Tooth Height: 0.8”
Total Height: 14.4”

Nose Row: 10 Teeth
Tooth Height: 0.8”
Total Height: 8”

Total Tooth Height for Cone: 46.4”
Total Tooth Height for Bit:

3 × 46.4” = 139.2”

Using Number 3 Cone

Heel Row: 22 Teeth (2 missing)
Tooth Height: .7”
Total Height: 15.4”

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:

3 × 28.9” = 86.7”

Bit Wear = (139.2 - 86.7) ÷ 139.2 × 100 = 37.7%

Tooth Grade = 8 × 37.7 ÷ 100 = T3
4-80 Baker Hughes INTEQ
Confidential 80824 Rev B /January 1996



Formation Pressure Evaluation Pore Pressure Evaluation Techniques

 

n 
e 

e 
ole 

rill 
d 
 

 as 
ced 

hip 
 
old 

f 
en 
ons 
ore 

g in 

 

. 

n be 
 

ged 

d 
, so it 
er 
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 reduced bit wear over more traditional 
insert type roller cone bits. There are, however problems with formatio
evaluation because the drilled cuttings produced by fixed cutter bits ar
rarely representative of the formations drilled, due to a variety of bit 
generated rock textures caused by the drilling action. These effects ar
compounded by the high rotary speeds and temperatures from downh
mud motors.

Their use also causes problems in geopressure evaluation. PDC bits d
medium-soft to medium-hard formations by a shearing action controlle
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
well as round cutters and thus also have an element of crushing produ
by weights similar to roller cone drilling.

In the softer rocks where shearing is the dominant action, the relations
between compaction, porosity and drilling parameters is not the same as in
roller cone bits, and neither is the role of differential pressure and its h
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 o
pore pressures as they are when using roller cone bits. Dxc trends wh
using fixed cutter bits tend to be near vertical so that identifying deviati
becomes very difficult, and any movement is less easily attributable to p
pressure changes.

Those fixed cutter bits designed for drilling harder formations and those 
with pointed cutters have an increased element of crushing and gougin
their drilling mechanism and may therefore 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 individual wells, so that formation 
reaction, reservoir interaction, temperature effects and rig problems ca
minimized. Quite often though, it is not possible for one mud system to
achieve all these goals, and it is common for mud systems to be chan
during the course of the well. Again, fluid-related problems can be 
accentuated in wildcat areas. Complete information on the various mu
systems can be obtained from manuals provided by the mud company
is sufficient here to simply outline possible occurrences that could hind
geopressure interpretation.
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Water-based mud systems, fresh or saline, can react with hydratable clays.
If a reaction does occur, clay cuttings will swell, lose their morphology a
even dissolve in the mud. The result is a rapidly increasing viscosity, m
density and solids content, and a distinct absence of clay cuttings. Bul
density measurements cannot be performed on this “gumbo,” but shal
factor can be performed. 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 th
situations.

Inhibitive muds will combat clay hydration and help reduce hole and m
related problems. Calcium, gypsum, spersene, saturated 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 (KCl) 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
non-reactive. Good clay cuttings and cavings can be obtained when th
muds are used. Shale factor values from clays that have been drilled w
KCl mud type will be considerably less than the original exchange 
capacity. If the KCl system is kept efficient, the change in clay mineralogy 
may be completely masked and shale factor trends rendered meaning
However, adsorption of potassium by montmorillonite never seems tot
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 thei
original form. Since no hydration occurs, shale factors and bulk densit
measurements are accurate, and sonic and density log curves are 
representative. Gas interpretation, however, is made more difficult due
the background level caused by the base oil, and slugs of fresh oil ma
cause further problems.

Deviated and Horizontal Wells

Pore pressure evaluation when drilling highly deviated or horizontal we
is made more difficult by the uncertainty of the actual weight-on-bit 
estimations used in normalized drill rate and Dxc interpretation. Surfac
WOB can be much higher than actual weight being applied at the bit du
drillstring friction around the collars and stabilizers. The true weight-on-
is governed by the hole angle and the nature of the bottom hole assem
Actual weight-on-bit measurements are even more difficult when thrusters 
are used. 

In deviated wells there is also the increased likelihood of a downhole m
motor being used which also adds uncertainty to the Dxc calculation.
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These factors are more pronounced while drilling the build section of such 
wells, and are less of a problem when drilling straight or tangent sectio

Extreme caution must be exercised if attempting to use drill rate or Dxc in
these situations, and again more reliance may have to be placed on m
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 compaction trends should be plotted
against TVD and not measured length (Measured Depth) of the borehole.
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Fracture Pressure
Past and Current Technology

Hydraulic fracturing techniques for well stimulation have been in use sinc
the 1940s. During these operations, this process and the similar, costly
time-consuming occurrence of lost circulation while drilling 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 the fact that most of the 
pressures in the borehole at the time of fracturing were considerably le
than the total weight of the overburden.

Some theoretical studies and accurate pressure measurements made during
squeeze cementing operations raised questions as to the validity of th
argument of lost circulation, caused by horizontal fractures. Pressures 
required in boreholes are generally less than the overburden, so the o
explanation was that orientation of the fractures must be vertical.

In 1949, Clark (Stanolind Oil & Gas Co.) showed how fluid flow throug
hydraulic fractures could be greatly increased by pumping sand with th
fracturing fluid. The sand (a proppant) 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 th
majority of fractures created during and after drilling were bedding-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 Hydraulic Fracturing,” published in 1957.

Using accepted engineering theory, Hubbert and Willis showed that a 
subsurface stress regime is such that, when normal faults occur (60° to the 
horizontal), the minimum horizontal compressive stress is of the order
one-third to one-half of the maximum vertical compressive stress.

In the subsurface environment, there exists a system of stresses. At a
point in that environment, the stresses acting upon a point can be reso
into three mutually perpendicular stresses (a maximum, intermediate, 
minimum stress), σ1, σ2 and σ3, respectively. (Geologists use the notatio
that compressive stresses are positive, engineers use the convention 
tensile stresses are positive; hence in the latter case, σ3 is the maximum 
5-1
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compressive stress.) Stress is a pressure, or force per unit area, and a
acts normal to a selected plane. 

In the simplest subsurface environment (horizontal beds, horizontal 
topography, elastic rocks, and horizontal constraint), the maximum 
compressive stress (σ1) is vertical and equal to the pressure of the 
overlying rocks. Since rocks are assumed to be isotropic, the horizonta
stresses will be equal and will act in all directions in a horizontal plane, 
are caused by a function of Poisson’s ratio of the rock type and σ1. If an 
additional horizontal stress is imposed on the system (i.e. a tectonic stres
the horizontal stresses will become unequal and directional, such that σ2 is 
parallel to the tectonic stress and σ3 is normal to σ2 in the horizontal plane.

When pressures are applied in a borehole, they will create tensile stre
around the walls. If this tensile stress exceeds the horizontal compress
stress in the surrounding rocks and also overcomes the rock’s tensile 
strength, a tensile fracture will form along the path of minimum resista
(i.e. normal to σ3 and parallel to σ2 and σ1).

If σ1 is vertical (the basin is relaxed) the tensile fractures will be vertica
and oriented parallel to σ2 (if σ2 is greater than σ3). If a superposed 
tectonic stress is imposed such that it is greater than the overburden 
pressure, then σ1 is horizontal and parallel to the tectonic stress and σ3 is 
vertical. To cause fracture in this case, the pressure in the hole must b
slightly in excess of the total pressure of the overburden, and the fract
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 
close to zero.

When an interval is hydraulically fractured, the pressure in the borehole 
must balance the minimum stress holding any preexisting cracks close
and must provide an additional amount of energy to extend the cracks. If a 
crack exists in a compressive stress field and pressure is applied within the 
crack such that it balances the compressive stress acting normal to the 
of the crack, a slight increase in the pressure should produce a high te
stress at the tip of the crack. This tensile stress easily overcomes 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 Baker Hughes INTEQ
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where:
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 required per unit depth (D) in an area
of incipient normal faulting is

Equation 5-2

This expression provided an estimate for the minimum fracture pressu
that will occur in a relaxed basin, that is on the point of normal faulting
Hubbert and Willis concluded that fracture pressures will be affected by; 1) 
the magnitude of the preexisting regional stresses, 2) the hole geometry
(including any preexisting fissures), and 3) the penetrating quality of th
fracturing fluid. 

To simplify the calculation, they assumed that if the value of S/D is equ
to 1 psi/ft, under normal hydrostatic conditions (P/D) of 0.465 psi/ft, the 
minimum fracture pressure would be 0.64 psi/ft.

Hubbert and Willis’ paper thus provided the theoretical and technical b
for predicting minimum fracture pressures (as well as a means to predict 
fracture pressures in tectonic environments and abnormal pressure zon
if the relevant parameters could be measured. However, though very 
important, it was not sufficient for the industry since wells drilled in are
of active normal faulting are very few and far between. The need to predict
fracture pressures at any point in a borehole became necessary to plan 
casing programs - especially in areas where, due to high pore pressure and/
or tectonic stresses, abnormal hole conditions were the norm.
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Matthews and Kelly

In 1967, Matthews and Kelly published a study in which fracture pressu
could be predicted in some Gulf Coast sand reservoirs using empirical 
Since this area was undergoing extensive exploration, their data allow
safer and more economical well completions. Unfortunately, Matthews 
Kelly did not further the progress made by Hubbert and Willis. They ch
the minimum fracture pressure as being equal to the pore pressure, an
maximum fracture pressure equal to the pressure of the overburden. A
fracture pressure that was observed to be greater than the pore pressur
thought to be due to the force necessary to overcome 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
developed for calculating the fracture gradient of sedimentary formatio
This is illustrated in Figure 5-1.

Figure 5-1: Matrix stress coefficient (ki) for Gulf Coast Sands
(Matthews and Kelly, 1967)
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Equation 5-3

where:
σ = matrix stress at the point of interest (psi)
ki = matrix stress coefficient for the depth at which the value

would be the normal matrix stress

In developing their method, Matthews and Kelly assumed that the ave
normal hydrostatic gradient is 0.465 psi/ft and that the average overbu
gradient is 1.0 psi/ft. In abnormally pressure zones, the increase in po
pressure (P) will produce a corresponding decrease in the matrix stres
since σ = S - P.

The value for ki is taken from the depth at which is σ normal. 

Figure 5-2: How ki is obtained from the depth at which σ is normal
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These empirical values and relationships are limited solely to the area
study.

Eaton

In 1969, Eaton published a more adaptable method that took into acco
variable overburden gradient. Eaton also introduced Poisson’s ratio as
variable that controlled fracture pressure gradient. Poisson’s ratio (µ) is 
formally defined as “The ratio of the lateral unit strain to the longitudina
strain in a body that has been stressed longitudinally within its elastic li
It is an elastic constant.”

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. Eaton surmounted the problem of 
predicting or measuring Poisson’s ratio of every in-situ rock in a boreh
by resorting to an empirical relationship. Further, Eaton’s “Poisson’s ra
is not a function the rock but of the regional stress field - the horizonta
vertical stress ratio. Thus, since Hubbert and Willis assumed that the 
minimum horizontal stress ia approximately 1/3, it corresponds to a 
“Poisson’s ratio” of 0.25 through the relationship 

Equation 5-4

when:

and
µ = 0.25
Then

Equation 5-5

which is the same as Hubbert and Willis’ minimum fracture gradient 
relation. A “Poisson’s ratio” of 0.25 will predict values that are usually too 
low when compared with values from field data; also, the assumption tha
S/D = 1.0 psi will generally lead to errors (except in West Texas wells 
where fracture gradients are a minimum as predicted 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 a
equal lateral strain, which occurs in materials with a zero shear modul
(e.g. liquids) and in incompressible materials. These curves are thus 
independent of rock type, and illustrated in Figure5-3.

The major contribution of Eaton’s paper was the concept of the variab
overburden. The assumption of 1 psi/ft for an overburden gradient was
inaccurate; gradients 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 overbu

F
D
---- S

D
---- P

D
----– 

  µ
1 µ–
------------ 

  P
D
----+=

S
D
---- 1.0 psi/ft=

F
D
----

1.0
2P
D
-------+ 

 

3
--------------------------=
Reference Guide 5-7
80824 Rev B /January 1996 Confidential



Fracture Pressure  Formation Pressure Evaluation

se in 

 in 
lls.

or 
l 

to 
 of 

t 

ut, 
 

ic 
mit 
 that 

heir 

for 
pressures play a major role in fracture gradient estimations, the increa
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
tectonically relaxed regions and cannot be used reliably on wildcat we

Eaton’s assumption that Poisson’s ratio was the sole “stress ratio” fact
appears to be unfounded when the values of Poisson’s ratio for norma
sedimentary rocks are compared to those obtained from hydraulic 
fracturing. It is not uncommon to back-calculate a Poisson’s ratio from a 
fracture test that has a value somewhere between 0.45 and 0.8.

Experimental determination of Poisson’s ratio produces values from 0 
less than 0.5. It is important to realize that Poisson’s ratio is a measure
the ability of a rock to deform (within its elastic limit) defined as the 
greatest stress than can be developed in a material without permanen
deformation (strain) remaining when the stress is released. 

Surface clays are generally so wet that they behave as liquids. With depth 
the rock grains themselves are responsible for a unique Poisson’s ratio, b
as compaction increases, the rocks become more dense, more brittle, and
elastic. This is largely due to the closure of cracks and creep of the minerals 
so that the rock becomes increasingly isotropic with depth. Since elast
rocks transmit seismic energy efficiently, and “plastic” rocks may trans
compressional acoustic waves but not shear waves, it may be realized
“plastic” rocks will not be encountered within drillable depths. 

Anderson et al

Another empirical method was published by Anderson et al in 1973. T
aim was to derive all the necessary parameters to estimate fracture 
pressures from electric logs. Utilizing Biot’s stress/strain relationships 
porous media, they developed the following relationship

Equation 5-6

where:
α = 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

If n = 1, the best fit is obtained for the theoretical models.

Hence,

Equation 5-8

Therefore, α is also dependent upon porosity, but is an immeasurable 
quantity in a drilling environment. Terzaghi experimentally found that ifα 
= 1, then the relationship becomes

Equation 5-9

which is independent of porosity. 

But the problem still remains for obtaining µ values for in-situ rocks. 
Theoretically, µ can be obtained from sonic shear and compressional 
velocities (Vs and Vc) in a formation, using:

Equation 5-10

However, recognition of shear wave arrivals in most sedimentary secti
is usually impossible. In order to obtain Poisson’s ratio for Gulf Coast 
sands, Anderson et al made the broad assumption that “Poisson’s rati
function of the shaliness of the sand since the shale would act essentia
a plastic bonding agent.” The estimation of the shale content of the sa
from sonic and density logs was accomplished using a shale index:
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Equation 5-11

where:
Ish = shaliness index
∅S = porosity from sonic log
∅D = porosity from density log

For a shaliness index between 0 and 40 percent, Poisson’s ratio was f
to vary from 0.27 to 0.33, in Gulf Coast sands. This linear relationship 
be used to solve for µ:

Equation 5-12

where:
Ish = 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 
Coast sands), and obviously other relationships occur in other sands w
different clay, clay structure, sand/clay relationship, and sand types.

Additional Fracture Pressure Applications

Christman, in 1973, accented the problem of assuming 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 show
cause important modifications to calculated overburden and other pres
gradients. 

Bradley (1979 a, b) published a complicated theoretical concept that c
provide limits for borehole stability when a significant angle exists 
between the borehole and the regional stresses. Limits are set for failure in 
compression (sloughing) and failure in tension (fracture). Due to the ve
large number of variables involved, a computer is used to calculate and
all the possible states of stress for all hole angles and directions. The result 
is an area, or “stress cloud.” Changes in the variables produce changes in 
the shape of the stress cloud and a movement of the cloud across the
shear stress/mean normal stress plane. A failure envelope experiment
obtained from rock failure at different confining pressures defines the li

I sh

∅S ∅D–

∅S
---------------------=

µ A x Ish B+=
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of stability within the “stress cloud”. One application 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 o
relationships is a point in its favor. Unfortunately, however, it appears that 
the industry has chosen to misinterpret the object of this work - that is,
provide a means by which minimum fracture gradients may be obtaine
Also, the theory may be applied in any location, providing that all the 
provisions are met (i.e., an area characterized by normal faulting, simp
topography, and horizontal beds). The main disadvantage of this mode
that it is imprecise. When hole conditions are such that very accurate 
fracture gradients are necessary, 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 Coast (specifically, in producing sands). 
Empirical values of ki can be back-calculated from a succession of frac
tests in an area, and then curves constructed so that ki can be plotted
against depth. The present Matthews and Kelly curve should not be use
outside the Gulf of Mexico because it relates only to Gulf Coast reserv
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 uniqu
to that field.

