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Copyright 2003 AADE Technical Conference This paper was prepared
for presentation at the AADE 2003 National Technology Conference
Practical Solutions for Drilling Challenges, held at the Radisson
Astrodome Houston, Texas, April 1 - 3, 2003 in Houston, Texas. This
conference was hosted by the Houston Chapter of the American
Association of Drilling Engineers. The information presented in
this paper does not reflect any position, claim or endorsement made
or implied by the American Association of Drilling Engineers, their
officers or members. Questions concerning the content of this paper
should be directed to the individuals listed as author/s of this
work.

Abstract Fracture gradient (FG), or minimum in-situ stress, is a
critical parameter that plays a large part in well design. Minimum
in-situ stress is a naturally occurring characteristic of a
formation, independent of wellbore fluids and other near-wellbore
conditions. It defines the safe pressure level below which a
fracture stays closed and lost circulation should not occur.
Wellbore pressure containment (WPC) is the maximum allowable
wellbore pressure without mud loss to the formation. In many
instances, WPC defines the mud weight windows upper limit. Wellbore
pressure containment can be affected by many factors. By
identifying and manipulating these factors, one can improve WPC.
Field and laboratory data1-8 indicate that wellbore pressure
containment can be much higher than the minimum principal in-situ
stress. In this paper, the difference between FG and WPC is
analyzed and illustrated using literature and field data. Solutions
for improving WPC are presented. The potential for cost savings
from improved wellbore pressure containment is also demonstrated.
Introduction In a conventional drilling process, wellbore pressure
has to remain above a certain level to exclude formation fluids
from the wellbore and/or prevent collapse of the borehole and below
another level to prevent lost circulation. This pressure range is
called the mud weight window. How a well can be designed and
drilled depends on the size of this window. In the well design
phase, a wide mud weight window can simplify the well trajectory,
casing program, and other items in the well plan. With a wider
window, total depth (TD) can be reached with fewer casing strings.
Thus, a well can be spudded and the upper hole sections drilled
with smaller bits while still providing the required production
pipe diameter. In addition, cuttings volumes and disposal costs can
be substantially reduced. Mud density, volume, and

other properties can be adjusted to help reduce fluid costs and
to help optimize drilling performance. Cement volume can also be
reduced, and placement quality can be improved from better mud
removal efficiency with optimized pump rates. The well can be
drilled and casing installed and cemented more quickly. Even the
required rig size may be reduced. Drilling a well with a wide mud
weight window can substantially improve the capability to control
the well and can result in improved borehole stability, drilling
hydraulics, and borehole quality. These improvements can greatly
increase ROP (rate of penetration) while reducing drilling
incidents and subsequent trouble time. A wide mud weight window can
prevent lost circulation, formation breakouts, and fluid influx. A
wide window is also favorable to well control operations and to
avoid having to set casing prematurely. Natural pressure limits,
such as fracture gradient and formation pressure, have been used as
the upper and lower bounds of the mud weight window. In some
environments, such as in highly geo-pressured formations (as
encountered in geologically young offshore basins) or in depleted
formations with reduced in-situ stresses straddled by formations
still at virgin reservoir pressures, the allowable mud weight
window may be very narrow, or in severe casesnonexistent. A narrow
mud weight window may require additional operations, for example,
reducing penetration rates or setting of intermediate casing
strings or drilling liners, which can greatly increase the total
cost of the well. Consequently, if the mud weight window for a well
can be widened, cost savings can prove enormous. Technologies9-11
exist to isolate pore pressure and consolidate the formation in the
immediate vicinity of a wellbore. These technologies can
effectively widen a mud weight window by reducing its lower bound.
Applying these techniques to trouble zones can result in forming
pressure barriers and/or consolidating
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formations. The mud weight window can also be widened by raising
its upper bound. Wellbore Pressure Wellbore pressure is needed in
drilling to balance the pore pressure and collapse pressure for the
hole. It can be affected by several factors, including the weight
of a wellbore fluid column, friction caused by wellbore fluid
circulation, the surge or swab pressure of wellbore fluids, pump
pressure, etc. In the wellbore, pressure will vary continuously
with depth or actual position. If this pressure exceeds the
wellbore pressure containment level, a lost circulation event may
occur. Wellbore pressure should not be defined simply as the
bottomhole pressure because a trouble spot may not be at the bottom
of the hole, but rather may be somewhere uphole. At such uphole
sites, several factors control pressure. These include backpressure
applied at the surface, the density of fluids in the
drillpipe/borehole wall annulus (mud density including drill
cuttings), and the frictional pressure drop from a location of
interest back to surface (or the point where backpressure is
applied). Minimum In-Situ Stress Minimum in-situ stress is a
naturally occurring characteristic of a formation, independent of
wellbore fluids and other near-wellbore conditions. It is time-and
history-dependent and changes over the life of the reservoir
because of reservoir depletion or injection. The in-situ stresses
within a formation control the orientation, opening, and
propagation of induced and/or natural fractures. The following
conditions must be met before lost circulation through propagation
of a fracture or fault occurs:

One or more fractures must be in direct communication with the
wellbore

One or more of the fractures must be open enough to allow fluid
to enter the fracture

Fluid pressures must be sufficient to propagate one or more of
the fractures

To estimate the wellbore pressure containment capabilities for a
specific set of circumstances, three fracture-related mechanisms
are addressed: fracture creation or initiation (also referred to as
wellbore breakdown), fracture opening/closure, and fracture
propagation. Assuming that defects or small fractures are
present

in the borehole wall, these defects will only result in lost
circulation if drilling fluids propagate the fracture. For defects
or fractures to propagate, they have to open sufficiently to admit
fluid, and the fluid pressure has to be sufficient to cause them to
extend. To demonstrate this effect, consider the example of a
penny-shaped crack with the borehole at its center. Assuming that
the net crack opening pressure (difference between wellbore
pressure wbP and minimum in-situ stress min ) is constant at every
point within the penny-shaped crack of radius c, the cracks width,
w, at the wellbore is approximately12

( ) ( )min218

= wbPcEw

where, is Poissons ratio and E is the formations Youngs modulus.
For a formation having a critical stress intensity of

CK1 , the net crack opening pressure required to propagate this
fracture is

ccKP Cwb 2

1min

These equations indicate that both the wellbore pressure
required to open the crack and the fracture propagation pressure
have to be at least equal to the minimum in-situ stress. For
fracture propagation to occur, the fracture must be opened. To
continue propagating, the pressure has to be sufficient to overcome
any fluid frictional resistance to the movement of drilling fluids
down the fracture toward the tip. Thus, a lower limit for the
fracture opening and propagation pressures is the minimum in-situ
stress. Fracture Gradient Numerous theories or equations can
predict the minimum in-situ stress ( h ) and thereby estimate
fracture gradient. Many of these are variations of the
equation:

porevh P

+

=

121

1

where poreP is the pore pressure, v is the vertical stress
obtained by integrating the density log from the surface to the
depth of interest, is Poissons ratio,
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and is Biots coefficient. Other theories used to predict
fracture gradients are based on this widely accepted equation.
During drilling operations, fracture gradients can be measured
directly using leak-off tests (LOT) or extended leak-off tests
(ELOT or XLOT). In these tests, the pressure in the borehole is
gradually increased until either a predetermined maximum pressure
is reached or a fracture is initiated at the borehole wall and
propagated a certain distance out into the formation.
Theoretically, with a steady pump rate, the pressure before
fracture initiation or reopening is a linear function of time or
cumulative volume pumped. Once a fracture is initiated at the
borehole wall, the pressure curve will start to deviate from this
straight line at a decreasing rate. However, deviation from
linearity is not caused exclusively by wellbore breakdown. It can
also be caused by a localized breakdown of the mudcake. Deviation
can also occur when the wellbore pressure reaches a critical value
in which the pressure differential across the mudcake becomes large
enough to extrude fluid through the mudcake or push the mudcake
into the formations porosity. Finally, fracture initiation can
occur at wellbore pressures significantly below the minimum in-situ
stress. This is the case in wells with drilling-induced fractures
exhibiting no noticeable lost circulation problems. To date, no
standardized industry-recognized procedure for interpreting LOT
results exists. In many cases, the FG is reported as the first
deviation point confirmed by the closure stress obtained during the
pressure fall-off part of the test. FG normally is close to minimum
in-situ stress. Wellbore Pressure Containment A wellbore may
sustain a pressure higher than the minimum in-situ stress. The
maximum of this pressure for a certain wellbore can be called
wellbore pressure containment. The difference between WPC and
minimum in-situ stress is the improved WPC. It has also been
referred to as a fracture initiation threshold.13 Drilling can be
performed beyond the minimum in-situ stress, but additional risks
may be associated with the operation. When WPC and FG are close to
one another, they may be used interchangeably. Nevertheless, these
two parameters, or quantities, often differ significantly. When a
well can be drilled successfully (i.e., borehole collapse pressure
is less than minimum in-situ stress), the FG, or minimum in-situ
stress, defines the safe, lower bound for WPC. A reported exception
occurs when the near-wellbore region is sufficiently

cooled to lower the fracture-initiation pressure below the
minimum in-situ stress in the uncooled region. Often, the actual
WPC limit may be significantly higher than the minimum in-situ
stress. The limit is governed not only by the FG, but also by such
diverse factors as the following:

The complete in-situ stress tensor in the formation

Borehole orientation relative to the principal in-situ stress
direction

Borehole geometry

Wellbore fluid properties

The presence, geometry, and size (height and length) of natural
or induced fractures

Formation mechanical properties

Its upper limit is governed by the greater of the
fracture-initiation or fracture-propagation pressures. By
identifying and manipulating the limiting factors, one can improve
wellbore pressure containment. Field and laboratory data1-8
indicate that wellbore pressure containment can be much higher than
its lower limit, the minimum in-situ stress. DEA-13 experiments6
established a tip-screenout theory to explain wellbore pressure
containment. Subsequent field-test results7 support this theory.
The tip-screenout effect may raise the fracture-propagation
pressure significantly above the minimum in-situ stress. In the
laboratory tests, lost circulation pressures of 5001,000 psi above
the minimum in-situ stress were obtained when the rocks Youngs
modulus was relatively high. In most cases in the field tests, the
fracture-propagation pressure was increased by 3.0 to 6.0 lb/gal.
In these experiments, LCMs (lost circulation materials) were used
with the drilling fluid to help prevent lost circulation. In recent
years, a new technology1-5,8 called Wellbore Pressure Containment
Improvement (WPCI) has been developed to help stop lost circulation
and improve WPC. In one underground blowout case, WPCI successfully
cured crossflow between underground formations at a rate believed
to be approximately 1,200 bph. This new technology can provide an
effective means to widen the mud weight window by improving WPC. A
brief description of the system is provided in Appendices A and
B.
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How Much Can WPC Be Improved? Documented field results for WPCI
indicate that in 23 wells the desired WPC improvement was attained.
Some of the treatment results are summarized in Table 1. By
comparing pressure-test results before and after a treatment, the
improved WPC can be observed. Treatment results show WPC
improvements from 0.3 to more than 5.2 lb/gal, or from 175 psi to
more than 3,647 psi at a variety of depths. Many of these
improvements were confirmed with formation integrity tests (FIT)
conducted after the WPCI treatment. Similar repeatable results have
been seen when curing underground blowouts, improving WPC in
depleted zones, fault zones, and high-pressure/high-temperature
(HPHT) wells. The treatment has been applied in land and offshore
wells drilled with water-based muds (WBM), synthetic-based muds
(SBM), and oil-based muds (OBM). More recently, WPCI cured an
underground blowout by improving WPC in a Mediterranean offshore
well.8 The improved WPC had lasted more than seven months in an
environment with pressures over 11,000 psi and temperatures in
excess of 300F. As a result, the well was successfully reentered
and completed. Benefits From the Improved Mud Weight Window
Drilling within the limit set by the minimum in-situ stress will be
very conservative in terms of lost circulation. In the real world,
especially in deepwater drilling when the mud weight window is
narrow, pressures needed to drill to the next favorable casing
point may be greater than the minimum in-situ stress, forcing the
driller to rely on WPC. In depleted zones, the minimum in-situ
stress and associated FG could be abnormally low. This combination
causes an extremely narrow mud weight window that can create
problems for drilling, cementing, and even for the life of the well
if the depleted zone is too close to nearby productive strata. WPCI
treatments could provide the needed mud weight window by improving
WPC to help ensure that the interval is successfully drilled
through, the casing run, and the well cemented. Furthermore, if
WPCI technology can be used preventatively, much higher WPC values
can be realized from a treatment. In this way, risks can be
minimized and benefits maximized. In a preventative mode, a
feasibility study can be performed and a contingency plan designed.
In the feasibility study, formation rock properties, stress data,
and possible well plans can be reviewed and evaluated to determine
the feasibility for achieving the

needed WPC. A contingency plan can also be implemented to
minimize risk. To demonstrate the benefits of a WPC improvement
treatment, a hypothetical example is provided. This example
illustrates one of WPCIs major benefitsreduced casing/liner
installations for drilling through depleted reservoirs. In this
hypothetical case, the original casing program is as follows:

Surface Casing Depth: 2,500 ft Casing: 9 5/8-in. 36# K-55 STC
Hole size: 14 3/4-in. Mud weight: 9.5 lb/gal Intermediate Casing
Depth: 7,700 ft Casing: 7-in. 23# N-80 LTC Hole size: 8 3/4-in. Mud
weight: 8.4 lb/gal Production Casing Depth: 13,400 ft Casing: 4
1/2-in. 11.60# P-110 LTC Hole Size: 6 1/4-in. Mud weight: 11.5
lb/gal

Pressure profiles and the original casing design without the
WPCI treatment are shown in Fig. 1. It is assumed that the 7-in.
casing string set at 7,700 ft is necessary to isolate a low-FG zone
extending from 7,200 to 7,700 ft. This zones FG of 10.6 lb/gal is
lower than the target zones pore pressure (11.0 lb/gal). This
abnormally low FG is a geo-hazard that may require an extra casing
string. Lost circulation could occur while drilling through this
section and/or while running the 7-in. casing and/or while
cementing. Using the treatment for improving WPC, this geo-hazard
condition can be removed, as illustrated in Fig. 2. When this
result is achieved, the 7-in. casing may no longer be necessary.
Moreover, if planned ahead, even more can be done to maximize the
benefit from a WPCI treatment. These benefits include a reduction
in casing size and hole size for the first 2,500 ft and perhaps
even to 7,700 ft. The savings can quickly add up to a substantial
amount.
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To be conservative, the first well in the field can be designed
to have the 7-in. intermediate casing as a contingency plan. The
interval from 2,500 to 7,700 ft can be drilled with an 8 -in. bit.
The wellbore can be pressure-tested every several hundred feet of
new openhole to ensure adequate WPC. WPCI treatments can then be
applied to those intervals that reach leak-off before adequate WPC
is obtained, especially for the zone from 7,200 to 7,700 ft where a
low FP may be anticipated. If the intermediate casing string is to
be eliminated, a WPC of 12.3 lb/gal is required to safely reach TD.
If this goal is achieved, the interval thereafter can be drilled
with a 6 -in. bit; and, upon reaching TD, the 4 -in. production
casing can be run and cemented. However, a 7-in. intermediate
casing could be run if the treatment did not provide enough WPC. In
that case, the whole drilling program could be accomplished using
the contingency plan, which is the original well design without
considering WPCI (Fig. 3). If the first test well is successful,
subsequent wells can be drilled with a smaller bit (such as 6 -in.)
after setting the surface casing. In that case, even a smaller
sized surface casing could be considered later in the development
program if there were no other constraints. Similarly, the well can
be drilled to TD with WPCI treatments. If the needed WPC cannot be
achieved, the contingency plan should be implemented by reaming the
hole from 6 - to 8 -in., from 2,500 to 7,700 ft (Fig. 4).
Ultimately, the hole size, bit size, casing size, casing number,
ROP, time, cement volume, mud volume, drill cuttings volume,
logistics, etc. could also benefit from a WPCI treatment. Due to
the enormous savings on even a single well, the costs for
developing the whole field could be reduced by a large percentage.
Conclusions Based on the results of tests conducted for this study,
the following conclusions can be made:

Fracture gradient and wellbore pressure

containment are different concepts Field data indicate that WPC
can be elevated

to a much higher value than FG, or minimum in-situ stress

Drilling may benefit enormously if WPCI treatment is
incorporated in a well plan

Risk may be minimized if a contingency plan is included in
planning and utilized if needed.
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Appendix ABrief Introduction of WPCI System The WPCI system is
formulated in two versions, OBM and WBM. The OBM version is
designed to react chemically downhole with almost all oil-,
mineral-, and synthetic-based drilling and completion fluids to
increase LOT/FIT pressures for increased WPC. It also reacts with
natural gas and CO2. The chemical formulation involves various
concentrations of several different components slurried in fresh
water and includes hydratable minerals, a form of latex
(copolymer), latex stability agents, and pH stabilizers. This
system and its placement may be substantially different than a
similar system designed to cure lost circulation.

The WBM version is designed to react chemically downhole with
almost all water-based drilling and completion fluids to increase
LOT/FIT pressures for increased WPC. It also reacts with formation
waters. The formulation includes a blend of hydratable minerals,
polymers, and catalysts slurried in any one of a variety of
hydrocarbon oils, mineral oils, or synthetic-oil-based fluids. This
system and its placement may be substantially different than a
similar system designed to cure lost circulation.

