THE IMPLEMENTATION OF A PORE PRESSURE AND FRACTURE
GRADIENT PREDICTION MODEL FOR THE NORTH SEA CENTRAL JUDY

AND JADE FIELDS

By

JAGADEESH KILAPARTHI

August 2013

S

Coventr
Univers w

A report submitted to the Department of Geography, Environment and
Society, Coventry University in partial fulfilment of the requirements for a

MSc in Petroleum and Environmental Technology

Page | 1



ABSTRACT

The purpose of this project is to implement a pore pressure and fracture gradient prediction
strategy for the North Sea Central (Judy and Jade) fields. Measured porosity and pressure
data of Judy and Jade fields will be studied and reviewed. This strategy will help to safe
drilling, design and completion operations for future wells in these areas.

Judy and Jade field’s data will examine and review on two pore pressure prediction models
and one fracture gradient prediction model.

The pore pressure prediction from porosity model was examined primarily in this project to
predict the pore pressure and pore pressure gradient. This was new theoretical model of
pore pressure prediction, utilizes porosity to predicting the pore pressure. The pore
pressure prediction from porosity model allowing normal compaction trendline of porosity
to predict the pore pressure.

The Tau model was examined secondarily in this project to predict the pore pressure and
pore pressure gradient. This model was derived based on interval velocity and transit time
data. Tau model was proposed by Shell, this method dependent on velocity to predict the
pore pressure.

In this project, the fracture pressure and fracture gradient prediction was done based on
Kirsch’s solution. The data required for this prediction strategy is overburden stress of
formation, pore pressure and Poisson’s ratio. Generally, minimum stress method and tensile
failure methods were used in drilling industry. Kirsch’s solution comes under tensile failure
method, this prediction strategy delivered simple and accurate results to estimate the
fracture pressure gradient.

The two pore pressure prediction strategies examined on available data, that two model
pore pressure gradient results compared with the available pore pressure gradient data.
Ultimately, Tau model based pore pressure prediction strategy delivered best results. Thus,
the Tau model based pore pressure prediction strategy was preferred for future operations
in Judy and Jade fields.
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NOMENCLATURE

ps = the formation fluid pressure (psi);

oy = overburden stress (psi);

ay = the normal overburden stress gradient (psi/ft);

B = the normal fluid pressure gradient (psi/ft);

Z =the depth below the mudline or below sea surface (ft);
t = the sonic transit time (us/ft);

A, B = the constants;

Ppg = the formation pore pressure gradient;

OBG = the overburden stress gradient;

Pne = the hydrostatic pore pressure gradient (normally 0.45 psi/ft or 1.03 MPa/km,
dependent on water salinity);

R = the shale resistivity obtained from well logging;
R, = the shale resistivity at the normal (hydrostatic) pressure;

n = the exponent varied from 0.6 to 1.5, and normally n =1.2;

t, = the sonic transit time or slowness in shales at the normal pressure;
t = the sonic transit time in shales obtained from well logging;

Vvp = the compressional velocity at a given depth;

vm = the compressional velocity in the mudline;

tm = the compressional transit time in the mudline;

U = the uplift parameter

Omax and Vmay = the estimates of the effective stress and velocity at the onset unloading.

Pulo = the pore pressure in the unloading case;
Vm = the sonic interval velocity in the matrix of the shale;
Vvp = the compressional velocity at a given depth;

A = the empirical parameter;
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dmax = the depth at which the unloading has occurred;

A, ,B = the fitting constants;

The best fitting parameters in the Gulf of Mexico are A; = 1989.6 and B; = 0.904 (Gutierrez

et al, 2006), (for Judy and Jade fields As = 1391.5 and B = 0.302 are assumed);
T = the Tau variable;

C = the constant related to the mudline transit time (normally C = 200 us/ft);
D = the constant related to the matrix transit time (normally D = 50 us/ft);

At = the compressional transit time (70 ps/ft);

R, = the shale resistivity in the normal compaction condition;

Ro = the shale resistivity in the mudline;

b = the constant;

Z =the depth below the mudline;

R = the measured shale resistivity at depth of Z;

Ro = the normal compaction shale resistivity in the mudline;

b = the slope of logarithmic resistivity normal compaction trendline;
v = the seismic velocity at depth of Z;

vo = the velocity in the ground surface or at the sea floor;

k = a constant;

t,, = the acoustic transit time (us/m);

tm = the compressional transit time in the shale matrix (with zero porosity);
tm = the mudline transit time;