Eaton’s Method

Eaton attempted to define the problem of determining actual subsurfac
stress regimes by use of “Poisson’s ratio”. Basically, the reasoning is 
precisely the same as Hubbert and Willis’ except that Eaton endeavor
account for a higher-than-minimum horizontal stress. He found empiric
that, with a variable overburden gradient, their “stress ratio” (σ3/σ1) or ki 
varied non-linearly with depth. As with Matthews and Kelly’s method, k
curves have to be back-calculated from a multitude of data within a sin
field before accurate predictions can be made.

Anderson et al

Again, Poisson’s ratio is a necessary variable; however, in this model 
ratio is a function of the rock, and not a “stress ratio” independent of ro
type. Because of the difficulty of recognizing shear arrivals on sonic lo
it is empirically related to the percent clay in reservoir sands of the Gu
Reference Guide 5-11
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Coast. Also, the rock compressibility parameter, α, is defined by a 
relationship which ia also empirically related to these sands;

Equation 5-13

where:
n = 1, and gives a best fit to the data
ØD = porosity from the density log

If n=1, the relationship is approximated to α=ØD which can be applied only
to those particular sands. In combination with the questionable relationship
between µ and shaliness again, this method is limited to the area in which it 
was developed. Use in other areas will necessitate different µ and shaliness 
relationships to be developed, and possibly the determination for α will 
have to be reevaluated.

It must be noted that the last two methods were developed for sandsto
Limestones, shales and other typical sedimentary rocks could produce
spurious results simply because their properties were not considered.

Estimation Of Fracture Pressure

With drilling now extending to deep waters and high latitudes, the cost
these wells are becoming exceedingly high. Deep wildcatting in areas
poor geological control can be extremely hazardous and costly for lack
adequate pore pressure and fracture pressure information. If abnormally 
high pore pressures are encountered, a further casing string may be 
necessary; and if the pressure 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
any depth in the open hole is necessary. The prediction of fracture 
pressures in the Gulf Coast and other areas that have been extensivel
drilled is accomplished using empirical formulae. These can only be 
applied with confidence in other areas of similar geological and tectonic 
regime when sufficient drilling has allowed the calculations of the 
necessary empirical constants. However, the absence of any method 
which fracture pressures may be predicted in wildcat areas has necessitated 
the use of the empirical formulae, with the general result that actual 
fracture pressures can be very different from the calculated pressures. 
is due to the application of those empirically derived constants (usually 

α 1 1 ∅D–( )n–=
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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 formul
can accurately predict stresses in localized regions.

One hypothesis was proposed that had the capacity to resolve and 
extrapolate the local principal stresses, subsequent to the first fracture test 
in compact formation. The word “compact” can be defined as the point
which the sediment can transmit an applied stress through the grain 
contacts. Along with other pertinent data usually calculated on rank 
wildcats (overburden gradients and pore pressures), fracture pressures 
could then be obtained for any point within the drilled hole. Kick toleran
calculations then become more realistic when they are based on fractu
pressure calculations for that specific well, so when abnormal hole 
conditions are encountered, the chances of completing the well are gr
than if reliance is placed upon formulae containing unrelated empirical
constants.

In order to hydraulically fracture the formation, it is necessary to overcome
the minimum compressive stress. General formulae describe the minim
horizontal compressive effective stress as a function of the effective 
overburden pressure, which is empirically derived:

Equation 5-14

where:
F = fracture pressure
P = pore pressure
σ3 = minimum compressive effective stress

and

Equation 5-15

where:
K = empirical “stress ratio” constant
S = overburden pressure

As stated earlier, overburden pressure is obtained by integrating bulk 
density values with respect to depth:

F σ3 P+=

σ3 K S P–( )=
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Equation 5-16

where:
g = acceleration due to gravity
ρ = density
z = depth

The in-situ stress regime can be calculated from

Equation 5-17

where:
σt = superposed horizontal tectonic stress
σ1 = maximum compressive effective stress
µ = Poisson’s ratio

and

Equation 5-18

Equation 5-19

S gx ρ( )
0

z

∫ dz=

σ3 σt σ1
µ

1 µ–
------------ 

 +=

σ1 S P–=

σt

σ1
------ β=
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Subsurface Stress States

Effective Stresses

The concept of effective stresses was first introduced by Terzaghi in 1
and has subsequently been used extensively in mechanical applicatio
Basically, a hydrostatic stress (P) within a pore fluid has no influence o
deformation, which is controlled by the effective stresses. This hydrostatic
stress is a “neutral” stress, one that acts in all directions and in the sam
amount. This stress is regarded to exist in both the solid and the liquid
the effective stresses arise exclusively from the solid skeleton. Major 
studies on rock deformation (Handin et al, 1963) have shown that 
fracturing is controlled by the effective stresses, provided the rocks have 
connected pore system:

Equation 5-20

where:
σ1 σ2 σ3 = principal maximum, intermediate and minimum

compressive stresses
P = pore pressure
σ1’ σ2’ σ3’= principal compressive effective stresses

To apply this concept to the subsurface environment it must be assum
that the permeability is sufficient to allow movement of fluid and that th
pore fluid is inert, so that the effects are purely mechanical.

To illustrate the effect of pore pressure on the vertical stress, assume 
overburden pressure at 10,000 ft is 9500 psi, and the pore pressure is
psi. The effective vertical stress is then 9500 - 4671 = 4829 psi. If the p
pressure at 10,000 ft was 8304 psi, then the effective vertical stress would 
be only 1196 psi.

Theoretical Subsurface Stress States

There are two major schools of thought regarding the state of stress w
the earth’s crust:

1. That the stress state is hydrostatic - the three principal stress
are equal.

2. The horizontal principal stresses are a function of the effectiv
vertical stress and Poisson’s ratio.

σ'1 σ1 P–= σ'2 σ2 P–= σ'3 σ3 P–=
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The first hypothesis is generally termed Heim’s rule and was described
Anderson (1942) as the “standard state.” It was stated that stresses in
tend to become equal because of their ability to creep, causing any str
differences to be eventually alleviated. 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-f
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-
stratum of semi-infinite extent that is laterally constrained. If the weight of 
the overlying strata is the only source of stress, and the elongation in the 
horizontal directions are zero, then the relation

Equation 5-21

is derived, where σH and σ’ 1 represent the horizontal and vertical effectiv
stress components and µ is Poisson’s ratio. If, for example, Poisson’s rati
for a particular rock type is 0.25, then the horizontal stresses would be
third that of the vertical stress, provided the theoretical conditions were
satisfied. In contrast, Heim’s rule states that the horizontal stresses sh
be equal to the vertical stress.

Common to both theoretical discussions are; 1) the assumptions that o
principal total stress is vertical and equal to the weight per unit area of the 
overlying rocks, and 2) the horizontal normal total stress is the same in
direction in the horizontal principal plane.

The notion that the crustal stress state is largely non-hydrostatic is 
illustrated by the number of structures and deformation processes that
necessitate unequal stress states for their formation and maintenance. 
Jeffreys (1952) suggested that significant stress differences occur with
the upper 50 km of the earth’s crust due to the existence of mountains
deep oceans. 

The occurrence of large-scale structures such as grabens, shear zones, dike
swarms, nappes, folds, thrust and transcurrent faults suggest that not only
did large stress differences occur in the past, but the that stresses are 
a state of flux, as suggested by the occurrence of earthquakes. Some 
external stress, or tectonic stress, is necessary to produce these types of 
structures. Even in seismically inactive areas it is possible to infer a 
particular orientation of a tectonic stress, and it is reasonable to assume that 

σH σ'1
µ

1 µ–
------------ 

 =
5-16 Baker Hughes INTEQ
Confidential 80824 Rev B /January 1996



Formation Pressure Evaluation Fracture Pressure

 

tem 

t 
y 

ss, 

. 

led 
ly 
even in the absence of tectonic structures 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 sys
must be composed of two parts: 

1. The effect of gravity (described by the second hypothesis)

2. A superposed horizontal stress which is constant in any 
horizontal plane but increasing uniformly with depth

Moreover, for faulting and folding to occur, the superposed horizontal 
stress must occur in a particular orientation within the horizontal plane. If i
exists, it would be a tectonic stress, and should also increase uniforml
with depth (assuming that the strata were isotropic and elastic).

The horizontal stress can be a minimum when there is no tectonic stre
such that: 

Equation 5-22

where σ’ 3 is the minimum principal horizontal effective stress, σ’ 1 is the 
maximum principal effective stress, which is equal to the effective pressure 
of the overlying rocks, and µ is Poisson’s ratio for the particular rock type
The largest magnitude that the horizontal effective stresses can reach is 
approximately three times the vertical effective stress, at which point 
failure occurs in the form of reverse faulting (Hubbert, 1951).

The superposed horizontal tectonic stress, σt, can therefore vary between 
the limits:

Equation 5-23

Since σ1’ is calculated by subtracting the pore pressure from the total 
weight the overlying strata, it can be calculated for any point in the dril
hole. The superposed horizontal stress, if present, will increase uniform

σ'3 σ'1
µ

1 µ–
------------ 

 =

0 σt 3σ'1≤ ≤ σ'1
µ

1 µ–
------------ 

 –
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with depth, or with σ1’. Hence it may be assumed that the σt/σt’ 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, Poiss
ratio has been experimentally measured for many rock types and is sh
to be unique for a particular lithology. Poisson’s ratio cannot be measu
for each and every rock type, but if it is possible to divide lithological types
into a grouping that can be described by a Poisson’s ratio, then there e
a means by which experimental results can be applied to the same in 
lithology types.

To be able to describe the minimum horizontal stress, it is necessary t
measure the magnitude of the superposed tectonic stress σt. This can be 
achieved by a fracture test. Hence, after σt has been determined, the total 
horizontal minimum stress state can be extrapolated to any point in the 
drilled hole.

Zero Tensile Strength Concept

Accurate estimation of actual tensile strengths in subsurface sediments is 
probably impossible. Fortunately, this problem disappears if the comm
assumption that any interval of sediment is intersected by joints and 
partings, is employed. Across these natural discontinuities the tensile 
strength is effectively zero. However, the occurrence of open joints or 
fissures is generally quite rare and is restricted to a particular zone or 
lithology. Cracks in competent sediments can form during compaction and 
diagenetic processes as a result of very localized stress differences. M
cracks are also formed due to the drilling process and the resultant stress-
release at the borehole walls. Cracks that are held closed by the in-sit
compressive stresses require a pressure within the borehole equal to 
compressive stress, so that the pressure holding the crack closed is re
to zero. Any increase in pressure in the borehole should allow entrance o
fluid into the crack so that pressure is transmitted to the sides. This pre
will extend the crack indefinitely, provided it can be transmitted to the 
leading edge.

This phenomenon can be illustrated by considering a perfectly smooth
cylindrical borehole within an elastic medium, in which a crack extends
the wall of the hole. Upon an application of stress within the borehole t
is slightly greater than the stress acting normal to the crack, a tensile s
is developed at the tip of the crack that approaches an infinite magnitu
as illustrated in Figure 5-4 (Hubbert and Willis, 1957). 
5-18 Baker Hughes INTEQ
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Figure 5-4: Tensile Stress produced at the tip of a crack

The minimum fracture pressure (F) within the borehole to hold open an
extend an existing fracture is therefore slightly in excess of the regiona
horizontal stress normal to the plane of the fracture:

Equation 5-24

where:
P = pore pressure

σ’ 3

P = p +σ’ 3
+0.5 σ’ 3

P

σ’ 3

F σt σ'1
µ

1 µ–
------------ 

 – P+=
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The plane along which a fracture will start to form will be that plane acr
which the compressive stress is a minimum, and thus will first be redu
to zero with increasing pressure in the borehole. In the case where the 
horizontal compressive stress is less than the vertical compressive str
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 formation, parameters 
that are normally measured or calculated when drilling wells, and typic
values for Poisson’s ratio. Values of Poisson’s ratio (shown in Figure 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

The calculated ratio is a dynamic result and may differ from static elastic 
properties. This can be explained by pointing out that dynamic results w
differ markedly from the static results are indicative of zones of weakness
anisotropy, or directional differences in the properties of the material (U
Bureau of Reclamation, 1953). These dynamic ratios should be more 
realistic when attempting to determine horizontal stresses at depth bec
of observed anisotropies, rather than static Poisson’s ratios determined 
carefully selected and prepared specimens. Each rock type (particularl
situ) has its own unique Poisson’s ratio (and other mechanical propert
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 tw
more minerals are intermixed (i.e. sandy clay, shaley sand), the matrix-
forming rock type must be determined. If the lithology is a sand with th
grains in contact with one another, and clay is the matrix (clay content is
than 30%), the Poisson’s ratio is dependent on the sand type. If the clay 
content is greater than 30%, so that the sand grains are not in contact b
supported in the clay matrix, then Poisson’s ratio is dependent on the 
type.

Poisson's Ratio, µ Modulus of Elasticity
2 Modulus of Rigidity( )
-------------------------------------------------------------- 1–=
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Figure 5-5: Suggested Poisson’s ratios for different lithologies

Likewise, if a clay is highly calcareous (greater than 50%), the carbonate 
content may have a significant effect on the mechanical properties, so
Poisson’s ratio for shaley limestone should be used. Greater than 80%
carbonate content in a shale, or rather 20% clay in a calcareous lithologies
indicates that the gradation has progressed essentially from shale to a
limestone. Careful analysis and interpretation of cuttings and logs sho

Rock Type Poisson’s Ratio

Clay, very wet 0.50

Clay 0.17

Conglomerate 0.20

Dolomite 0.21

Greywacke:coarse
fine
medium

0.07
0.23
0.24

Limestone:fine, micritic
medium, calcarenitic
porous
stylolytic
fossiliferous
bedded fossils
shaley

0.28
0.31
0.20
0.27
0.09
0.17
0.17

Sandstone:coarse
coarse, cement
fine
very fine
medium
poorly sorted, clayey
fossiliferous

0.05
0.10
0.03
0.04
0.06
0.24
0.01

Shale:calcareous (< 50% CaCO3)
dolomitic
siliceous
silty (< 70% silt)
sandy (< 70% sand)
kerogenaceous

0.14
0.28
0.12
0.17
0.12
0.25

Siltstone 0.08

Slate 0.13

Tuff: glass 0.34
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provide a sound basis for selecting the correct Poisson’s ratio. The weakest 
interval in the borehole will be that which has the lowest pore pressure
lowest Poisson’s ratio. A low pore pressure in a zone that has a highe
Poisson’s ratio may have a higher calculated fracture pressure than an
zone that has a higher pore pressure and lower Poisson’s ratio. Fractu
pressures calculated at changes in lithology and pore pressures will sh
the weakest interval in the borehole.

The result of the first fracture test in a compact formation is used to 
calculate the effective stress ratio of the superposed tectonic stress, if 
present: 

Equation 5-26

σt remains directly proportional to σt‘, providing the strata remain close to
the horizontal and the basin structure does not change significantly wi
depth. Since

Equation 5-27

where β defines the stress ratio of σt to σ’1, and remains constant with 
depth, then as σ1‘ is known at any point within the drilled hole,

Equation 5-28

where S and P are the overburden pressure and pore pressure, respe

σt F σ'1
µ

1 µ–
------------ 

 – P–=

σt

σ'1
------- β=

σ'1 S P–=
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Equation 5-29

The overburden pressure should be accurately determined from a den
log or measured bulk densities for the first fracture pressure test. It is 
particularly important on offshore wildcats to take into account the air g
and water depth when calculating overburden gradients (Christman, 19
Pore pressures can be reliably estimated from drilling exponent plots, 
density/gas relationships, and sonic logs.

Accuracy of the parameters when obtaining σt from the first fracture test is 
of prime consideration, as any significant error at this point will render 
inaccurate fracture pressures with depth.

Since the local effective stress ratio has been determined, fracture pres
can be calculated as the well progresses, and as changes in lithology 
(Poisson’s ratio), pore pressure, and overburden pressure occur:

Equation 5-30

Between log runs the overburden gradient should be extrapolated with a 
reasonable degree of accuracy by plotting overburden pressure with depth 
(Figure 5-6). It will be seen that the relation is approximately linear, exc
for the upper portion of the curve which is affected by water depth, 
uncompacted sediments and the air gap. Linear extrapolation of the trend 
may be achieved with confidence, providing the upper overburden gradient 
obtained from logs or bulk densities was accurate. Correction of the 
extrapolated trend may be necessary after subsequent logging runs, or 
continuously updated from bulk density measurements.

σt σ'1 x β=

F σt σ'1
µ

1 µ–
------------ 

  P+ +=
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Figure 5-6: Typ ical overburden curve from an offshore well
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A continuous, real-time plot of calculated fracture pressures with depth
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 ma
be immediately apparent. If several lithologies occur in the same sample,
the one with the lowest Poisson’s ratio should be used until confirmatio
obtained from logs. If the pore pressure gradient remains constant with
depth, then the σ’ 1, σt and σH (with constant lithology) gradients are 
constant. Fluctuating pore pressure causes significant changes in all t
stress gradients.