Both versions chemically react with drilling and completion
fluids. While being squeezed into the openhole section through the
drillpipe and BHA (bottom hole assembly), the treatment system
slurry

comingles with the wellbore fluids below the drill bit before
entering the leak-off flowpaths into formations. Commonly found
ions in the wellbore fluids trigger chemical reactions to rapidly
change the slurry and mud mixture from an easily pumped fluid
viscosity into string-like agglutinated masses with extremely high
viscosity. The reaction promotes fingering or channeling of the
high-viscosity fluid through the well fluids before entering the
formation. The fingers may aggregate to form larger diameter
strings of semi-solid agglutinates. The agglutinates are often
larger in size than the leak-off flowpath openings, such as
fractures, faults, and small vugs. The large agglutinates cannot
easily flow into the formation openings and must be extruded under
increased pressure to propagate a few feet while simultaneously
agglomerating into a flexible seal. Sequential sealing of openings
proceeds from the initial flowpath of least resistance by the
agglutinates self-diverting properties. Self-diversion may be
within the same fracture from wide to narrow fracture passages or
into other fractures that open in another part of the open hole
during the treatment. These self-diverting properties include high
friction pressure, near-zero fluid loss, moldable texture, and high
cohesiveness that cause the agglutinates to form-fit into openings
and to maintain a flexible seal under high-pressure differentials,
controlled swab-surge loads, and HTHP conditions. The record for
sealing durability is seven months exposed to 11,000 psi and 300F
at 14,239 ft TVD. Pay zones have been sealed during drilling
without impairment of production in cased-hole completions. This
WPCI treatment system does not penetrate the matrix permeability of
a formation, as confirmed in core flow tests and fluid loss tests.
The WPCI improvement process includes a procedure to verify whether
or not the leak-off flowpath into the formation(s) is through
primarily matrix permeability or through fractures, leaking faults,
fissures, or vugs. Appendix BExample Case: Pressure-Test Results
LOT or FIT results confirm that WPCI increases have been achieved
in field applications. First-attempt treatment successes are
normally confirmed by FIT results without any attempt to continue
the pressure buildup until leak-off. First-attempt partial success
is normally indicated by LOT results where a leak-off occurred
below the desired WPC and above the pretreatment LOT results. Figs.
57 show the case for a deep hole section across the top part of a
borehole containing gas reservoir sands. Transverse dipping faults
were indicated in the hole at this depth on seismic maps and may
have been the cause of
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initial mud losses in the first two abandoned holes across the
same formations. The final LOT in Fig. 7 and the large improvement
in the WPC suggest that the treatment had effectively sealed
fractures or faults

that either existed or were created during the treatment across
the 852 feet of open hole. All EMWs are calculated with the shoe
TVD.

Prejob Post-JobB1/1 17.6 18.4

B1/2 17.6 19.3B1/3 17.6 20.1B1/4 18.5 22.8+

GOM N/A/1 5,200 5,200 13.5 18.6+ 5.1+ 1379+So. Texas J-23/1
12,000 12,000 15 18+ 3+ 1872+

B-3/1 11,100 16.1 18.4B-3/2 13,650 18 18.6+

So. Texas B-5/1 11,240 13,760 17.3 17.6+ 0.3+ 175+So. Texas
J-19/1 11,786 11,786 16.2 17.2+ 1+ 613+

ELH#1/1 16.5 16.93ELH#1/2 16.93 17.61+

So. Texas H-1/1 10,650 10,700 16 16.8 0.8 443So. Texas J-26/1
11,950 13,100 14 14.7+ 0.7+ 435+* Plus (+) indicates that the test
was not tested to the pressure limit (FIT)

17,34616,817California

5.2+ 3647+

2.9+ 1438+

1.11+ 974+

So. Texas 13,490 13,964-14,400

So. Texas 11,060

Table 1Summary of WPCI Treatments in Nine WellsWPC,
ppgTreated

Depth (ft)

Prev. Casing

(ft)

Well/Job No.

Location Total OH WPC

(lb/gal)*

Total OH WPC (psi)*
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Fig. 1Original pressure profile and casing design.

Fig. 2A casing installation can be saved after the WPCI
treatment.
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Fig. 3Contingency plan for drilling the well.
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Fig. 4Contingency plan for drilling the wells after success with
WPCI treatment.
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Fig. 5LOT results before the first WPCI treatment.

Fig. 6LOT results after the first WPCI treatment.
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Fig. 7LOT results after the second WPCI treatment.
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