¢ = the constant;

P = porosity;

o = the porosity in the mudline;
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Z = the true vertical depth below the mudline;
¢ = the compaction constant in 1/m or 1/ft.
a = the stress compaction constant in 1/psi or 1/MPa;

Cm = the constant related to the compressional transit time in the matrix and the transit
time in the mudline;

Atf = the transit time of interstitial fluids;

Omin = the minimum in-situ stress or the lower bound of fracture pressure;
v = the Poisson's Ratio;

P:s is the formation fracture gradient;

Ppg = the formation pore pressure gradient;

OBG = the overburden stress gradient;

Ko = the effective stress coefficient;

oy' = the maximum effective in-situ stress or effective overburden stress;
Prpmax = the upper bound of fracture pressure;

oy = the maximum horizontal stress;

Omin = the minimum horizontal stress or minimum in-situ stress;

o1 = the thermal stress induced by the difference between the mud temperature and the
formation temperature;

To = the tensile strength of the rock;

Prp = the fracture pressure.

Ftbsf = feet below sea floor.
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CHAPTER 1

1.0 INTRODUCTION

1.1 BACKGROUND

Pore pressure and fracture pressure gradients determinations are vital considerations for
the successful planning and drilling of North Sea Central Graben High Pressure High
Temperature (HPHT) wells. Understanding of these downhole pressure limitations can have
a substantial effect on drilling safety and economics. An exact estimate of the sub-surface
pore pressures and fracture gradients is a crucial constraint to safely, economically and
efficiently drill the wells required to test and produce oil and natural gas reserves. Pore
pressures are simply predicted for normally pressure sediments. It is the prediction of pore
pressures for the abnormally pressured (i.e. over pressured) sediments that is more difficult
and more important. An understanding of the pore pressure is a requirement of the drilling
plan in order to choose proper casing points and design a casing program that will allow the
well to be drilled most effectively and maintain well control during drilling and completion
operations. Well control events such as formation fluid kicks, lost circulation, surface
blowouts and underground blowouts can be avoided with the use of accurate pore pressure
and fracture gradient predictions in the design process (Fooshee, S. 2009).

The pressure regime of the Central Graben in the North Sea presents a formidable challenge
for both exploration drilling and field development. In this area, we apply a practical
approach to improve pore-pressure and fracture pressure prediction from seismic velocities
derived from amplitude variation with offset (AVO) information. The emphasis is placed on
maximising both temporal and lateral resolution of the pressure estimates. Besides assisting
exploration well planning, improved resolution may define local pressure variations around
a reservoir that assists field appraisal and development. Pressure data from one well in the
area is used to calibrate the pressure predictions from seismic velocities and to refine the
parameters controlling the predictions. The refined laterally invariant parameters are
applied to seismic velocities derived from non- proprietary data over an approximate 500
km2 area in the Central Graben (Hawkins, K. 2004).

The variable pressure regime of the Central Graben in the North Sea presents a number of
challenges. There are the deep high pressure — high temperature (HPHT) Jurassic and
Triassic reservoirs, which are among the most overpressured in the world. Shallower, are
the moderately overpressured porous Cretaceous Chalk reservoirs. They are encased in
impermeable chalk that prevents accurate pressure measurement or prediction. Above the
Chalk are Paleocene reservoirs, which although more normally pressured, exist beneath an
overpressured younger Tertiary section. All of these reservoirs require careful adjustment of
mud weight: (a) to avoid dangerous blowouts in the HPHT environment, (b) to avoid
surprise kicks within the Chalk formations and (c) to limit mud invasion into the Paleocene
and some Chalk reservoirs that could hinder appraisal, or even prevent discovery. High
pressure — high temperature (HPHT) reservoirs are increasingly becoming the focus of
petroleum exploration in the search for additional reserves. The processes leading to the
accumulation and preservation of hydrocarbons in these extreme settings are still poorly
constrained, especially also with respect to the occurrence of significant porosity at
temperatures exceeding 150°C and pressures approaching lithostatic. The processes
controlling the evolution of fluid pressure during reservoir burial have been studied by
various authors. Overpressure generating mechanisms have been reviewed by Osborne and
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Swarbrick (1997), who postulated that disequilibrium compaction is the main mechanism
controlling overpressure in the Central Graben. This opinion is supported also by Mann and
Mackenzie (1990), although the importance of additional overpressure generation due to
gas generation is becoming increasingly acknowledged (Cayley, 1986; Isaksen, 2004;
Swarbrick, et al. 2000).