A problem that may be encountered when using this method in the fiel
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 obtain gradients, thus obtaining the equation 
in the form:

Equation 5-31

which is directly comparable to Eaton’s method.

Equation 5-32

where:
µ = lithology dependent Poisson’s ratio
µe = 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 tru
Poisson’s ratio and the regional stress ratio

F
D
---- S

D
---- P

D
----– 

  x
µ

1 µ–
------------ 

  β+
P
D
----+=

F
D
---- S

D
---- P

D
----– 

  µe

1 µe–
--------------- 

  P
D
----+=
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Equation 5-33

When applying this Zero Tensile Strength method you must make sure t
the client is familiar with its derivation. It must be explained that the 
method uses Poisson’s ratio values dependent only upon lithology and
regional stress ratio is determined for that particular well and basin. Un
the empirically derived Eaton quantity, the Poisson’s ratio for a particu
lithology does not include a regional stress component and will not vary 
with depth or between basins.

Several factors affect fracture test pressures, besides formation 
characteristics:

1. Higher mud densities appear to cause higher fracture pressu
(MacPherson and Berry, 1972), although this may be due to a
related increase in viscosity.

2. Smaller hole diameters may cause higher fracture pressures 
(Haimson and Fairhurst, 1969).

3. The rate of pressurization affects fracture pressures: high pump
rates produce inflated fracture pressures (Haimson and Fairhurst, 
1969). This effect is smaller than that in (2) above.

4. High mud gel strengths require higher pressures to initiate 
circulation. Correction for this pressure loss can be obtained 
from Chenevert and McClure, 1978.

5. Hole deviation significantly affects fracture pressures (Bradley, 
1979).

6. Rig and sensor instrumentation probably are accurate to with
5% (Taylor and Smith, 1970). Accuracy of predicted fracture 
pressures is therefore limited to this range.

7. Mud penetrability does not alter the actual breakdown pressu
but it will affect the shape of the fracture pressure plot such 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. However, if fracture test procedures are
kept as consistent as possible on any one well, then the results obtained 
should lie within the 5% instrumentation error margin.

µe

µ
1 µ–
------------ 

  β+

1
µ

1 µ–
------------ 

  β++

-----------------------------------------=
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Summary

This theoretical model attempts to describe the principal stress system
within a basin of simple topography and structure. If a well is drilled nearly 
vertically, then the well should be approximately parallel to one of the 
principal stress, which is equal to the effective pressure of the overlying 
strata. The horizontal stresses are a combination of the stress caused
gravity and a superposed horizontal tectonic stress. The latter may be
nonexistent or may reach a maximum of two or three times the vertica
stress (Hubbert and Willis, 1957). The minimum horizontal stress is 
measured by the first fracture test in a competent formation, and as the 
vertical stress increases relative with depth, then the tectonic horizontal 
stress should increase linearly with depth (defined by a constant stress 
ratio, β). Since this ratio is obtained from the first fracture test, at any 
subsequent depth the fracture pressure can be calculated, providing por
pressure, overburden pressure and lithological relationships are know
The following may be concluded:

1. Fracture pressures may be estimated when drilling rank wildc
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
a superposed tectonic stress) and the pore pressure.

3. Factors affecting actual fracture pressures can be minimized by
conducting fracture tests as consistently as possible. A correc
is available for gel strength (usually < 0.1 lb/gal), but changes in 
mud types or large changes in properties may cause significant 
deviation from calculated fracture pressures. It is also sugges
that at least one circulation be done prior to conducting a fracture 
test, in order to minimize any inconsistencies in the mud colum

4. The theoretical fracture pressure formula provides an explana
for fracture pressures that equal the overburden pressure in 
shallow wet clays, and also indicates that if a sandstone reser
is fractured, the fracture should not extend into or through the
seal. An inherent property of a permeability seal may be the 
relatively high Poisson’s ratio: these rock types require a high
pressure within the borehole to balance the horizontal 
compressive stress, so a hydraulic fracture within an underlyi
permeable stratum should be confined to that stratum.
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Example Calculation

For an offshore well, a12-1/4-inch pilot hole has been drilled to 1500 feet.
The water depth is 200 feet, and RKB to sea level is 100 feet. The entire 
sequence is soft, unconsolidated clays. After drilling, the hole is opene
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 preve
is closed and a fracture test is performed.

Fracture occurred at 14.3 lb/gal EQMW. Analysis of the data indicated tha
the test result is normal. The formation balance gradient was 8.6 lb/gal
the calculated overburden gradient at 1460 ft was 14.1 lb/gal. The 
Poisson’s ratio for the wet clay would be close to 0.5. Therefore:

Equation 5-34

where:
σt = 0 (the rock is effectively water-supported)
σ’ 1 = (14.1 - 8.6) = 5.5
µ = 0.5
P = 8.6

predicted 
F = 14.1 lb/gal.

Any fractures would be horizontal.

Note: This example cannot be used to predict further fracture 
tests with depth, as σt 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, 13-3/8-inch casing is run to 3270 feet. The formation balance
gradient is still 8.6 lb/gal, the estimated overburden gradient at 3270 feet is 
16.4 lb/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 wel
sorted. A suggested Poisson ratio for this sand is 0.05. Assuming no 
tectonic stress (i.e. σt = 0), then the predicted fracture pressure would be:

F σt σ'1+
µ

1 µ–
------------ 

  P+=
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If the actual fracture pressure was 1911 psi, it indicates that a
tectonic stress is present. σt is found from:

:

This σt value of 372 psi, indicates that a tectonic stress is 
apparent. In order to estimate fracture pressure with depth, the σt/ 
σ1’ ratio has to be found:

Equation 5-35

Utilizing, pore pressure estimations, estimated overburden pressure, a
Poisson’s ratios for subsequent lithologies, the fracture pressure may now 
be estimated at any point. The tectonic stress at any depth can be fou

Equation 5-36

Fcalc 0 1332
0.05

1 0.05–
------------------- 

  1469psi+ +=

Fcalc 1539psi=

9.0 lb/gal=

σt F Fcalc–=

1911 1539–=

σt 372 psi=

β
σt

σ'1
-------=

372
1332
------------=

0.279=

σt σ'1 x β, psi=
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Selection of Casing Seats

During the well planning process, correct determination of pore pressu
and fracture gradient is important for selecting the depths for casing seats.
While drilling, real-time knowledge of formation pressures will allow the
engineer to deviate from the well plan, if conditions permit.

Pre-Well Planning

During initial planning stages, estimates of pore pressure, mud density
ECD are made to ensure that drilling can proceed without problems. 
Correlation wells can be used to obtain the pore pressure values used 
casing seat selection process. Values are obtained from several sourc

• 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 pre
by some “safety factor” and also provides an acceptable pressure margin
when not drilling. This safety factor is generally 0.5 lb/gal or 200 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 surge effects when tripping or when 
making connections

• Prevent lost circulation

• Minimize the possibility of differential sticking

Once the mud density is determined, it is plotted versus fracture gradie
This is done so that mud density does not exceed the formation fractu
gradient at any point in the open hole. Fracture gradient can be calculated 
using several industry standard formulas (Eaton, Matthews & Kelly, 
Daines, etc.). Information for these formulas includes overburden pres
(S), pore pressure (P), depth (D) and Poisson's ratio (µ). Leak-off tests and 
any post-well fracture data from correlation wells should be included in t
fracture gradient determination.

Many companies like to subtract a “kick tolerance” from the fracture 
gradient, to ensure that if a kick is taken the annular pressures do not 
fracture the formation and cause an underground blowout.

An example of the tabulated data is shown in Figure 5-7.
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2500 11.03

3000 11.50

5000 12.66

7000 15.37

9000 15.86

1100 16.32

1200 16.94

1300 17.51

1350 17.80
Casing Seat Selection

Once the data is tabulated, the mud density, pore pressure and fractur
pressure are plotted against depth (see Figure 5-8).

Once plotted, the selection of casing seats begins at the bottom of the
borehole and moves towards the surface. During drilling, the mud density 
(hydrostatic pressure) and ECD must not exceed 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 at this depth (9200 ft). Depending on the 
safety factor or kick tolerance, the casing may be set higher or lower tha
this depth.

* Mud density = Pore Pressure + 0.5 lb/gal or Pore Pressure+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 vertica
to the fracture gradient curve at point 6. The fracture gradient curve is not 
intersected at any point above 1400 ft.

After the depths have been chosen, it is necessary to determine what type
of formation/rock type occurs at that depth. Generally, rocks that are 
relatively competent, resistant to wash-outs, have low permeability and 
high fracture pressures are chosen as the place to set the casing seat

th Below 
Level (ft)

Pore
psi

Pressure
psi/ft

(P)
lb/gal

Mud
psi

Density
psi/ft

(MD)*
lb/gal

Fracture
psi

Gradient
psi/ft

(F
lb/

1109 0.444 8.55 1174 0.469 9.05 1431 0.572

1378 0.459 8.85 1456 0.485 9.35 1790 0.597

2564 0.513 9.88 2694 0.539 10.38 3285 0.657

4029 0.575 11.09 4211 0.602 11.59 5584 0.798

5932 0.659 12.70 6132 0.681 13.12 7408 0.823

0 7844 0.713 13.11 7770 0.706 13.61 9317 0.847

0 9055 0.755 14.55 9255 0.771 14.86 10550 0.879

0 10276 0.790 15.23 10476 0.806 15.53 11814 0.909

0 10937 0.810 15.61 11137 0.825 15.89 12472 0.924
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Figure 5-8: Pr e-Planning Casing Seat Selection
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Such rock types include, limestone, dolomite, shales and shaley 
sandstones, though experience in a certain area will be a better model as t
where to set casing. During the course of a well, as drilling nears the 
projected casing depth, the mud loggers and wellsite geologist should
looking for a desirable rock where casing can be set.

For the near-surface casing strings, there are usually state, federal and 
national regulations which dictate the maximum and minimum setting 
depths for drive pipe and surface casing. These should be consulted bef
the final decision is made concerning the casing program.

Casing Sizes

Once the number of casing strings is determined, it is time to plan the 
casing sizes for the well. Casing diameters (both internal and external)
be determined by the size and type (single or dual) of completion tubin
and the production plans for the well. To enable the production casing t
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
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 fina
hole section should be drilled with an 8.5-inch bit.

To drill to TD (point 1), a 15.89 lb/gal mud will be necessary. This, in tu
requires that intermediate casing or a drilling liner be set at point 3 to 
prevent fracturing of the formations above point 3. The same procedur
followed when determining casing sizes, bit sizes and mud densities th
are required to drill to points 3 and 5.

Leak-Off Tests

A leak-off test is performed after setting casing to ensure that a competent
casing seat has been found and that this formation can withstand the m
density required to reach the next casing point. 

After casing has been set and the cement has dried, the leak-off test is 
conducted. The open hole formation will be pressure tested to either; 1
pre-determined pressure which is below the fracture pressure, 2) a lea
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 ex
80% of the minimum yield of the weakest casing.
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.

Figure 5-9: Leak-Off Test Pressure Limits

Pressure

Pressure

Pressure

Volume Pumped
(A)

Volume Pumped
(C)

Volume Pumped
(B)

Extrapolated Trend

Leak-off Pressure
(Point of Divergence)

Shut Down

Breakdown Pressure

Injection Pressure

Shut Down

Shut Down

Predetermined Pressure Limit
5-34 Baker Hughes INTEQ
Confidential 80824 Rev B /January 1996



Formation Pressure Evaluation Fracture Pressure
An example of the leak-off test procedures can be seen in Figure 5-10

Figure 5-10: Typical Leak-Off Test Plot
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Pre-Test Procedures

For a leak-off test to be preformed correctly, three parameters must be 
closely monitored. They are mud volume, surface pressure and pump 
Prior to any testing, the equipment required for the monitoring of these 
parameters must be checked out.

1. Most cementing companies have 10 barrel tanks. This tank 
should be calibrated in 0.25 bbl increments.

2. Most rig pressure gauges are not accurate enough to monito
pressure in 20 psi increments. An accurate gauge or pressure 
recorder is required.

3. Pump rates for leak-off tests are usually 0.25 bbl/min. When mud 
volumes are less than one barrel, a pump rate of 1/8 bbl/min 
required. Ensure the pumps can operate at that speed.

After casing is set and cemented, but before the leak-off test is conducted, 
several calculations concerning “anticipated” results should be performed. 
These pre-test results will ensure that procedures are carried out correctly 
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 fract
pressure derived from the empirical means during drilling or 
from the pre-well planning sheet (Figure 5-7) if those pressur
are accurate. For example (using Figure 5-8), a 9 5/8-inch (8.835-
inch ID) casing is set at 9200 ft with a mud density of 13.2 lb/gal 
and a fracture pressure of 15.9 lb/gal.

where:
PLO = Anticipated leak-off pressure (psi)
PF = Fracture pressure at casing shoe depth (lb/gal)
MW = Mud Density (lb/gal)
D = Depth of casing shoe (feet)

PLO PF MW–( ) x 0.0519 x D=
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In the example well, the anticipated leak-off pressure is:

2. In our example well, the leak-off test will be conducted using t
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:

3. The anticipated slope or minimum volume line represents the
pressure required to compress the drilling 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.

Figure 5-11: Compressibility Factors of Various Drilling Fluid Components

Fluid
Component

Compressibility
(vol/vol/psi)

Water 3.0 x 10-6

Oil 5.0 x 10-6

Solids 0.2 x 10-6

PLO 15.9 13.2–( ) x 0.0519 x 9200 1289 psi= =

Annulus 8.8352 6.52–( ) x 0.000971 x 400 13.9 bbls=

Drillpipe 3.02( ) x 0.000971 x 400 3.5 bbls=

Open Hole 8.52( ) x 0.000971 x 20 1.4 bbls=

8.8352 5.02–( ) x 0.000971 x 8800 453.4 bbls=

4.2762( ) x 0.000971 x 8800 156.2 bbls=
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Figure 5-12: Preliminary Leak-Off Test Parameters
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The volume of drilling fluid that must be pumped due to the expansion
the casing is based on the expansion of uncemented sections due to t
surface pressure during the leak-off test. This volume is calculated using

where: 
∆Vol = Increased volume due to uncemented casing, (bbl/1000 psi 

x 1000 ft) 
R = Do / Di    (Do = OD of casing, Di = ID of casing), in inches
Rr = Internal casing radius (inches)

To continue with the example, the 13.2 lb/gal drilling fluid during the leak-
off test has a solids content of 15.5% (no oil), and that the upper 2000
of the casing/open hole is uncemented.

Drilling Fluid Compressibility: 

Casing Expansion Volume:

The minimum drilling fluid volume becomes:

or if monitoring pressure per barrel, the reciprocal is used: 581 psi/bbl

∆Vol 2.59 x 10 4– x Rr( )20.52 1.3 R( )2+
R2 1–

------------------------------------=

Cs 0.2 x 10 6– x 0.155 0.031 x 106–= =

Cw 3.0 x 10 6– x 0.845 2.535 x 106–= =

Cm 2.566 x 106–=

∆Vol 2.59 x 10 4– 4.4175( )2 x
0.52 1.3 1.089( )+

1.089( )2 1–
-------------------------------------------=

∆Vol 0.005054 x 11.089( ) x 2 (2000 ft of uncemented section)=

∆Vol 0.11 bbls=

628.4 x 2.566 x 106–( ) x 1000[ ] 0.11+ 1.72 bbl/1000 psi=
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4. The frictional pressure loss to initiate circulation must be 
subtracted from the test results. This pressure loss is determined 
using:

where: 
∆Pl = frictional pressure loss (psi)
τg = gel strength (lbs/100ft2)
D = depth (feet)
d = ID of drillpipe (inches)

In the example well, if the 10 minute gel strength is 11.2 lbs/100 ft2, then 
the frictional pressure loss is:

Once calculated, this pre-test information (anticipated fracture pressure
minimum volume line) is plotted on the leak-off test graph (Figure 5-12
be compared with the actual test information. With the information plott
it becomes apparent that it requires only a small volume of drilling fluid 
(2.22 bbls) to be pumped before the fracture pressure is reached. Sinc
volume is small, close attention to the pump rate, pressure build-up an
mud volume pumped is important. To ensure close scrutiny, a pump ra
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, ther
many details that must be watched carefully. Though standard proced
vary among oil companies, the following procedures should permit a le
off test to be carried out effectively and with problems kept to a minimu

1. Once the casing equipment (plugs, float collar, casing shoe) 
rat hole have been drilled and cleaned, drill another 10 to 30 
of new hole. 

2. Circulate enough to clean the hole of cuttings and monitor th
mud density. Ensure that the mud density throughout the hole
known.