1.2 Aim:

The aim of this project to improve the knowledge and verification of pore pressure and
fracture gradient prediction models for Judy and Jade fields in North Sea Central HPHT
Wells.

1.3 Objectives:

The main objectives of this project are:

(1) To understanding pore pressure prediction in unconventional plays, is important for
executing a safe drilling strategy and for accurate production modelling.

(2) To clear understanding of the petro physical data.

(3) To review of pore pressure prediction models.

(4) To verify and determine suitable pore pressure and fracture gradient model for Judy and
Jade fields in North Sea Central HPHT Wells.

The purpose of this project is to develop a pore pressure and fracture gradient prediction
strategy for the North Sea central HPHT wells, namely the Jade and Judy fields in Quadrant
30, UK North Sea, using petro physical and measured pressure data for wells previously
drilled in North Sea central HPHT wells area will be examined and reviewed. The pore
pressure and fracture gradient prediction strategy will be useful when designing future
drilling and completion operations in the aforementioned area.
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CHAPTER 2
2. 0 LITERATURE REVIEW

Prediction of Pore-pressure depends greatly on understanding of seismic and well
characteristics for instance velocity, resistivity, and density which capture porosity changes
during shale compaction under vertical loading. Relationships were developed by Eaton
(1975) in the Gulf of Mexico using a moderately simple lithological mix of geologically young
sandstones and shale mud rocks at moderately low temperatures. An alternative method
using data from the same region was more deterministic—also with vertical stress (e.g.,
Hottman and Johnson, 1965; Bowers, 1995). Another method using mean stress, developed
by Harrold et al. (2000) used comparable sand and shale structures at moderately low
temperatures from data in Southeast Asia basins. All the above methodologies can be
shown to deliver satisfactory estimate of pore pressure in shale mud rocks in young, quickly
placed siliciclastic arrangements, for instance the Baram Delta, Brunei (Tingay et al. 2009)
and laterally the West African margin (Swarbrick et al. 2011). The results can be
standardised, through cautious consideration to indication for adjacent drainage or adjacent
transfer, by means of data from their related reservoir. Though, in higher-temperature
environments (e.g., Malay Basin, Hoesni 2004) these approaches be unsuccessful to convey
estimates which could be precise sufficient for actual well planning and safe drilling.

The foremost determination of this literature review was accomplished to improvement
understanding of diverse pore pressure and fracture gradient estimate approaches in an
exertion to find the finest approach for this area. This review, though, is not fully thorough
by means of there are a massive numeral of approaches that have been established
meanwhile the middle of the twentieth century. This review is inadequate to a limited pore
pressure estimate approaches and two fracture gradient estimate approaches. However
realising the several pore pressure and fracture gradient estimate approaches, a
determination was made to validate or conclude the petro physical data essential for a
comprehensive estimate approach. Those approaches will also be comprised in the
literature review.

2.1 PORE PRESSURE AND FRACTURE PRESSURE PREDICTION STRATEGIES
Overpressures can be made through various mechanism, for instance compaction imbalance

means Undercompaction, generation of hydrocarbons, cracking process of gas, aqua
thermal expansion, lateral stress in formations, transformation of minerals (i.e., illitiza-tion),
and process of osmosis, hydrostatic column and resistance of hydrocarbons ( Swarbrick and
Osborne, 1998; Gutierrez et al. 2006). In all cases where compaction disequilibrium has
been calculated to be the main reason of over pressuring, the time of life of the rocks is
geologically young. Instances of regions where compaction disequilibrium is named as the
crucial cause of abnormal pressure include the U.S. Gulf Coast, Alaska Cook Inlet, Beaufort
Sea, Mackenzie Delta, North Sea, Adriatic Sea, Niger Delta, Mahakam Delta, the Nile Delta,
Malay Basin, Eastern Venezuelan Basin (Trinidad) and the Pot war Plateau of Pakistan (
Powley, 1990; Burrus, 1998; Heppard et al. 1998; Law and Spencer, 1998; Nelson & Bird
2005; Morley et al. 2011). In these regions, the unusually pressured rocks are mostly
situated in Tertiary and late Mesozoic sedimentary formations, the depositional setting is
dominantly deltaic, and the lithology is dominantly shale.
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Abnormal formation compaction such as compaction disequilibrium, Undercompaction are
main causes for abnormal pore pressure. Pore fluid eviction and compression of formation
porosity occurred generally where deposits compressed. The foremost cause of fluid barring
is overburden pressure increasing with depth. The rate of sedimentation and normal
compaction are vice versa, means if normal compaction rises, the rate of sedimentation is
becoming slow. Fluids expel ability effects the equilibrium between overburden rise and
volume of pore fluid reduction ( Mouchet & Mitchell 1989). The hydrostatic pore pressure
generation depends on the normal compaction. Though, quick burial hints to quicker
exclusion of fluids in answer to quickly growing overburden stress. At what time the
deposits recede quickly, or else the formation has enormously little permeability, fluids in
the deposits can only be incompletely ejected. That continued fluid in the pores of the
deposits essential backing them or portion of the heaviness of excessively deposits,
producing the pressure of pore fluid rises, unusually great pore pressure.