3. Pull the bit inside the casing and close the BOP's or set the 
packer.

∆Pi

τg x D

300 x d
------------------=

∆Pi
11.2 x 400

300 x 3
-------------------------- 11.2 x 8800

300 x 4.276
-----------------------------+ 82 psi= =
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4. Have the cementing unit hook up to pump either down the 
drillpipe or down the annulus.

5. Slowly pump into the drillpipe or annulus (0.25 bbl/min) until 
bleed-off or until the pre-test fracture pressure is reached. Never 
exceed the pre-test fracture pressure or 80% of the minimum
yield of the weakest exposed casing.

6. Record the mud volume pumped versus pressure. Monitoring
either be every 0.25 to 0.50 barrel pumped or for each 50 psi
increase in annular pressure.

7. During the test, the plot of pressure versus mud volume shou
be a straight line until leak-off is reach, then it will deviate to the
right (Figure 5-10).

8. The type of test will dictate when the pumps are shut down 
(Figure 5-9).

9. When the maximum test pressure is reached and the pumps
down, the pressure is recorded every two minutes for up to 
twenty minutes.

10. The pressure is released by opening the BOP's or releasing the 
packer. Record the volume of mud recovered from the test.

Interpretation of Leak-Off Tests

When leak-off tests are conducted properly, curve characteristics should be
similar to the curve seen in Figure 5-10. Deviations from this curve cou
indicate one of several conditions, such as:

1. leaks in the cementing lines

2. the pump changing speeds

3. a high fluid loss mud system

4. variable mud densities in the borehole

5. a bad cement job

To properly interpret the variations in curve characteristics, a process of 
elimination may be necessary to pin-point the cause. This usually mea
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 
expected curve. 
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Figure 5-13: Deviations from expected leak-off curve
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1. This example shows a typical casing test. Such a test is usua
conducted before the float equipment is drilled.

2. A “control capability test” to ensure that the casing shoe will 
withstand a pre-test equivalent mud density.

3. This examples shows a leak-off test being conducted until the
is a deviation from the straight line, regardless of the pre-test 
fracture pressure calculation.

4. When more than 30 feet of open hole are drilled, the pressur
curve may vary due to permeable 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 stopp
The maximum pressure this formation can now withstand is t
hydrostatic pressure plus the pressure recorded after the pum
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 pumped into a formation. If the 
pumps are shut down and the pressure stabilizes, the test ca
continue. If there is an increase in pressure, then the cement
is okay.

7. When the condition shown in “6” occurs and there is no 
improvement in the pressure after restarting, the most probab
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 lea
test can appear as a casing test, with the pressure going abov
pre-test fracture pressure.

9. This example show only shale exposed in the open hole and
leak-off test carried out to formation fracture pressure.

These examples should be taken only as a guide to leak-off tests. 
Experience in a certain area covering pressure testing over various 
formations will enhance the information provided by these examples.

Other Considerations

The assumption that the results of leak-off tests, when converted to an 
equivalent mud density, are taken to be the maximum mud density that th
next hole section can withstand without losing circulation, is valid only i
certain set of circumstances. 

If the last casing shoe was cemented in an abnormally high pore press
zone and the pore pressure gradient then decreases significantly with depth, 
Reference Guide 5-43
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the fracture pressure gradient will decrease also. Limestone has a high
Poisson's ratio, which will result in a higher fracture pressure than if th
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 gradient will result 
in the sand having a lower fracture pressure gradient.

Generally, the point in any section of the open hole that has the lowest 
fracture pressure gradient will be that which has the lowest pore press
gradient and lowest Poisson's ratio. Maximum mud densities for furthe
drilling are thus dependent on those parameters in that section, not on a 
unique value that was determined at the casing shoe.

Once a formation has been fractured, it will be necessary to apply that same
pressure to cause fracturing again. On any fracture test, when the 
horizontal stresses become balanced by the pressure within the boreh
the pressures will remain the same, whether the test is repeated or no
However, if a permeable formation is tested during the leak-off test, th
fracture pressure plot will probably not be linear (mud volume increases
produces a smaller pressure increase) due to the invasion of fluid into
formation. This has the effect of raising the pore pressure of the forma
immediately adjacent to the borehole. The increase in pore pressure has the 
result of reducing the stress concentration at the borehole wall (resultin
a lower pressure necessary for fracturing). Once the fracture is started and 
is extending into the undisturbed stress field, the pressure for this exten
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
the pore water and absorbed water surround each clay platelet, the pla
will not be in contact with each other, but will be supported by the wate
These clays will then have a negligible shear strength. The effective p
pressure would then approach the pressure exerted by the weight of th
overlying sediments. When combined with a very high Poisson's ratio,
can be seen that the calculated fracture pressures may exceed 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 sufficien
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 v
similar to that of a more compact clay. Fracture tests in a clay at this s
of dewatering can be used for the calculation of any additional horizontal 
stresses.
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Unconsolidated sands at shallow depths having very good permeability
cause lost circulation problems. Although the sand may be unconsolida
the individual grains will be in contact, so that a superposed stress can
supported, independent of the pore pressure. Poisson's ratio will be no
depending on the sand type.

For example, if an unconsolidated sand is drilled at 2000 ft, the overbu
pressure 1453 psi, and the pore pressure is normal at 892 psi. If the s
fossiliferous, the Poisson's ratio is 0.01. Assuming the horizontal stres
ratio is normal (i.e. σt/σ1) at 0.2, then the calculated fracture pressure fo
these parameters is:

It can be see that in shallow, unconsolidated sediments with a high wa
content (normally encountered offshore), fracture pressures can vary from 
overburden magnitude (in wet clays) to a little more than the pore pres
(in unconsolidated sands).

To better illustrate this phenomenon, again refer to Figure 5-10. The lin
portion of the curve (AB) indicates elastic properties; pressure increases 
(stress) is directly proportional to volume pumped (strain). At point B, th
pressure within the borehole is equal to the pore pressure plus the tota
minimum horizontal effective stress.

All cracks, joints and partings (within the section of open hole being teste
that lie on a vertical plane normal to this minimum horizontal stress no
have no compressional forces holding them closed. From points B to C
stress/strain proportionality no longer exists (i.e. for each unit stress a 
greater proportion of strain is produced). The pressure difference (C - B
that pressure necessary to push fluids into the cracks. When the press
within the borehole is approximately 5% greater than the total minimum
horizontal stresses, an almost infinite tensile stress occurs at the tips o
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 vert
plane normal to the minimum compressive stress).

If the pumps are stopped at that moment, fracture propagation will cea
and the pressure will fall to point D. When the pressure in the borehole
fallen (due to the increase in volume caused by the fractures) to a pressure

F 1453 892–( ) x 0.2{ } 1453 892–( ) x
0.01
0.99
----------

 
 
 

+ 892+=

F 1010 psi or 9.7 lbs/gal at 2000 ft=
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equal to the pore pressure plus the total minimum horizontal stresses,
should stabilize at a pressure equal to point B. 

When the excess pressure is bled off, the amount of returning mud sh
be almost equal to the amount pumped. If the shut-in pressure (point D
lower than point B, it would be reasonable to assume that the fractures
still open, possibly being propped opened by mud contaminants or 
cuttings. The larger volume produced by the open fractures causes a 
decrease in pressure (such that B - D > 0).

In this case, the amount of mud returned or bled-off is less than the am
pumped. If this occurs in permeable formations, then it is possible that
significant mud losses may occur due to the highly increased surface a
in the fractured zone.
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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 relationsh
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 minimized through engineering 
practices which attempt to produce maximum penetration rates as che
as possible. Instances will occur when these safety margins are negate
preference was given to cost/time activities rather than to established s
practices. Because safety should always come first, knowledge of pres
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
engineering measurements and pressure interpretations on these types of 
wells is paramount. Though drilling development or delineation wells 
within a known province may remove the surprise element to some deg
this should never be taken for granted.

The economic aspects of drilling a well should be a prime concern for 
personnel at the wellsite. Even with this in mind, the safety aspects mu
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 method to drill a well is to 
continuously monitor those “safety factors” which will prevent or control 
wellbore problems. One of these safety factor is kick tolerance, and 
ensuring that the estimated kick tolerance is never exceeded. In order to 
calculate this kick tolerance, it will be necessary to know the following 
parameters: potential lost circulation zones, hydraulic fracture pressures, 
and pore pressure.
6-1



Pressure Related Problems  Formation Pressure Evaluation

te 
the 

 with 

ssure 

ither 
s 
ble 

t 

eft 

n 
 

Lost Circulation

Causes

Lost circulation occurs when whole mud is lost to the formation. The ra
at which mud is lost will be dependent upon the type of formation and 
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
a lower pressure potential

• the circulating pressure of the mud has exceeded the fracture pre
of a formation

• very poor hole-cleaning, resulting in packing-off the annulus. Mud 
pressure rises until fracturing occurs below the pack-off

• a zone of subnormal pore pressure has been penetrated so that e
the formation has been fractured or the significant overbalance ha
brought about mud loss through massive filtration into the permea
formation

• the formation fractured while tripping in, or while casing was run a
excessive rates

Other mud losses, which are less drastic can lead to hole problems if l
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 permeability reduction in potential reservoirs, termed “skin 
damage,” is the result of mud plugging the pore spaces and filtrate 
interaction with sensitive clays in the pore spaces. Unchecked, this ca
render false reservoir parameters during testing; hence, all effort must be
made to counteract this process.
6-2 Baker Hughes INTEQ
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Effects

Depending on the rate and mechanism of fluid loss, its effect can vary f
a complete loss of returns to a minor reduction in return flow. If a vuggy 
formation is penetrated, and communication exists, the effective volum
the macro-porosity may be so great that no volume of mud may fill it. M
losses will continue until preventive measures are taken.

A faulted or jointed formation with considerable fracture permeability 
causes varying rates of mud loss, depending on the permeability and t
fluid pressure potential between the fractured formation and the boreh
However, the reverse may also occur: fluid pressures in the fractures may 
be higher than the pressure in the borehole, and the well may kick. Usu
if an extensively fractured formation is encountered, mud loss is extremely 
rapid and will not cease until preventive measures are performed.

If the mud density is high, in relation to the pore pressure and overbur
pressure, the formation can be fractured. Mud loss is rapid, but circulation 
may easily be restored by reducing the mud density until the pressure
reduction allows the fractures to close. This was a problem in the early 
days of wildcatting, and was overcome by reducing the mud density. A
result, unintentional hydraulic fracturing resulting in major fluid loss 
occurs less frequently today. However, experimental work with the 
borehole televiewer (a downhole sidewall sonar device) indicates that mos
of the well bores have some degree of minor hydraulic fracturing, proba
caused by pressure surges when running pipe.

If a subnormal pore pressure zone is encountered, there is a good 
possibility that hydraulic fracturing will occur, due to the fact that the 
reduced pore pressure will produce a lower fracture pressure.

Continual hole fill-up and increased hook loads while tripping are an 
indication that the formation has been fractured at some point below th
or last casing shoe (if running casing). This is caused by the combinatio
mud density and surge pressures. Usually the fractures will close whe
trip is completed or when surge pressures are minimized. Losing 
circulation while running casing can be particularly hazardous because
poor cement job may result, allowing communication behind the casin
Many well problems occur after casing operations, and losing circulation 
while running or cementing the casing is often a contributing factor.

Solutions

Rapid and continual fluid loss while circulating can be caused by two 
different mechanisms: 1) fracturing, and 2) loss through interconnected 
vugs or preexisting open fractures. The first mechanism may be arrested 
reducing the pump rate (thus lowering the ECD) or by modifying the mud 
properties (if the fracture pressure has been slightly exceeded) or 
alternatively, reducing the mud density. This solution also requires the
Reference Guide 6-3
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addition of lost-circulation material (LCM) to attempt to bridge the vugs. If 
this fails, then a cement squeeze operation may be necessary.

Losing returns into a highly fractured formation can be minimized by 
injecting pellets or sand of decreasing size, causing the fractures to become 
bridged and packed. If this succeeds, then by injecting increasingly-fin
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 unsuccessful, then the interval must be cemented off and r
drilled.

Penetration into a zone of subnormal pressure may cause other proble
addition to formation fracturing. These zones are permeable, so pipe 
sticking is a real danger. It may be necessary to reduce the mud density as
much as possible, taking into account the open hole above this low pre
zone. Depending on their permeabilities, the formations higher up in th
borehole may kick or slough severely, due to the decrease in mud density
If the amount of pressure reduction is such that further drilling will caus
increased borehole instability, it may be necessary to seal that zone w
cement. In rare circumstances this operation can cause the cement to fla
set, and no improvement in he situation. An impermeable seal, howev
must be made before drilling can be resumed. If all else fails casing must 
be run, and this may necessitate several cementing operations.

Mud losses to a formation due to vugs or open fractures should not be 
confused with exceeding the fracture pressure. If the formation is such tha
a high differential pressure exists between the borehole and the fluids 
within the fracture or vug porosity, then mud losses will occur (providin
there is ample permeability) until the pressure potential is equalized. 
Normally, if the vugs and fractures are interconnected, the volume required 
for pressure equalization is far in excess of the available mud volume. In 
this case, returns will not be gained until the thief zone is sealed off or
mud density is reduced so that it equals the fluid pressure in the fractures. 
Also, if a normally-pressured vuggy or fractured formation has very high 
permeability, then due to the enormous volume available in the formatio
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 formations that are thief zones (e.g.
a 10 lb/gal mud is continually lost and losses continue even when the 
density is reduced to 8.6 lb/gal) due to enormous fracture or vug porosity
will have normal fracture pressures depending on the pore pressure, r
type and overburden pressure. Losses will begin when the mud pressu
exceeds the fluid pressure in the fractures or vugs. The actual pore pressure 
within the rock itself will be very similar to the fluid pressure in the 
fracture unless the fracturing (i.e. fault brecciations) has occurred 
6-4 Baker Hughes INTEQ
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“recently” and the permeability of the formation is such that pore press
pore fracture pressure equilibrium has yet to occur. Thus for thief zone
fracture pressure determination for that formation will be meaningless 
unless the flow zones are sealed

If lost circulation does occur, 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 perme
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 borehole pressure 
falls below the fluid pressure, the flow will reverse itself. When the thie
zone is sealed by either plugging or filter cake, mud losses will cease and
mud densities can then be raised to a value below the estimated fractu
pressure, without further loss. 

Massive Hydraulic Fracturing and Stimulation

Stimulation of a well is undertaken to allow the increased passage of flui
through the formation by; 1) the creation of fractures, 2) enlarging existing 
openings in the rocks adjacent to the wellbore, or 3) removing deposits tha
have partially blocked the openings during earlier production. Fractures 
may be created or widened by hydraulic fracturing and then kept open by 
injecting a suitable “proppant”, which is held in suspension by a viscou
gel. The gel is later recovered, leaving a permeable conduit from the 
formation to the wellbore. Explosives may also be used to create fract

Those intervals to be fractured are isolated by removable packers, and
usually a low-viscosity, highly penetrating fluid is injected to create the 
initial fractures. This fluid is rapidly followed by a large volume of gel 
containing suitable proppants (usually very well rounded, well-sorted sa
or pellets with high crushing strength). The height and length of the cre
fractures can be controlled by the rate and volume of material pumped
the formation. Common fracture dimensions (calculated) for a 100-ft 
reservoir unit would be approximately 400 feet in length and 80 to 100 fe
in vertical extent.

Acid may be injected to widen present openings through solution of th
rock, and organic solvents can be used to remove clogging waxy and 
asphaltic deposits, or to remove filtrate and mud invasion from the well 
bore wall. Occasionally, reservoir permeability adjacent 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 condi
Reference Guide 6-5
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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 t
rig and the lives of the crew. Unreasonable procedures can in themsel
cause hazardous conditions that severely jeopardize safety. Blowouts are a 
disaster from the viewpoint of people, economics, politics, and the 
environment.

Standard kick control procedures vary from rig to rig, but generally fou
simultaneous operations are considered.

• Rig Control : includes the blowout preventers, pumps, drawworks,
and other rig operating equipment that is necessary. Rig control is th
responsibility of the driller, and any blowout control procedure shou
assign these operations to the driller.

• Mud Control : involves adding barite for increasing the mud densit
but also includes adding chemicals to the drilling mud and proper 
operation of the mixing systems. The mud control operations are 
generally the responsibility 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 monitor
the pump rate. The choke operator should be the best trained ma
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 too
pusher is the normal rig and crew supervisor and this should be his 
task. To assign the job of choke operator to the tool pusher is 
undesirable because he would then be restricted to the rig floor. Th
rig, during the critical well control procedure, needs a general overall 
supervisor, and this job is best undertaken by the tool pusher who
knows both the rig and the crew.

Decisions made under kick conditions depends upon the knowledge, 
attitude, and judgement of the supervisor. They can be confused by crew 
change problems and divided responsibilities between 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 necessary. These 
procedures must be known by all members of the logging crew: it is th
responsibility of the logging geologist or Unit Supervisor to obtain this 
information.
6-6 Baker Hughes INTEQ
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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. Whe
the pumps are shut down prior to tripping, there is a pressure reduction in 
the borehole equal to the annular pressure losses. If the mud hydrosta
pressure and the pore pressure are nearly equal, flow may occur when 
circulation stops. As pipe is removed, the mud-level in the borehole fal
causing a further reduction in hydrostatic pressure. The pipe displacement 
must be converted into pump strokes so that the correct number of str
to fill the bore-hole is known.

Swabbing 

When pipe is pulled it acts like a piston, more so below than above the
Both gel strength and viscosity of the mud have a large effect on swabbing. 
Swabbing is further increased if the mud cake is thick, the bit is balled-up, 
or the nozzles are blocked and a back-pressure valve is in the drillstrin
The speed at which pipe is pulled has a great effect on swabbing.

In computerized logging units, an EAP Swab & Surge program provides 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 ana
report. If swabbing does occur, pipe should be run back to bottom and
invading fluid circulated out. Surge pressures, when running into the hol
(pipe or casing), may be sufficient to overcome the fracture pressure of a 
weak formation. The swab/surge pressure printout should be consulted, 
and the pipe run at a speed that produces surge pressures below the 
minimum fracture pressure. It is important to remember that this is 
necessary anywhere in borehole, as pressures are transmitted to the open 
hole even when the bit is inside the casing.

Insufficient Mud Density 

Fewer kicks result from a low mud density than the previous two causes
a kick occurs while drilling, due to insufficient mud density, it is possibl
that an oversight has occurred 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. Als
changes in lithology or drilling practices may have masked the transition 
zone.
Reference Guide 6-7
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Poor Well Planning 

Both mud and casing programs have a great bearing on kick control. These
programs must be flexible enough to allow progressively deeper casing 
strings to be set; other-wise a situation may arise where it is not possib
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 not nearly as prevalent as it was in the 40's 
50's. A kick may still occur, but it is 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, 
mud density is kept high to balance these formations. If the pore press
decreases significantly, those lower pressured formations become 
susceptible to fracturing. If fracturing occurs, the fluid level in the annu
will drop due to lost circulation and the resulting loss in hydrostatic 
pressure may allow an influx of formation fluids, resulting in a kick. The 
existence of an abnormally pore pressured zone and a lost circulation zone 
in the same hole section are ingredients for a kick. The utmost care 
combined with diligent observation are necessary to successfully drill t
type of well.

Recognition of Kicks

The only time a kick can occur without warning is when drilling offshor
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 format
will result in a change in return flow and a change in the active pit volu

One rare occurrence when surface 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 t
hole, it is not possible to monitor the fluid level. A major influx may occ
and not be detected at surface. To prevent this possibility the well should
be shut in, and the shut-in pressures monitored. Pipe movement can b
made by stripping through the BOP's and the hole filled using the chok
and kill lines.

Sequence of Events

In most cases, the following distinct series of events generally lead to a 
kick while drilling. Some indications may not occur while others may b
6-8 Baker Hughes INTEQ
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accentuated. Recognition of the changing trends at an early stage shoul
allow remedial action to be taken, thus minimizing the potential hazard
and costs.

1. The first indication of a kick is usually a drilling break. The 
increased drill rate need not necessarily indicate an increase
porosity, permeability and pressure, but it is prudent to assum
that it does. The magnitude of the drilling break will vary 
depending on many drilling factors, 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 
pumps, and (3) observing the fluid level in the bell nipple or flo
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.
these instances the flow check should last at least five minute
be conducted by circulating through the trip tank and the trip 
tank volume observed for a gain. If the well is flowing, it shou
be shut-in and any resultant pressures checked.

2. The second indication of a kick, or first confirmation that a kic
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 wi
further lighten the mud column and further 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.

3. Hookload may be seen to increase as a result of the lower de
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.

4. 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, and (2) if the kick contains gas, gas 
expansion will further increases the flow rate and pit volume.

5. A pump pressure decrease, along with a pump stroke rate 
increase becomes noticeable only when the kick fluid has be
displaced some distance up the annulus.

6. A reduction in flowline mud density occurs as the invading 
material reaches the surface. This reduction is severe with a 
kick, but may be large or unnoticeable with a water kick, 

1.0
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depending on the mud density. High gas 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 that make it unwise to 
depend upon one factor alone when observing the sequence of events
example, continual mud mixing in the active system can mask a volum
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 conditions between 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 press
losses which increases the hydrostatic pressure while circulating. Whe
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 m
the same as while drilling.

1. The well may flow when the pumps are first shut off. This can
monitored by the return flow sensor and a Pit Volume Totaliz

2. An increase 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
increase in level from before the connection indicates that a fl
has occurred. The volume of mud from the surface equipmen
should be established at the start of each new job and re-
established periodically as the well progresses (e.g. a 2 bbl 
increase on a connection may be normal, while a 3 bbl rise m
be significant).

3. Pump pressure and rate changes similar to those experienced 
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 
return flow sensor. After the pumps have been shut down, the flow sen
should indicate an absolute “no 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 w
6-10 Baker Hughes INTEQ
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indicate a kick. Also a record of flowline mud density will disclose sma
mud cuts caused during connections, and may be accompanied by 
connection gases. Note that connection gases alone are not an indicat
fluid influx during a connection.

While Tripping

Since kick control procedures are greatly simplified when the bit is near
bottom of the hole, kicks during a trip have the greatest potential danger. In
addition, with the pipe out of the hole it is impossible to get heavier mu
bottom. During trips, an identical annular pressure drop occurs when th
pumps are shut off.

However, because pipe is being removed, the hole must be topped up
mud regularly. If the hole does not take enough mud to replace the volume 
of pipe withdrawn, it is an indication that formation fluid is displacing th
drilling fluid and the well is kicking. To alleviate this problem, it is 
common offshore to continually circulate through a trip tank while trippi
out. By careful monitoring of trip tank volume against the calculated pi
displacement any discrepancy can be noticed immediately. In logging 
units, trip monitoring programs provide comparisons of volumes for ev
stand pulled. Alternatively a “trip condition log” provides a summary of
the hole condition and fill up during trips.

Older offshore rigs and many land rigs may not have a trip tank, so relia
for volume checks is placed on monitoring one of the active pits and pu
strokes. Pit volume monitoring provides the necessary cross-check, but 
because of the large surface area of the active pits, precision may be 
limited. The mud pumps are a reasonably efficient displacement monitor at 
low pressures and stroke-rates, and pump strokes are often used to m
the proper amount of fluid displacement.

It is normal for the hole to take slightly more mud than the volume of th
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
hole. Modern BOP's are designed for reliable stripping through the annu
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 Gradien
that may be encountered if a kick is taken at the present depth, with the 
present mud density and the well is shut-in without downhole fracturin
occurring.

During drilling, kick tolerance must not be exceeded because if a kick 
occurs there will be a considerable chance that an underground blowo
will occur if the well is shut-in.
Reference Guide 6-11
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Kick Control

There are three industry recognized kick control procedures. The selectio
of the one to kill a well depends upon; 1) the amount and type of kick flu
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 seve
important considerations. These include:

• the time required to execute the complex kill procedures

• surface pressures that will occur when circulating out the kick 
fluids.

• downhole stresses that are applied to the formations during the 
kill operation.

• the complexity of the procedure itself relative to its 
implementation, rig capability 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 well: under no circumstance 
should Baker Hughes INTEQ personnel become involved in this decision.

Each of the above points must be assessed and their relative importan
the kick situation evaluated before implementing the selected method.
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 procedu
is important if the kicking fluid is gas, because it will percolate up the 
annulus, increasing the annular pressure. There may be a danger of th
sticking, especially if a fresh water mud system is in use. Invading saline 
pore water may cause the mud cake to flocculate, so the bit, stabilizers
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 strain
and pressures on the well, surface equipment and personnel should b
minimized in the interests of safety and cost. Therefore, depending 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 circulation, or driller's method and (2) the concurrent 
method. In both of these procedures, pumping begins immediately afte
6-12 Baker Hughes INTEQ
Confidential 80824 Rev B /January 1996



Formation Pressure Evaluation Pressure Related Problems

 the 

 or 

igh 
as 

is 
ipe 
thod.

ed if 

 

t of the 
his 

ansion 
when 
s the 
shut-in pressures are recorded. However, if the time taken to weight up
mud is less than one circulation then the engineers, or one circulation 
method may be preferred. In certain situations the extra time required for 
the two circulation method may be seriously detrimental to hole stability
may cause excessive BOP wear.

Surface Pressures

If a gas kick is taken, the annular pressures may become alarmingly h
during the course of the kill operation. This is due to the properties of g
as it nears the surface. If expansion is not allowed to occur, severe 
pressures will be placed on the annulus and surface equipment. For th
reason the most reliable well killing procedures utilize a constant drillp
pressure and variable annular pressure (through a variable choke) me

The kill procedure that involves the least surface pressures must be us
the kick tolerance is low. Figure 6-1 shows the different surface 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. When keeping the drillpipe pressure constant, with the 
constant pump rate, the casing pressure begins to decrease as a resul
higher kill mud hydrostatic pressure in the one circulation procedure. T
initial decrease is not seen in the two circulation method, since the mud 
density has not changed, the casing pressure increases as the gas exp
displaces mud from the hole. The second pressure difference is noted 
the gas approaches the surface. The two circulation method, again, ha
higher pressures. The result of circulating the original mud density.
Reference Guide 6-13
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Figure 6-1: Different surface pressures produced 
during the one and two circulation kill methods

Also, after one complete circulation has been made, the one circulation 
method has killed the well, resulting in zero surface pressure, whereas the
two circulation method still has pressures on the casing equal to that of t
shut in drillpipe pressure.

Downhole Stresses

During kill operations, stresses in the borehole is a prime concern. If th
extra stresses imposed by the kick are greater than the minimum fract
pressure in the open hole, fracturing will occur, resulting in a possible 
underground blowout. Similarly, a kill procedure which through its 
implementation, places high stresses on the wellbore should not be us
preference to others which impose lower stresses on the wellbore. 
Reference to these points illustrates that the one circulation method pl
the minimum stresses on both the wellbore and surface equipment. Wh
kick is circulated out the maximum stresses occur very early in the 
circulation - particularly in deep wells with higher pressures. At any point 
in the borehole, the maximum stress is imposed when the top of the ki
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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 t
kill process, if the correct procedure is chosen and implemented. 

Procedural Complexity

The suitability of any process is dependent on the ease with which it m
be reliably executed. If a kill procedure is difficult to comprehend and 
implement, its reliability is negated. The one and two circulation methods 
are simple in both theory and execution. Choice between the two is 
dependent upon the previously mentioned points, and any other limitat
provided by the situation. The concurrent method is complex in operat
and its reliability may be reduced through its intricacy. Because of this, 
many operators have discontinued its use.

It is important to repeat that pressures calculated on deviated wells mu
use vertical depths not measured depths. Measured lengths are only used in 
ECD calculations, so that the resultant pressure losses be added to th
hydrostatic pressure calculated from the vertical depths.

Situations can arise when the shut-in casing pressure will approach or 
slightly exceed the actual or estimated minimum formation fracture 
pressure. In this case the well cannot be shut-in, and an alternate meth
kill control must be attempted. The maximum casing pressure at the 
surface is determined by three factors:

1. The maximum pressure the wellhead will hold

2. The maximum pressure the casing will hold (burst pressure)

3. The maximum pressure the formation will hold
Reference Guide 6-15
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Formulae Used In Kick And Kill Procedures

1. Hydrostatic Pressure 
(psi): MW(lb/gal) x TVD(ft) x 0.0519 
(Kpa): MW(sg) x TVD(m) x 0.0098 
MW = Mud Weight 
TVD = True Vertical Depth

2. Circulating Pressure (psi):
(MW x TVD x 0.0519) + Pla 

Pla = Annular Pressure Loss

3. Initial Circulating Pressure (psi):
SPR + SIDP 
SPR = System pressure loss at kill rate (psi) usually taken at

varying slow circulating rates
SIDP = Shut-in Drillpipe Pressure (psi)

4. Final Circul ating Pressure (psi): 
(KMW / MW) x SPR 
KMW = Kill mud weight

5. Kill Mud Weight (lb/gal):
MW + (SIDP / (TVD x 0.0519))

6. Formation Pressure (psi):
SIDP + (MW x TVD x 0.0519)

7. Density of influx (ppg):
MW - [(SICP - SIDP)/(L x 0.0519)] 
SICP = Shut in casing pressure (psi)
L   = Length of influx (ft)

8. Length of kick around drill collars (ft):
Pit Gain (bbls)/ Annular Volume around collars (bbls/ft)

9. Length of kick, drill collars and drill pipe (ft):      
Collar Length + (Pit Gain - Collar Annular Volume) / (D1

2 - D2
2 

x 0.000971) 
D1 = hole diameter (inches) 
D2 = drillpipe diameter (inches)

10. Gas bubble migration rate (psi/hr):
∆Pa / (0.0519 x MW) 
∆Pa = pressure change over time interval / time interval (h

11. Barite required (sk/100 bbls mud): 
1490 x (KMW - MW) / (35.8 - KMW)

12. Volume increase caused by weighting up:
100 x (KMW - MW) / (35.8 - KMW)
6-16 Baker Hughes INTEQ
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The drill pipe pressure is used as a downhole pressure gauge. The ca
pressure is affected by the type and amount of fluid influx.

When the density of the kick fluid is known the composition may be 
approximately determined;

Kick Control Methods

All kick procedures require the knowledge of drillstring geometry, hole 
geometry, mud density, pump rates, pressure losses and fracture pres
Particular information is required prior to initiating kill procedures.

1. Circulating pressure at kill rate

2. Surface to bit time at kill rate (in strokes and minutes)

3. Bit to surface time at kill rate (in strokes and minutes)

4. Maximum allowable surface annular pressure

5. Formula for calculating the kill mud density

6. Formula for calculating the change in circulating pressure due to 
the effect of the heavier mud

7. The clients policies on safety factors and trip margins

For a well to be killed successfully the pressure in the formation must b
kept under control during the entire operation. Except in cases when th
maximum allowable surface annular pressure will be exceeded, this po
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 a
controlling the pressure by regulating 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 (one circulation)

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 reco
progress during their accomplishment. 

Influx Density (psi/ft) Influx Type  

0.05 - 0.2 gas 

0.2 - 0.4 combination of gas/oil and or seawater 

0.4 - 0.5 oil or seawater
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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
the pipe rams.

2. Stop the pumps.

3. Open the choke line.

4. Close the annular preventer or rams.

5. Close the choke.

6. Record the pit gain.

7. Record the SIDP and SICP when they are stabilized.

Calculate the kill mud density, initial and final circulating pressures, and 
the kick fluid gradient. If the kick is gas the bubble may start to percola
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
the choke to release the “trapped pressure”. This process is repeated 
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 + the circulating 
pressure. As the kick fluids approach the surface, the annular pressure wil
rise drastically if the kick is gas. If the kick is saltwater the annular press
will drop slightly.

When all the influx has been circulated out, the pump is stopped and t
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 bee
raised to the necessary kill mud density. The kill mud is circulated duri
the second circulation. The choke is opened slowly and the pump spe
increased to the kill rate, as the annulus pressure is kept constant. The
annular pressure is kept constant by manipulating the choke until the k
mud has reached the bit. The drillpipe pressure will decrease during this 
operation from the initial circulating pressure to the final circulating 
pressure 
6-18 Baker Hughes INTEQ
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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 pressu
should fall to zero; if it doesn't, a few more barrels should be pumped 
ensure that the kill mud has reached the bit. If the drillpipe pressure is sti
greater than zero when the pump is stopped and the choke closed, the
control figures should be checked. Pumping is restarted, but now the 
drillpipe pressure is kept constant as the kill mud displaces that in the 
annulus. When the kick fluids and original mud have been displaced th
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 kic
will be killed and mud should be circulated to condition the hole, and at
same time the trip margin (if any) should be added.
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Figure 6-3: First circulation pressures during the drillers method.

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'
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 pressu
associated with gas kicks. The same shut-in procedures should be use
outlined in the previous paragraph.

When all the calculations have been performed, the mud density is rai
immediately to the calculated kill mud density. When the kill mud is rea
the pump is started and the choke is slowly opened, while keeping the 
annular pressure constant until the pump has reached kill rate. The cho
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then regulated in such a way as to decrease the drillpipe pressure until the 
kill mud reaches the bit, at which point the final circulating pressure is 
reached.