Two pore pressure prediction strategies and one fracture gradient prediction strategy will
be reviewed and applied to the available data. The two pore pressure prediction strategies
require petro physical data, specifically formation resistivity or conductivity, to predict pore
pressures. The fracture gradient prediction strategy requires an accurate estimate of pore
Pressure.

The first pore pressure prediction strategy reviewed was developed by seismic velocity pore
pressure prediction model. This strategy utilizes a series of geologic age specific overlays,
which indicate the normally pressured compaction trend lines for the respective geologic
age. After plotting the observed resistivity/conductivity data on the geologic age specific
overlay, the pore pressures can be predicted. A simple calibration of the data was required
to establish the normal pressure trend line implemented in this method.

The second pore pressure prediction strategy reviewed was developed by Ben Eaton (1975).
Eaton developed a simple relationship that will predict the pore pressure knowing the
normally pressured compaction trend line, the observed resistivity/conductivity data and a
relationship for the overburden stress versus depth. The fracture pressure prediction
strategy reviewed was also developed by Ben Eaton (1975). The data required for this
prediction strategy is formation overburden stress, pore pressure and Poisson’s ratio of the
formation. A relationship for the overburden stress and Poisson’s ratio can be developed
based on field data, or one of Eaton’s generalized relationships can be used.
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2.2 PORE PRESSURE AND PORE PRESSURE GRADIENT
Estimation of Pore pressure plays key role in the planning of well drilling and for

geomechanical, geological analysis. Pore pressure means the fluids exerted pressures in the
pore spaces in porous formations. Some types of Pore pressures are hydrostatic pressure,
abnormal pressure and overburden pressure, it be changes from hydrostatic pressure, to
over burden pressure (48% to 95% of the overburden stress). Hydrostatic pressure is
normally called normal pressure, if the pore pressure is lesser or upper than the hydrostatic
pressure (normal pore pressure), it is called abnormal pore pressure and when pore
pressure more than hydrostatic pressure (normal pore pressure), it is called overburden
pressure.

Pore pressure prediction’s basic theory derived from Terzaghi's and Biot's effective stress
law ( Biot. 1941; Terzaghi et al. 1996). This fundamental theory represents the formation
pore pressure is a function of overburden stress and effective stress. The Terzaghi's and
Biot's effective stress law generated a correlation to explain the relationship of overburden
stress, effective vertical stress and pore pressure. It can be expressed in the following form:

p=(oy-0c)/a (1)

Where pore pressure (p); overburden stress (oy); vertical effective stress (o.); and Biot
effective stress coefficient (a). It is usually assumed a=1 in geo pressure community.
Pore pressure calculation from equation (1) depends on overburden stress and effective

stress. When these two stresses known, can be calculated pore pressure. Bulk density logs
and well log data, for instance resistivity, sonic travel time/ velocity, bulk density and drilling
parameters (e.g., D exponent) generally used to generate the data of overburden stress,
effective stress. The hydrostatic pressure, vertical effective stress, overburden stress and
formation pore pressure profiles demonstrated with the true vertical depth (TVD) in Fig. 1 of
a characteristic oil and gas exploration well. The pore pressure trend line with true vertical
depth in these fields are comparable to several sedimentary young fields where over pore
pressure is come across at depth. Pore pressure is hydrostatic, that indicating continuous
unified column of formation pore fluid spreads from surface to depth at moderately low
depths (less than 2000 m). At more than 2000 m depths, pore pressure increases with true
vertical depth quickly and overpressure is started, This represents the deeper formations
hydraulically remote from shallower formations. If pore pressure value reaches by 3800 m
near to the overburden stress value, that state mentioned as hard overpressure. The
subtraction value of pore pressure (p) from overburden stress (oy) conventionally defined as
effective stress (0.) as shown in Fig. 1. The overpressure increase represents the reduction
of the effective stress.
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Figure 1. Hydrostatic pressure, pore pressure, overburden stress, and effective stress in a borehole (Zhang
2011: 52).