Figure 6-5: Drillpipe and annular pressure curves during the engineer's kill method

Pumping is continued, holding the drillpipe pressure constant by adjus
the choke. When the kick fluids have been displaced, and further volum
has been displaced equal to the pipe volume, The SIDP should be zero
kick should be killed and the well checked for flow. Further circulations
should be performed to condition the hole and to add the trip margin. 
Figure 6-6 shows the variations of drillpipe and casing pressures as the kill 
procedure is implemented.
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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. It
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 immediate receipt 
of the shut-in pressures. Instead of waiting until all the surface mud has 
been weighted up, pumping begins immediately at the kill rate and the 
is pumped down as the density is increased. The rate at which the mu
density is raised is dependant upon the mixing facilities available and 
capability of the crew. The main complication of this method is that the 
drillpipe can be filled with muds of increasing density, making calculati
of the bottomhole hydrostatic pressure (and drillpipe pressure) difficult

Provided there is adequate supervision and communication, and the 
method is completely understood, this can be the most effective way o
killing a kick. Figure 6-7 illustrates the irregularities in drillpipe pressure 
with kill mud volume, caused by the increasing density of the kill mud. The 
shut-in procedure is the same as that outlined previously. When all the
information has been recorded the pump is activated slowly until the in
circulating pressure has been reached at the designated kill rate. The 
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 are checked 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 pressure will 
be reached and from this point on the drillpipe pressure should be kep
constant until the operation is completed.

Kick Tolerance

Kick tolerance is defined as the maximum Formation Balance Gradien
that may be encountered when a kick taken at the present depth, 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 usuall
by the minimum fracture pressure 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, wh
kick is taken, there is considerable chance of an underground blowout
when the well is shut in. The maximum surface pressure (SICPmax) will be
a function of the mud density, and the depth and Fracture Pressure Gra
of the weakest formation in the open hole.
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Equation 6-1

The Formation Balance Gradient which will produce this maximum shu
casing pressure can be calculated for a particular depth and mud dens

Equation 6-2

where:
SICPmax = maximum shut-in casing pressure (psi)
FGmin = fracture pressure gradient of weakest formation (lb/gal)
MW = mud density (lb/gal)
Df = vertical depth of weakest formation (ft)

Which can be restated as:

Equation 6-3

where:
K = kick tolerance (lb/gal)
DB = 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 excee
the lowest fracture gradient. However, this expression 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 term involving the 
density and volume of invading fluid. This can be calculated from the 
following formula.

SICPmax 0.0519 x FGmin MW–( ) x Df=

0.0519 xK x DB SICPmax 0.0519 xMW x DB+=

K
DF

DB
------- FGmin MW–( ) MW+=
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Equation 6-4

where:
Kmin = minimum kick tolerance (lb/gal)
Lk = length of kick (ft)
Wk = density of kick fluids (lb/gal)

The kick fluid density will vary, but will be a minimum in a gas kick. Th
expected influx prior to detecting a kick will depend upon the resolution of 
the pit-level monitoring apparatus (the equipment design and the height-to
surface area ratio of the pit). It will also depend upon the speed and 
efficiency of the rig crew and equipment. This value cannot be calculated
but must be determined by tests, such as pit drills.

A large influx of gas will significantly decrease the kick tolerance. 
Therefore, if the kick tolerance with no influx is being approached, the 
minimum kick tolerance can be determined by the resolution of the pit-
level monitoring apparatus. For safety’s sake 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 t
time lapse from first observing the flow) to when the well is finally shut 
This shut-in period is critical, and it is usual practice to run through a p
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. Thi
value then defines the “minimum expected kick length” in a particular h
section; thus, with a particular mud density, the reduction of kick tolerance 
due to gas influx can also be continually estimated. For example:

If 12-1/4 inch hole is being drilled and 642 feet of 8-inch collars are bein
used,

Equation 6-5

If a 15 lb/gal mud is in the hole, and assuming a kick would be gas hav
a density of 2 lb/gal, at a current depth of 15,000 ft and a minimum fracture
pressure gradient of 16.0 lb/gal at 7,500 ft, then:

Kmin

DF

DB
------- FGmin MW–( )

Lk

DB
------- MW Wk–( )– MW+=

length of kick
1029

12.25
2

82–( )
-------------------------------- x 35 418feet= =
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Equation 6-6

If the kick tolerance calculations did not take into account the minimum
expected influx, then:, 

which may appear to be a reasonable safety margin if the pore pressure at 
15,000 ft was estimated to be just overbalanced. But if the minimum ki
influx is taken into account, the actual kick tolerance would be only 15
lb/gal. Furthermore, if for some reason a kick was taken and a total pit 
of 50 bbl occurred, so that the kick length was 598 ft, then the total kic
tolerance would be

Kmin

DF

DB
------- FGmin MW–( )

418
15000
--------------- 15.0 2–( )– MW+=

7500
15000
--------------- 16.0 15.0–( ) 0.36– 15.0 lb/gal+=

Kmin 15.14 lb/gal=

K
7500
15000
--------------- 16.0 15.0–( ) 15.0+=

K 15.50 lb/gal=

Kmin 0.5
598

15000
---------------– x 15.0 2.0–( ) 15.0+=

0.5 0.52– 15.0+=

Kmin 14.98 lb/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 le
than mud density (i.e., the well cannot be shut in) as the shut-in casing 
pressure would be such that the formation would be fractured at 7500 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 shut in if a gas kic
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” (Kmin, in Equation 6-4), corrected for the 
invading fluid volume and density, can be calculated and reported only
when the volume and density are specified by the drilling supervisor, oil 
company standard operating procedure, or a regulatory agency. In such 
circumstances Baker Hughes INTEQ personnel may assist the drilling 
supervisor in determining the volume and density estimates to be used
the authorization for their use must come from a representative of the 
company.

This “minimum expected influx” will vary during the course of the well 
and should be re-established with regular pit drills. When 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 lb/gal with a 25 bbl of 2 lb/gal influx 

Plots of Kick Tolerance on Pressure Evaluation Logs, should be of the true
(zero influx) Kick Tolerance (K) only.

Operational situations may arise which will cause the kick tolerance to be 
exceeded. If a shut-in occurs such that the actual kick tolerance is 0.1 lb/g
above the current mud density, the well should not be killed by accept
methods if the kick is calculated to be gas. After the shut-in readings have 
been taken, it may be possible to kill the well by slowly pumping a larg
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 th
influx is reduced to less than 6000 psi, if a gas kick is taken, gas expan
and pressure increases will not be rapid until the influx has been circul
(or percolated) up to a level in the borehole where the pressure is less
6000 psi. For example, if kick tolerance is becoming marginal in a deep 
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well where casing is set at 7500 ft, as long as the mud density is great
than 15.4 lb/gal, gas expansion will not occur until the gas is inside the 
casing.

The accuracy of kick tolerance calculations is dependent upon the accu
of the other geopressure evaluation techniques. In actuality, kick tolera
is the goal toward which the geopressure evaluation service is directed
Consider the terms that make up the relationship, and their description

DF = Vertical depth of the weakest formation; necessitates 
knowledge of formation type (i.e., Poisson’s Ratio) and p
pressures.

DB = Vertical depth of the bit; if the hole is deviated, we need 
be able to calculate (through survey analysis) the vertica
depth.

FGmin = Minimum fracture pressure gradient necessitates estima
of the overburden pressure gradient, pore pressure gradient 
(for σ1’) interpretation of the first fracture test in compact 
formation and back-calculation of σt. Then, it requires 
monitoring of pore pressure changes, lithological change
and overburden pressure extrapolation as the well progresse
in order to delineate the weakest formation in the boreho
and to estimate its fracture pressure.

Field personnel must be aware, either through their own experiences o
through this manual, of the importance of their measurements and 
interpretations. Communication of the results to clients must be concis
and unambiguous so that full use may be made of them. Since curren
safety levels are coming under greater scrutiny, government agencies
involving themselves in rig practices that have the potential to endang
lives and the environment. The establishment of kick tolerance safety 
levels is one of these criteria, and in some countries these laws have b
established for some years. As more countries follow suit, under the 
impetus of more energetic exploration in hazardous areas, kick tolerance 
calculations will become one of the most important aspects of Baker 
Hughes INTEQ’s Pressure Evaluation Service and DrillByte involveme
at the wellsite.
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“Differential” Kick Tolerance

It is conventional oilfield practice to compute and report pressure-relat
quantities as gradients relative to the flowline (see Chapter3). This is a 
convenience which allows direct comparison of the pressure quantities to 
the mud density currently in use.

In some areas this convention is modified when reporting kick tolerance. A 
figure known as “differential kick tolerance” is reported, which is the 
actual kick tolerance minus the actual mud density.

Equation 6-7

The “differential” kick tolerance = (K - MW), or:

Equation 6-8

Minimum kick tolerance is:

Equation 6-9

The “differential” minimum kick tolerance = (Kmin - MW) is then:

Equation 6-10

The rationale for this method of reporting is that this quantity will decline 
as the hole is deepened and when mud density is increased. When it 

Kick tolerance, K
DF

DB
------- FGmin MW–( ) MW+=

∆K
DF

DB
------- FGmin MW–( )=

Kmin

DF

DB
------- FGmin MW–( )

Lk

DB
------- MW Wk–( )– MW+=

∆Kmin

DF

DB
------- FGmin MW–( )

Lk

DB
------- MW Wk–( )–=
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reaches zero, the well can no longer be shut-in. This is a dramatic 
representation of declining, safety margins. On the other hand, it remo
the direct comparability of the quantity, especially when plotted.

Baker Hughes INTEQ does not encourage the reporting of kick tolerance 
in this form. Field personnel who are requested to do so by a client mu
course comply but should be careful to discriminate between the 
differential being reported and the actual term being plotted on any log
placed on any reports. 

Pressures in Carbonates

As mentioned in Chapter 4 (Factors Affecting Formation Pressure 
Evaluation - Lithology), carbonates can cause problems when evaluatin
formation pressures. Three situations must be considered when evalu
abnormal pressure in carbonates:

• The role of carbonates are seals, cap rocks or permeability barriers

• Carbonate reservoirs entrapped within overpressured shale zones
behave as any other pressured aquifer or potential reservoir

• The development of pressure within carbonate formations

Formation Pressure Development

The study of abnormal pressure development and detection in carbonate
will have many aspects which are different from those described for 
clastics (especially argillaceous rocks). The most important being:

• The total difference in mineralogy, and chemical and physical 
behavior, requires that all developmental mechanisms and causal 
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
normal trends in uniform lithologies

To ensure that all personnel are “familiar” with these aspects of carbon
a review of carbonates is necessary. More in depth information ca be found
in the Advanced Logging Procedures Workbook and Advanced Geological 
Procedures Workbook.

Sedimentology

Carbonate classification is too large a subject to be covered here and is 
documented sufficiently in the above referenced workbooks. It is however 
necessary, in any carbonate work, to work with an agreed upon 
classification system. The most commonly used carbonate classificatio
6-30 Baker Hughes INTEQ
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the oil fields is the Dunham textural classification. This will ensure 
uniformity in sample description.

In addition to the normal sample description, the use of thin sections can be 
particularly valuable.

Mineralogy

Nearly all carbonates are of a mineralogically mixed character. However, 
identification of the species of carbonates can be invaluable in determinin
both the present state and clues to the developmental history of the 
formation. The presence of non-carbonate material plays an important
in modifying, perhaps extensively, the behavior of the carbonate rocks

For wellsite work, the use of dilute hydrochloric acid as a diagnostic to
should not be overlooked. Also there are various types of staining 
techniques which are also useful. Finally, a little used piece of second
equipment, the autocalcimeter, can be used to assist in determining th
mineralogical content of the carbonate rock.

Porosity and Permeability

It is obvious that both porosity and permeability are factors of great 
importance in abnormal pressure development and behavior. It is the 
absence of permeability and hence dewatering ability that is the major
cause of overpressure. Similarly, the availability and distribution of por
space in the matrix will be in close interrelationship with the degrees o
pore pressure abnormality encountered. Unfortunately, in carbonates, 
two functions are most elusive.

When dealing with clastic sediments, it is often acceptable to generaliz
that porosity and permeability are in a close consistent relationship. 
Similarly, shales, though often having good porosity, have infinitesima
(though not insignificant) permeability. Such generalizations 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 extrem
low permeability. 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 increases and porosity 
reciprocally decreases (with depth of burial) must be seriously doubted 
when giving consideration to carbonates. Although younger sedimenta
carbonates (depending on their particle type) exhibit trends analogous to 
clay dewatering and compaction, or sand reordering and cementation,
is not a continuous or general process. The effects of diagenesis upon 
carbonates, sediments or evaporites is sufficient to totally obliterate any 
younger porosity trends. In general, it may be observed that age of burial
rather than depth, is the controlling influence upon carbonates. Howev
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this too may be brought into doubt by secondary recrystallization 
processes.

Fluid Movement

The major differences between carbonates and all other rock types are 
results of the solubility of the matrix material. Therefore, it cannot be 
deduced that a present lack of matrix porosity and permeability preclu
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, a
accompanying hydrocarbons, may take place through effectively 
impermeable carbonates by a mechanism of pressure solution. This m
lead to the depletion of overpressured formations or to the formation o
transition zones similar to those encountered in argillaceous rocks. In other
circumstances it could lead to the overpressuring 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 m
strength leading to a decrease in matrix volume due to sedimentary 
loading. Such a mechanism will lead to the transfer of matrix loading o
pore fluids and hence overpressuring.

It has been observed in many areas (i.e.Anadarko Basin) that removal
overburden loading will lead to a reversal of the process. Here, uplift a
erosion of the commonly overpressured Morrow-Springer has produce
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 b
such that changes in matrix volume will occur 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. As a result, 
development or removal of sedimentary loading can lead to markedly 
different effects compared to those seen in shales.

During normal uniform sedimentation, compaction and lithification 
proceeds normally at such a rate as to ensure dewatering will accomp
porosity reduction. However, having reached a certain level of lithificati
a sufficient degree of rigidity will have been achieved to prevent any 
elastic volume change. Any later change in loading will produce no cha
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in volume and hence pressure. Later, downwarp and sedimentation wi
produce an increased loading which may produce the following effects:

• Fixed Volume/Fluid Connection: Load transmitted normally, 
formation remains normally pressured

• Fixed Volume/Zone Sealed/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). Underlying shales may 
therefore become overpressured from transmitted load

• Fixed Volume/Zone Sealed/Temperature Rise: If increased depth of 
burial is accompanied by a rise in temperature, there will be a tota
increase in volume due to thermal expansion. Since the coefficient 
expansion of a fluid will be greater than that of the matrix, there w
be an increase in porosity volume less than that required to 
accommodate fluid expansion (there may even be a net loss in 
porosity). Therefore, prevention of further fluid expansion may lead
to the formation becoming abnormally pressured. Underlying shal
may or may not become overpressured according to their ability to
dewater.

Conversely, later uplift and erosion will produce the following effects:

• Fixed Volume/Fluid Connection: Load relieved uniformly, and the 
formation remains normally pressured

• Fixed Volume/Zone Sealed/No Temperature Change: Removal of 
loading will produce no change in formation fluid pressure (i.s. the
pressure gradient becomes abnormal as depth of burial decreases). 
Underlying shales amy therefore become subnormally pressured as 
load is relieved.

• Fixed Volume/Zone Sealed/Temperature Fall: If removal of overlying
sediment results in a drop in temperature, 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 res
in marked differences between shale and carbonate drill rates (and even 
between differing carbonates), differential pressure across bottom will 
remain the controlling influence.
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Formation Pore Pressure Indicators

The following section reviews the techniques of pressure detection, an
their applicability to carbonates are contrasted with those methods outlined
in Chapter 4.

Direct Pressure Measurements

Such measurements are equally applicable to carbonates. The lack of
interrelationship between porosity and permeability may result in a 
variation of results within an apparent uniform section

Seismic Velocity

This method is effective for carbonates. However, extensive knowledg
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 magn
by the change in ionic concentration encountered at a transition zone d
the geochemistry of the clays. This phenomenon will not occur in 
carbonates; therefore, any response seen will be markedly less than that 
seen in an equivalently pressured shale section. Furthermore, the 
variability of porosity and permeability (both in amount and distribution
and the presence of clay minerals in carbonates will lead to extensive 
scatter. The consequent difficulty in establishing trend lines has lead to 
minimal use of this method in carbonate sequences.

It is suggested that resistivity (short normal) or conductivity (induction-
type) plots be made on all wells (carbonate or otherwise) as a means 
accumulating information which may later prove to have value. Only after 
sufficient data has been gathered and cross-correlated, 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 th
derived from shale plots.

Shaliness

The Spontaneous Potential curve is not a “Shale Indicator”, its respon
determined by the relative salinity difference between the borehole and
formation, and the permeability of the formation. In a simple sand-shale 
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sequence, the S.P. and Gamma Ray curves will therefore agree in their 
response to the (high potassium/low permeability) shales, 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 th
curves in order to determine:

• High Potassium/Low Permeability Shale

• Low Potassium/Low Permeability Tight Carbonate

• Low Potassium/High Permeability Permeable Carbonate

Median responses may be similarly interpreted, and this will assist in 
interpreting the pressure distribution in the section of interest. Carbona
need not be tight in order to be pressured, and they will not necessarily be 
pressured to the same degree as surrounding shales. For example, an
overpressured carbonate may occur within an underpressured shale, o
vice-versa.

A further consideration when studying evaporitic carbonates (e.g. 
Zechstein of the North Sea) is that high gamma ray response may be d
potassium minerals other than clay minerals.

Flowline Temperature

Thermal conductivities in shales are relatively low, in fact they are quit
close to those of common pore fluids:

Thermal Coductivity (cal/cm.sec.oC)

• Gas 0.1

• Oil 0.3

• Water 1.4

• Clay 2.4

Therefore, it is not surprising that although a change in geothermal (an
hence flowline temperature) gradient is seen with the marked change 
porosity in a subcompacted zone, there is little noticeable change with
gradual (comparatively) 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 conte
expressed as a percentage of total bulk volume
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Thermal conductivities in Quatrzose rocks are substantially higher and

Anomalies in the table result from the slight, but significant differences
between the thermal conductivities of the differing reservoir fluids and the
clay. Furthermore, the distribution of clay (i.e. laminar, structural, 
dispersed) will affect thermal conductivity. This is because the clay will 
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 t
allows the flowline temperature technique to be used an indicator of bo
porosity and permeability when potential reservoirs are encountered. I
also responsible foe the importance of assuring that lithological evaluation 
plays a critical role when interpreting temperature data.

In carbonates, it has been found that the thermal conductivity of the m
material is so far in excess of that of pore-fill material that porosity is o

Table 1: Thermal Conductivities of Quartzose Rocks

Quartz
(Matrix %)

Clay
(Vc %)

Fluid
(φ %)

Thermal Conductivities
(cal/cm. sec. oC)

80 - 85 0 15 - 20 6.50

81 4 15 4.05

75 10 15 5.20

74.5 8 17.5 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 17.5 4.35

56.5 25 18.5 4.85

56 26.5 17.5 4.15

40 45 15 2.55

40 40 20 2.50

25 56.5 18.5 2.50
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a factor inasmuch as it affects grain-to-grain contact. The material 
contained in the pore space, be it fluid or clay, is irrelevant. thermal 
conductivity of carbonate rocks varies with porosity and is an empirical 
factor analogous to the “cementation factor” used in log analysis. In eff
this is he degree of cementation (of a particular sediment) or crystallin
(in a crystalline rock). In mixed carbonates and evaporites, thermal 
conductivity increases linearly with bulk density. Thus thermal 
conductivity increases as porosity falls or as matrix density increases (f
calcite to dolomite). it will be a maximum where anhydrite is also prese
in significant amounts.

This responsiveness to porosity, magnified by the extreme difference i
thermal conductivity between matrix and pore-fill material, results in the 
flowline temperature producing far greater changes in response to pressu
(an hence porosity) anomalies than those seen in clay rocks. Furtherm
formation temperature being pervasive will be little (if at all) affected by 
porosity distribution. Flowline temperature will therefore not suffer (as do 
other techniques) as a result of variation in porosity size and distributio
within a carbonate. it will respond only to quantitative porosity and 
lithological character. The latter factor can be estimated visually. Howe
a far more successful method is autocalcimetry. With the aid of calcimer
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
overpressured. It also gives rise to he possibility that, given further stu
the method may have quantitative value in the determination of format
porosities and pressures in carbonates.

Rate of Penetration

There is no theoretical reason why those methods that normalize drill r
would fail to work in carbonate sections, as long as a normally pressur
carbonate trend is sufficiently established. Any practical limitations to its 
use are the results of changes in “drillability”, which may be described
matrix strength, porosity and tooth efficiency

Matrix Strength

This factor is of course related to the empirical “cementation/crystallini
factor discussed above (see Flowline Temperature). Because of this, it is 
important to remember that differing carbonates will produce character
drilling rates showing as much difference as those between a sandstone and
a shale. It is important therefore in establishing trend lines such that 
different carbonates be considered as different lithologies, with differen
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, 
qualitative determination of formation pressure gradient may prove 
difficult or even impossible. In such a situation it will be necessary to 
derive empirical lithology factors in order to compensate for matrix 
strength variations

Porosity

Porosity will of course affect drill rates, and so long as it is matrix-defin
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) a
not so much depth-controlled as they are age-controlled. Because of these 
factors, it is common to encounter in carbonate successions sudden 
changes in porosity type, size and distribution, leading to equally sudd
changes in the rate of penetration. This of course, requires 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 m
homogeneous lithologies.

Tooth Efficiency

When drilled with milled tooth bits, carbonates can cause serious loss 
tooth efficiency. This may be due to a sudden early loss due to tooth 
breakage in hard crystalline carbonates. More importantly may be the 
continuous, almost linear, efficiency loss due to abrasion from the cutt
and formation. This leads to a greater-than-expected 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
previous bit run, and this will decline as did that of the previous bit. Th
Dxc will develop a “saw-tooth” character, the initial and (if bits are run 
consistently) final values for each run, defining two parallel normal tren
lines. With the aid of this and the pattern of previous drilling, it should b
possible to estimate bit efficiency (and expected Dxc) at any point and
judge whether an expected pattern is being followed or if an abnormali
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 dull bits are 
generally unresponsive, thus adding to the difficulties in this type of 
situation. When such abrasive or hard conditions are expected, it is now 
common practice to run insert or diamond bits, sometimes with downh
motors. With these bits, tooth wear, other than by loss or breakage, wi
6-38 Baker Hughes INTEQ
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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 off
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,
not faster than the equivalent milled-tooth bit.

• Dxc’s for insert and fixed-cutter bits should be corrected by 
subtracting 1-inch from the bit diameter: WRONG. This is an exercise 
that has been disproved, which results in the calculation of a number
which is not a Dxc. It may or may not have worked in the past, bu
will definitely not work for modern insert and fixed cutter bits. Any 
correction which may be necessary is achieved by simply shifting
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 calcimetr
will work well in carbonates. In fact, the normally good condition of 
carbonate cuttings will result in more consistent data with less second
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 occu
(i.e. faults, unconformities, etc.).

Borehole and Cuttings Condition

All of the factors resulting from an underbalanced condition apply equally 
to carbonates, with the following modifications:

• If a carbonate has permeability, it will of course kick. If it does not 
have permeability, it may cave. However, the greater matrix stren
of the carbonate may decrease the degree of caving, and hard 
crystalline carbonates may not cave at all, even though they are 
substantially underbalanced.

• A kick may be more difficult to anticipate in a carbonate since a 
change in effective porosity (and hence permeability) may occur 
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80824 Rev B /January 1996 Confidential



Pressure Related Problems  Formation Pressure Evaluation

nge 

alogy 
ssure 
us 

s 

 in 
r 

and 
without a change in absolute porosity, and perhaps little or no cha
in the rate of penetration.

Geochemical Methods

Geochemical phenomena which occur as a consequence of the miner
of clays cannot be expected to occur in carbonates. However, any pre
seal can be expected to prevent migration of ions as well as fluids. Th
two methods which are worthy of further study are Flowline Conductivity 
and Bicarbonate Ion Concentration.

Conclusion

In a study of pressures in carbonates, it is inevitable that more question
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
carbonates as in clays/shales. Flowline Temperature may work bette
in carbonates.

• Confidence levels would be set considerable lower in both qualitative 
and quantitative work.

• The key to a good pressure evaluation in carbonates is complete 
rigorous lithological classification using visual techniques and 
calcimetry.

• All data-gathering systems, regardless of their present usefulness, 
should be applied in order to supply information for further study.
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Glossary of Terms
Abnormal Pore Pressure: Pressure contained within a pore system tha

in excess of the normal hydrostatic pore pressure. General usage i
limited to description of excess pressure (see Subnormal pore 
pressure).

Allochthon:  A mass of rocks that has been moved from its site of origin
tectonic forces, as in a thrust sheet or nappe; i.e., of foreign origin,
introduced.

Annular Pressure Loss: That pressure which is necessary to overcome the 
frictional forces between the annulus, drilling assembly and drilling
fluid.

Aquathermal Pressure: A term proposed by Barker (1972), describing a 
hypothetical geopressure mechanism. If pore volume remains cons
with burial and temperature increase, the thermal expansion of wa
(being approximately 300 times that of typical sedimentary minerals) 
can cause extremely rapid pore pressure increase. Water density, 
definition, must remain constant.

Aquifer: A body of rock that contains sufficient saturated permeable 
material to conduct groundwater and to yield significant quantities of 
groundwater to wells and springs.

Blowout: Loss of control of a well due to an uncontrolled kick.

Bulk Density: The weight of an object (i.e. drill cuttings) divided by its 
volume, including the volume of its pore spaces. The general units of 
measurement is g/cc. This can be determined at the wellsite using 
mud cup. Similar information can be obtained from MWD or wirelin
density logs.

Cap Rock: Originally defined to describe that rock overlying the top of 
salt body, composed of anhydrite and gypsum, with minor calcite and 
sulfur, resulting from accumulation of the less soluble minerals of th
salt body during leaching of its top. The term was used in pressure 
evaluation to provide an explanation for entrapment of pore waters 
during burial, providing a seal, thus allowing pore pressure to incre
It has been found that cap rocks are the exception rather than the r
examination of the principles involved will show that, for a cap rock
form, a geopressure must have existed previously and undergone 
leakage in order to precipitate minerals above the anomaly.
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Casing Seat: The setting depth for a string of casing. It is determined us
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 
minerals, particularly the smectite group. Actual cation exchange 
capacity varies with particle size and with the nature of the cation. 

Compaction Disequilibrium:  Synonymous with subcompaction is a 
process by which the delicate balance between rate of sedimentati
burial, porosity reductions and expulsion of pore fluids become ups
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 Illite: Illite 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 densit
differences.

Differential Pressure: At any point in the wellbore, whether the mud is 
circulating or static, it is the difference between the pore pressure a
the pressure exerted by the mud column. Overbalance occurs whe
mud pressure is greater than the pore pressure, and underbalance 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 bit is used for a particular 
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 second circulation fills 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 exponents take 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 fractio
forces caused by mud moving up the annulus: the annular pressure
Converting the sum of the pressures to a gradient gives the total 
effective mud density (EMD) at TD.

Effective Overburden Pressure (σ1’):  The difference between the total 
overburden pressure and the pore pressure at any particular point in the 
formation is the effective overburden pressure. It is a stress that ac
A-2 Baker Hughes INTEQ
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vertically downwards. It is this stress that is largely responsible for 
compaction. Effective overburden pressure is also referred to as m
stress, rock-grain stress, and rock-skeleton stress.

Effective Permeability: The observed permeability of a porous medium 
one fluid phase which is under conditions of physical interaction (i.e
friction, surface tension) with another fluid phase present in the same 
pore system.

Effective Stress (σ’): Any principle stress, tensional or compressive, 
minus the pore pressure.

Elastic: Describe the ability of a material to return to its original shape a
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 pressure, when converted to a gradient 
referenced to the flowline, describes the equivalent mud density th
would produce that particular pressure at that particular depth.

Failure Envelope: An envelope of a series of Mohr circles, the locus of
points whose coordinates on a differential stress/shear plot represe
the stresses causing failure. Failure envelope is synonymous with M
envelope and rupture envelope.

Finite Strain: The total amount of strain (deformation) recorded by a 
particular structure, irrespective of episodic deformational events.

Formation Balance Gradient (FBG): The formation pore pressure 
gradient at a particular point referenced to the flowline. Because of the 
air gap and water depth, the FBG offshore is always less than the a
pore pressure gradient, becoming asymptotic at depth.

Formation-Volume Factor: The volume of a liquid at reservoir 
conditions divided by the volume at surface conditions.

Fracture Pressure: Is the pressure in the borehole at which whole mud
injected into the formation due to the initiation and extension of natural 
and pressure-induced fractures.

Gas Hydrate: Solid inclusion compounds in which the gas molecules a
contained within a crystalline (ice like) framework of water molecule
The most common gas hydrate is methane.
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Geopressure: A term introduced by Stuart, describing any porous 
formation in which the pore pressure is in excess of the normal 
hydrostatic pressure (see Abnormal Pore Pressure).

Geothermal Gradient: The rate of increase of temperature within the 
Earth with depth. The gradient will differ from place to place based 
upon the heat flow within the region and the thermal conductivities 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 with permeability coefficient.

Hydrostatic Pressure: The pressure exerted by the water (fluid) at any 
given point in a body of water (fluid) at rest. The hydrostatic pressu
of groundwater is generally due to the density of the water and the 
vertical height of the water column.

Illite:  A general name for a group of three-layer, mica-like clay minera
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
Illite contains less potassium and more water than true micas.

Interval Transit Time ( ∆t):The reciprocal of sonic compressional wave
velocity over a fixed distance, measured in micro-seconds per foot.

Ionic Filtration:  A process of concentrating ions on one side of a 
semipermeable membrane as fluid passes through the membrane.
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 which are 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 dens
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 
which the flow direction at every point remains unchanged with tim

Leak-Off T est: A pressure test made at the casing seat to determine th
“actual” fracture pressure of the formation. The well is shut-in and 
small amounts of drilling fluid is pumped into the borehole resulting
a pressure increase. The pressure which causes crack propagation
converted into an EQMW.
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Matrix Stress: Synonymous with effective overburden stress or pressu

Measurement-While-Drill ing (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 cha
in the tetrahedral and octahedral positions balanced by cations sub
to exchange, and by swelling or wetting due to the adsorption of 
considerable interlayer water. Montmorillonites are 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 monomolecular hydrogen-bonded water from 
montmorillonite interlayer sites to the pores, resulting in a net 
expansion of the water as it undergoes the phase change. Experimental 
evidence has shown that structured water has slightly higher densi
than normal water so that, upon desorption, the released water exp
- resulting in pressure increase in the closed pore system.

Mylonitization:  Deformation of a rock by extreme micro-brecciation 
without chemical reconstitution of the granulated minerals. 
Characteristic appearance is flinty, banded or streaked, and may 
contain undestroyed augen of the parent rock in a granulated matr

Normal Fault: A fault in which the hanging wall appears to have move
downward relative to the footwall. These are usually tensional fault
with angles between 45 and 90 degrees.

Normal Formation Balance Gradient (N.FBG): The normal pore 
pressure gradient referenced to the flowline.

Osmosis:The spontaneous movement of water through a semipermeab
membrane which separates two solutions of different concentration
until the concentration of each solution becomes equal.

Overburden Pressure (S): The total vertical stress exerted by the weigh
of the overlying rocks and their contained fluids.

Permeability:  A measure of the relative ease of fluid flow under unequ
pressure; normal unit of measurement is the millidarcy (md).

Piezometric (Potentiometric) Surface: An imaginary surface 
representing the static head of groundwater and defined by the lev
which water will rise in a well. The water table is a particular 
potentiometric surface.
Reference Guide A-5
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Pingo: An overpressure condition which forms in permafrost areas. It 
occurs when unfrozen ground (taliks) are surrounded by frozen grou
When the talik begins to freeze, the pressure will cause the expand
water to uplift a permafrost bridge.

Poisson’s Ratio (µ or υ): The ratio of the lateral unit strain to the 
longitudinal strain in a body that has been stressed longitudinally 
within its elastic limit.

Pore Pressure: The pressure within a formation caused by the fluids 
within the pore spaces.

Porosity (φ): The percentage of bulk volume of a rock that is occupied 
interstices, whether isolated or connected.

Pressure Potential: In an aquifer, the rate of change of pressure head per 
unit of distance of flow at a given point and in a given direction. 
Synonymous with hydraulic gradient, hydraulic potential.

Pressure Readers: Clear plastic overlays used to determine pressure 
trends. They use a pressure parameter (Dxc, conductivity, 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 p
change allows the resultant glass to be intrusive.

Reverse Fault: A fault in which the hanging wall appears to have move
upwards relative to the footwall. These are usually compressional fa
with angles generally greater than 45 degrees.

Semipermeable Membrane: A membrane that is partially but not freely 
or wholly permeable to particular solutions.

Shale Density: A measurement of clay or shale to assess its density wi
depth. It is based on the principle that the density of shale in an un
compacted zone will increase less rapidly than in a “normally 
pressured” environment.

Shale Factor: A measurement of the cation-exchange-capacity (CEC) 
shale cuttings. It is based on the principle of decreasing smectite-ty
clays with depth.

Smectite: A clay group containing the minerals montmorillonite, 
beidellite, nontronite, saponite, hectorite and sauconite. All are 
swelling clay minerals.