In drilling engineering, pore pressure gradient is one of the vital parameter, it is basically
used to determining the mud weight (or mud density) and practically pore pressure gradient
more convenient to use for safe drilling as shown in Fig. 2. At a given true vertical depth,
the pore pressure gradient can be determined as the pore pressure divided by the true
vertical depth. The main purpose of pore pressure gradient and fracture gradient is used to
appropriate selection of mud weight, wellbore stability, setting and cementing a casing.
Wellbore collapse and prevention of influx in wellbore are major problems during drilling,
for the reason that the drilling fluid (mud) is acts as mud pressure. Mud pressure should be
heavier than pore pressure to avoid and prevent kicks, wellbore instability and fluid influx in
an open hole section during drilling. Conversely, mud weights should be lower than the
fracture gradient, otherwise it causing to fracturing the formation, lost circulation and mud
losses.

The analysis of pore pressure mainly having three parts: (a) Pre-drill pore pressure
prediction analysis. (b) Pore pressure prediction while drilling analysis. (c) Post-well pore
pressure analysis. In the pre-drill pore pressure analysis, seismic interval velocity data used
for the planned wells to predicting the pre-drill pore pressure as well as for the offset wells
well logging and drilling data used to predicting the pre-drill pore pressure. In the pore
pressure prediction while drilling analysis, the logging while drilling (LWD), drilling
parameters, mud logging data and measurement while drilling (MWD) are mainly used to
analyse pore pressures. In The post-well analysis, all available data used to construct pore
pressure model to analyse the pore pressures, these models can be used for the future
drilling wells in pre-drill pore pressure predictions.
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Figure 2. Pore pressure gradient, fracture gradient, overburden stress gradient (lithostatic gradient), mud
weight, and casing shoes with depth (Zhang 2011: 52)

2.3 REVIEW OF SOME METHODS OF PORE PRESSURE PREDICTION

The first pore pressure prediction approach was derived by Hottmann and Johnson (1965),
they were derived this approach for shale formations based on well log data such as
velocity, resistivity and acoustic travel time. Their approach derived and initiated in Upper
Texas and Southern Louisiana Gulf Coast of Miocene and Oligocene shale formations, they
specified one specification was related to porosity and depth. If depth increases, the
porosity decreases means decreasing of porosity is function of depth. The relationship
between porosity and depth was called normal compaction trend, this tendency signifies
normal compaction trend was function of depth and fluid pressure in burial depths showed
in normal trend is called hydrostatic pressure. The normal compaction trend’s subsequent
data points are deviate, when the abnormal compaction intervals are penetrated. If fluid
pressure in formation is abnormally high, the intervals of abnormal compaction are resisted
the porosity of shale at abnormally high depths.

Hottmann and Johnson (1965), Gardner et al. (1974) were proposed an equation to predict
the formation pore pressure based on analysing the data. That can be written as in the
following form:

Pt =0, - [(0y = B) (A1 = By In At)* + Z°] (2)

Where, the formation fluid pressure (pf) expressed in psi; the overburden stress (oy)
expressed in psi; the normal overburden stress gradient (ay) expressed in psi/ft; the normal
fluid pressure gradient (B) expressed in psi/ft; the depth (Z) expressed in ft; the sonic transit
time (t) expressed in us/ft; A, B are the constants, A; =82,776 and B; =15,695.

Afterward, many pore pressure prediction methods, models and empirical equations
were obtained based on well logging data such as: resistivity, interval velocity, sonic transit
time and other data. In the below sections explained and discussed the some normally used
pore pressure prediction methods based on properties of shale.
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2.3.1 Pore pressure prediction from resistivity

The Gulf of Mexico, North Sea basins are called young sedimentary basins, in these basins
overpressure is foremost problem due to under-compaction. In young sedimentary basins
pore pressure prediction can predict properly by using well-log-based resistivity method.
Eaton (1972, 1975) proposed an equation for shale formations to predict pore pressure
gradient using resistivity log data, this equation can be written in the following form:

Ppg = OBG — (OBG — Ppg) (R + Ry)" (3)

Where, the formation pore pressure gradient (Pog) expressed in psi/ft; the overburden
stress gradient (OBG) expressed in psi/ft; the hydrostatic pore pressure gradient (Pyg),
(normally 0.45 psi/ft or 1.03 MPa/km, dependent on water salinity); the shale resistivity (R)
found from well log; the shale resistivity at the normal (hydrostatic) pressure (R,); the
exponent (n) varied from 0.6 to 1.5, and normally n =1.2.