Subcompaction: See compaction disequilibrium.
A-6 Baker Hughes INTEQ
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Subnormal Pore Pressure: That pressure contained within a pore syste
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 45o or less over much of its extent, on
which the hanging wall appears to have moved upward relative to t
footwall. Horizontal compression rather than vertical displacement 
its characteristic feature.

Transition Zone: The interval over which the normal pressure gradient
increases from hydrostatic to “abnormal” pressure. It is generally the 
result of the abnormal pressure “leaking” into less pressured 
formations.

Undercompacted: Compaction of sedimentary rock less than that norm
for the existing overburden pressure. Synonymous with 
underconsolidation. Refer to compaction disequilibrium.

Weight: The force produced by the action of gravity on a mass.
Reference Guide A-7
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Appendix
 B
Formulae

Related Pressure Equations

Formation Volume Factor 

Darcy’s Law for Permeability (Darcy) 

Interval Transit Time ( µsec/ft) 

Annular Pressure Loss (psi) 

Velocity (ft/min) 

Temperature Gradient ( oC/100 ft) 

Mud Resistivity (ohm-meters) 

Sonic Log Porosity (fractional) 

Density Log Porosity (fractional) 

B 1 dVwp–( ) 1 dVwt+( )×=

K
q µ L××
A ∆P×( )

---------------------- 
 =

∆t
10

6

V
--------=

PLA
L Y× P

A ID OD–( )×
------------------------------------ PV L V××

B ID OD–( )2×
---------------------------------------+=

V
24.51 Q×
ID

2
OD

2
–( )

-------------------------------=

G 100
TF2 TF1–

D2 D1–
----------------------- 

 =

R
1000

C
------------=

φ
∆tlog ∆tma–

∆tf ∆tma–
--------------------------------=

φ
ρma ρlog–

ρma ρf–
---------------------------=
B-1
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General Pressure Equations

Hydrostatic Pressure (psi) 

Hydrostatic Pressure (kPa) 

Bottomhole Circulating Pressure (psi) 

Equivalent Circulating Density (lb/gal) 

Differential Pressure (psi) 

Overburden

Log Derived Bulk Density (g/cc) 

Bulk Density from Sonic Log (g/cc)

Bulk Density from Cuttings (g/cc) 

Overburden Pressure (psi) 

Overburden Gradient (psi/ft) 

Effective Overburden (psi) 

P 0.0519 MW TVD××=

P 0.0098 MW TVD××=

BHCP ECD 0.0519 TVD××=

ECD MW
PLA∑

0.0519 TVD×
----------------------------------+=

∆P MW TVD 0.0519××( ) FBG TVD 0.0519××( )–=

ρb φρf 1 φ–( )ρma+=

ρb 2.75 2.11
∆tlog 47–

∆tlog 200+
----------------------------- 

 –=

ρb
8.34

16.68 W2–
---------------------------=

S 0.433 ρbavg× Dint×=

OBG
0.433 ρbavg× Dint×( )∑

Dint∑
-------------------------------------------------------------=

σ'1 S P–=
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Formation Pressure Evaluation Formulae
Pore Pressure

Corected Drilling Exponent 

Dxc (metric) 

Pore Pressure (lb/gal) 

Equivalent Depth Method 

Fracture Pressure

Hubbert & Willis (psi/ft) 

Matthews & Kelly (psi) 

Eaton (psi/ft) 

Daines (psi) 

Dxc

R
60N
---------- 

 log

12W

10
6
B

------------ 
 log

------------------------- N
··
FBG

ECD
----------------×=

Dxc

R
18.29N
----------------- 

 log

W
14.88B
----------------- 

 log

------------------------------- NFBG
ECD

----------------×=

Po Pn

Dxcn

Dxco
------------×=

Po OBGa Da×( ) Dn OBGn NFBG–( )–=

PF
S P–

3
------------ 

  P+=

PF Ki σ×( ) P+=

PF S P–( )
µ

1 µ–
------------ 

  P+=

PF σt S P–( )
µ

1 µ–
------------ 

  P+ +=
Reference Guide B-3
80824 Rev B /January 1996 Confidential
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Kick Tolerance

Maximum Shut-In Casing Pressure (psi)

Kick Tolerance (lb/gal) 

Minimum Kick Tolerance (lb/gal)

Well Control

Formation Pressure (psi) 

Kill Mud Density (lb/gal) 

Initial Circulating Pressure (psi) 

Final Circulating Pressure (psi) 

Length of Kick Around Collars (ft) 

Length of Kick Around Collars and Pipe (ft)

SICPmax FGmin MW–( ) 0.0519 Df××=

Ktol

Df

Db
------ 

  FGmin MW–( ) MW+=

Kmin

Df

Db
------ 

  FGmin MW–( )
Lk

Db
------ 

  MW Wk–( )–
 
 
 

MW+=

Fp SIDP MW 0.0519 TVD××( )+=

KMW
SIDP SF+

0.0519 TVD×
---------------------------------- MW+=

ICP SPL SIDP+=

FCP SPL
KMW

MW
-----------×=

LK

VolK

ID
2

OD
2

–( ) 0.000971×
------------------------------------------------------------=

LK CL

VolK AnnVolC–

ID
2

OD
2

–( ) 0.000971×
------------------------------------------------------------

 
 
 

+=
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Formation Pressure Evaluation Formulae
Density of Influx (lb/gal) 

Gas Bubble Migration Rate (psi/hr) 

Barite Required (sk/100 bbls mud) 

Eaton’s Method of Pore Pressure Evaluation

Normal Trend Values

Sonic Travel Time 

Resistivity 

Conductivity 

Dxc 

Determination of Isodensity Lines

Sonic Travel Time 

Resistivity 

Conductivity 

DK MW
SICP SIDP–
LK 0.0519×

--------------------------------- 
 –=

GR
∆P

0.0519 MW×
---------------------------------=

Ba 1490
KMW MW–

35.8 KMW–
---------------------------- 

 ×=

∆tn ∆to
S Po–

S Pn–
--------------- 

 
0.333

=

Rn Ro

S Po–

S Pn–
--------------- 

 
0.833–

=

Cn Co

S Po–

S Pn–
--------------- 

 
0.833

=

Dxcn Dxco

S Po–

S Pn–
--------------- 

 
0.833–

=

∆to ∆tn

S Po–

S Pn–
---------------

 
 
  0.333–

=

Ro Rn

S Po–

S Pn–
--------------- 

 
0.833

=

Co Cn

S Po–

S Pn–
--------------- 

 
0.833–

=
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Formulae  Formation Pressure Evaluation
Dxc 

Pore Pressure Calculation

Sonic Travel Time 

Resistivity 

Conductivity 

Dxc 

Dxco Dxcn

S Po–

S Pn–
--------------- 

 
0.833

=

Po S S Pn–( )
∆tn
∆to
-------- 

 
3.0

–=

Po S S Pn–( )
Ro

Rn
------ 

 
1.2

–=

Po S S Pn–( )
Cn

Co
------ 

 
1.2

–=

Po S S Pn–( )
Dxco

Dxcn
------------ 

 
1.2

–=
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Rw Determination Using The SP
One relatively easy and accurate method for determining Rw is from th
use of the Spontaneous Potential (SP). When values are taken from the SP 
curve across various water-bearing permeable zones, it is possible to d
the density of the pore waters by using simple formulas and conversio
charts.

Since many of the pressure evaluation methods require the use of a 
“normal” trend, determining the value of that normal trend should be th
first exercise in pressure 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 necessary in order to 
select shale formations from the permeable sands. During 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
starting point for determining the SP value in the sand zones. The SP value 
is read from the shale baseline, 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 base
to the SP curve (to maximum constant deflection). The log header will
provide the amount, in millivolts, that each division represents (the sca
will generally be 20 mV, with negative values going from right to left).

Make sure that SP values are read from water-wet zones only. Using t
resistivity curves in Track 2 will help. Sand zones with very low 
ressitivities (high conductivities) will generally be water-wet.

If the SP curve comes to a point (as opposed to having a blocky 
appearance), it will have to be corrected for bed thickness. 

Bed boundaries from the SP are taken from points of maximum inflect
on the top and bottom of the bed. If the bed is less than 30 feet thick o
the SP curve is pointed, it will require correction.
C-1



Rw Determination Using The SP  Formation Pressure Evaluation

d 

 

ill 
tal 

arts 

ally 
 
n 

art or 
For correction, you will need the Ri/Rm ratio. The Ri value to taken from 
the shallow reading resistivity device (short normal, SFL, LL8, etc.) an
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 w
need the surface temperature (Ts), bottom hole temperature (BHT), to
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 ch
or using the standard linear regression equation:

y = mx + b

where:  y = formation temperature

m = slope (geothermal gradient)

x = depth

b = constant (surface temperature)

The geothermal gradient is first determined by rearranging the formula to 
solve for m:

m = (BHT - Ts) / TD

The gradient (oF/ft) is then used in the formula to determine formation 
temperature:

y = (oF/ft x TD) + Ts

Correct Rmf and Rm to Format ion Temperature

Since the first few inches of formation adjacent to the borehole will usu
be flushed with drilling fluid filtrate, its resistivity (Rmf) must be corrected
to formation temperature. The drilling fluid’s resistivity (Rm) at formatio
temperature must also be determined, in case the SP value must be 
corrected. The Rm and Rmf values, at surface temperature, are obtained 
from the log header.

These values can be corrected using a logging company correction ch
by using the Arps formula. An example can be seen on chart C-3.
C-2 Baker Hughes INTEQ
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Rw Equivalent

Once all known fluid-related resistivities have been corrected to forma
temperature and the SP value is determined, the Rw equivalent, or Rw
determined. It involves using the SP value at formation temperature to
obtain the Rmf/Rweq ratio. This is done using logging company charts
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 ch
An example being chart C-4.

The Rw value is converted to NaCl ppm equivalents using another logg
company chart very similar to C-3.

Fluid Density

The parts-per-million (ppm) NaCl equivalent is converted into a fluid 
density (lb/gal) and pressure gradient (psi/ft) using Figure 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 (norma
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 water resistivity data

• Calculated from water zone test data

• Conversion from water analysis

The charts and nomograms in Figures C-1,C-2,C-3, C-4, and C-5 are 
reproduced with permission from Schlumberger “Log interpretation 
Charts”, copyright 1979, Schlumberger Limited.
Reference Guide C-3
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Figure C-1: SP Correction Charts (for representative cases)
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Figure C-2: SP Correction Chart (empir ical)
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Figure C-3: Resistivity nomograph for NaCl solutions
C-6 Baker Hughes INTEQ
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Figure C-4: Rw ver sus Rweq at formation temperature
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Figure C-5: Rweq determination from the SP (clean formations)
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MWD & Eaton’s Method

Several of the more accepted methods of pore pressure evaluation are those
developed by Dr. Ben Eaton. Using several readily available paramete
Eaton’s methods incorporate easy to use formulas, and have been sho
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 service
Using MWD resistivity, pore pressure can be determined as soon as th
information can be pulsed to the surface. 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 pap

• 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 determ
before any pressure calculations can begin. The bulk density data use
constructing the overburden pressure curve can be obtained from:

• Regional Tables

• Drill Cuttings

• 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 b
calculated from:

S = 0.433 x ρb x Depth Interval

Regional Overburden Tables

It is often the case that quantitative overburden values are hampered by the
lack of current or offset well data. As a temporary aid to assist in such 
D-1
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situations, regional overburden tables are generally available that have 
been constructed for various areas, and can be used as a starting poin
well data is available.

Several such curves can be found in GeoPress.

Even though these regional tables will yield good approximations, 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
be made in the data to include the effects of water depth, water density
the rigs air gap.

Drill Cuttings

Bulk density from drill cuttings can be determined using several techniques 
(these are detailed in Chapter 3). Regardless of the method, it must be
stressed that whenever drill cuttings are used, there must be consisten
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 r
directly from the log and used in overburden calculations. Though som
caution is advised (i.e. washouts, mixed lithologies, etc.), density log dat
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 func
of the formations’s density.

Based on laboratory tests, the following formula has been derived and
yield values sufficient to use in overburden calculations: 

ρb 2.75 2.11
∆tlog ∆tma–

∆tlog ∆tf+
-------------------------------- 

 ×–=
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In normal practice the matrix (∆tma) is considered to be shale/clay, havin
a travel time of 47µsec/ft, and the fluid (∆tf) is considered to be 200µsec/ft.

One valuable aspect of sonic log data is the fact that it is usually availa
throughout the entire well.

Shale Resistivity Values

Selection of data points from the resistivity curve requires great scrutin
Several factors that can mask resistivity values are:

• Temperature: since this will increase with depth, the resistivit
will decrease for a water of a given salinity as depth increase

• Hydrocarbons: the presence of hydrocarbons in a formation w
dramatically increase its resistivity

• Lithology: minor inclusions of sand or silt in a shale will cause
its resistivity to change

• Undercompaction: in shallow formations, the resistivity is likely 
to be low

• 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 val
several precautions are necessary:

• Use MWD or wireline TVD logs only.

• When selecting resistivity values in shales, impermeable “goo
shales can be identified by examining the GR or SP curve.

• To help identify shales, draw a “shale baseline” for the GR or 
curve.

• Once a shale has been identified, record the amplified resisti
of that shale. Make sure the shale is at least 12 feet thick. Sin
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
16-inch SN tool (RGD), the amplified resistivity curve is used. If the val
is being taken from a deeper reading device (DPR, Dual Induction), the 
deeper reading, Amplified Ratio (AR) or Deep Induction (ILD) curve 
should be used.
Reference Guide D-3
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In addition to having the shales be at least 12 feet 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 o
the Gamma Ray’s shale baseline, when comparing the resistivity curv
the shale baseline, the points selected from the resistivity curve should not 
deviate more than 10 units from the shale baseline.

Formations that deviate to the right of the shale baseline may be cap r
The resistivity points from these intervals should be included in the 
resistivity plot.

Plotting Resistivity Data

Resistivity values are plotted versus TVD 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 cycl
semi-log paper the scale will usually begin at 0.1 ohm-meter, 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 (i.e. gas, cuttings bulk density, etc.

• casing points and hole size

• known pressure data (i.e. kicks, leak-off tests, DST/RFT)

• geological factors that may affect the pore pressure (i.e. faults)

Isodensity lines, using the normal trend line, can be drawn on the plot 
assist in pressure evaluation. Equations for the construction of isodens
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 
water-wet formations. Though this will generally be the density of 
seawater (offshore) and fresh water (onshore), it is not always the case
normal gradient is generally determined from the Rw, either using regio
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 nor
resistivity (Rn) at a depth where the pore pressure is known (i.e. from Rw, 
D-4 Baker Hughes INTEQ
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kicks, formation tests). Calculating the normal value is done by rearrang
Eaton’s equation to solve for Rn: 

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 a
available, the Y-intercept can be determined by calculating Rn at two 
points and drawing a straight line between them. If only one point is 
available, the trend line cannot be correctly positioned, until more data
exits to confirm the slope. However, one value of Rn based on a know
pressure will help establish its position.

More often than not, the normal trend line will have to be adjusted or r
positioned during the course of the well. This is generally 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 pres
point can be used to back out the Rn value, and with this value, the no
trend line can be reestablished. The most acceptable ways the normal
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 th
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 unrealistic pressure values in the upper hole section, i
may be necessary to create another normal trend line. This ac
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, verif
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 norm
trend. If offset well data is plotted, the slope should closely approximat
the well in question. The position may have to be adjusted left or right 
(depending on mud type and resistivity device used). 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 b
useful.

Rn Ro
S Po–
S Pn–
---------------- 

 ×
0.833–

=
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Pore Pressure Calculations

If the normal trendline has been established correctly, any deviations f
the trend should be monitored closely. Movement to the left (decreasin
resistivity) generally means increasing pore pressure. Movement to th
right may indicate changes in the geologic environment or geologic 
structure, or both.

Eaton’s method, using resistivity values from MWD tools is an accurat
and reliable method to determine pore pressure. Once an overburden 
has been generated and a normal trend line established, pore pressur
calculated using: 

Once the pore pressure is calculated, it must be reviewed to ensure tha
correct. This generally means getting confirmation from other sources 
gas content in the mud, unstable borehole conditions, large cavings, e

When satisfied that the value calculated is acceptable, the company-m
should be notified at once.

Po S S Pn–( )
Ro
Rn
------- 
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Regional Plot Examples

Figure E-1: GeoPress Evaluation Display — Screen shot from DrillByte
E-1
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Figure E-2: GeoPress Pore Pressure Analysis — Screen shot from DrillByte
E-2 Baker Hughes INTEQ
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Figure E-3: Kill Monitor Display — Screen shot from DrillByte
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Figure E-4: Kick Analysis Display — Screen shot from Drill Byte
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Figure E-5: Hydraulics Analysis Display — Screen shot from DrillByte
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Figure E-6: Hydraulics Worksheet - Screen shot from DrillByte
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