Predominantly in young sedimentary basins, Eaton's resistivity method is valid to predict the
pore pressure pore certainly the normal shale resistivity is appropriately estimated (e.g.,
Lang et al. 2011). These are two approaches to predict the pore pressure, the first approach
is the normal shale resistivity is assume as constant, the second approach is the normal
compaction trend line determine accurately.

2.3.2 Pore pressure prediction from interval velocity and transit time

Eaton's method
Eaton (1975) proposed an equation to predict pore pressure gradient from sonic transit
time. That empirical equation can be written in the following form:

Pog = (OBG — Py ) (At, + At)® (4)

Where, the sonic transit time (t,) at the normal pressure; the sonic transit time (t) gotten
from well log in shale, and the sonic transit time (t) can obtain by using seismic interval
velocity. Transit time based pore pressure gradient prediction method limited in geologically
complex areas such as uplift formations. It does appropriate in certain petroleum fields and
this method does not study unloading effects. The normal transit time is needed to apply
this method.

Bowers' method
In Gulf of Mexico basin, Bowers (1995) determined and analysed the effective stresses, sonic

interval velocities by using measured pore pressure data, well logging data of shale and
overburden stress. Bowers presented an equation related to effective stress and sonic
velocity, that relationship can be written in the following form:

Vp =V + Ace® (5)

Page | 21



Where, the compressional velocity at a given depth (v,); the compressional velocity in the
mudline (V) (the mudline means sea floor or the ground surface, normally v, =5000 ft/s,
or 1520 m/s); A and B are the parameters standardised with offset velocity versus effective
stress data.

Substituting o, value in equation (5) (o = oy - p), then rearrange equation (5) to obtain the
pore pressure from the velocity as termed in Eqg. (5), as:

P =0y = ((Vp - Vi) + A (6)

The constant values A =10-20 and B =0.7-0.75 for Gulf of Mexico basin. Substitute 106/ t for
vp and 106/ tm for v, to convert the equation (6) in form of transit time.

P=oy—[(10%(— - —

2 ) T A (7)

Where, the compressional transit time in the mudline (t,y), tm values are generally 200 ps/ft
or 660 ps/m.

At the same effective stress, the loading curve seems greater than the velocity and where
unloading or formation uplift occurs, the compressional velocity and effective stress can not
follow the loading curve. An empirical equation proposed to explanation for the effect of
unloading curves by Bowers (1995):

Vp=Vy+A [Gmax(oe/cmax)l/U]B (8)

Where, the uplift parameter (U); and
Omax = ((Vmax - \}ml) +A)l/B

Where, the effective stress (Omax) and velocity (vmax) are the estimates at the onset
unloading. vmax is generally fixed identical to the velocity, where major lithology changes are
absent.

The pore pressure can be achieved by rearranging equation (8) in the unloading case:
Vp—v,, ,
Pqu =0y — (%) u/e (o'max)1 v (9)

Where, the pore pressure for the unloading case (puio)-
In shallow formation velocity is very slow and pore pressure overestimated because this

formation is poor and consolidated. The Gulf of Mexico and many other basins applied
Bowers method.

Miller's method

Miller sonic or seismic method defines a relationship for formation pore pressure and sonic
or seismic transit time, this relationship developed between velocity and effective stress.
Maximum velocity depth (dm.x) is a control parameter to unloading and it is an input
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parameter in Miller's sonic method. The condition to not occurring unloading, maximum
velocity depth should be less than the depth (Z). Miller sonic method equation to predict the
pore pressure can be written as in the following form ( Zhang et al. 2008):

P =0, - In (Zntm (10)

A Vm—Vp

Where, the sonic interval velocity (vn), normally v,, value: 14,000- 16,000 ft/s; the
compressional velocity at a given depth (v;); the empirical parameter (A), normally A = O; the
depth at which the unloading has occurred (dmay).

Unloading behaviour is assumed at maximum velocity is greater than depth. In the
unloading case, the pore pressure can be determined from the bellow equation:

2In[a, (1 — 224 (11)

Puo =0y - 2
Um~=Vmi

Where, the ratio of loading and unloading slopes of velocities in the effective stress curves
(am), generally a,, =1.8; the effective stress from unloading of the sediment (oy); the
velocity where unloading begins (vyio).

Tau model:

Shell proposed a pore prediction method based on velocity. Shell introduced a “Tau”
variable, this variable used in the effective stress equation (Lopez et al, 2004; Gutierrez et al,
2006):

Te = AgTo, (12)
Where, the fitting constants are (As, Bs); the Tau variable is (t), and t = (C-At) / (At-D); the
compressional transit time obtained from sonic log or seismic velocity is (At); the mudline
transit time (C), generally C = 200 us/ft, it is constant; and the matrix transit time (D),
generally D = 50 ps/ft, it is constant.
Then the pore pressure can be calculated from equation, that is:

_ ) C—-At\B
The best fitting parameters in the Gulf of Mexico are A; = 1989.6 and B; = 0.904 (Gutierrez

et al. 2006).

The benefit in Tau model and Millers model is the consideration of mudline and matrix
effects in pore pressure prediction and Tau model, Millers model both are comparable to
Bower’s method.
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2.3.3 Adapted Eaton's methods with depth-dependent normal compaction
trendlines

Eaton's resistivity method with depth-dependent normal compaction trendline:

Eaton's primary equation in hydrostatic pore pressure case, is challenging to define the
resistivity or normal resistivity of shale. A new approach to determine the normal resistivity
of shale is assumed as constant of normal shale resistivity. Though, the normal resistivity of
shale is a constraint of formation depth and it is in many cases not constant. Therefore for
the pore pressure prediction the normal compaction trendline should be require to
determine.

Measured resistivity is a function of burial depth, based on this a relationship developed
between burial depth and measured resistivity for normal pressured formations. The
resistivity’s normal compaction trend line equation can be following in the form:

LnR,=InR, +bZ orR,=Ree™ (14)

Where, In the case of normal compaction, the shale resistivity is (R,); the resistivity of shale
in the sea floor is (Rp); the constant is (b); and the depth below the sea floor is (Z).

The Eaton's resistivity equation can be stated by substituting equation (14) into prpmax =
20min — p in the following equation:

R
Pog = OBG — (OBG — Py) (—R ebz)n (15)
0

Where, at depth Z, the measured shale resistivity is (R); in the sea floor the normal
compaction shale resistivity is (Ro); the slope of logarithmic resistivity normal compaction
trendline is (b).

Eaton's velocity method with depth-dependent normal compaction trendline:

In the subsurface formations the velocity rises with burial depth. The phenomenon
predicted by Slotnick (1936) was that represents the compressional velocity is depends on
depth. Thus, the travel time’s normal compaction trendline must be a constraint of depth.
Slotnick (1936) proposed a linear relationship of seismic velocity’s first and easy normal
compaction trendline in the below equation:

V=V +kZ (16)

Where, at depth Z, the seismic velocity is (v); the velocity at the sea floor is (vo); constant is
(k).

The normal pressured velocity relationship proposed by Sayers et al. (2002) to predict the
pore pressure. In Carnarvon Basin established a relationship for depth dependent shale
acoustic travel time. This exponential relationship established from 17 normally pressured
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wells ( van Ruth et al. 2004):
At, = 225 + 391¢0:001032 (17)

Where, the acoustic transit time is (t,,) expressed in ps/m; depth is (Z) expressed in meters.

The normal pore pressure formations of sonic transit time measured data used to propose
the general relationship of transit time’s normal compaction as following:

At, = Aty + (At — At,,)e (18)

Where, the compressional transit time is (t,) in the formation matrix shale (porosity is
zero); the sea floor transit time is (t,,); and here the constant is (c).
The Eaton's modified sonic correlation can be stated in the below form:

At +(Atpi—At)e =%

m )’ (19)

Pog = 0BG — (0BG — B, 5)(

2.3.4 New theoretical models of pore pressure prediction

Pore pressure prediction from porosity:

The basic reasons to occur overpressure in formation are mainly in basins dropping quickly
and low permeability of rocks, the under compaction is one more cause to overpressured
formations. Higher pore pressure and greater porosity of formation are the main indicators
to identify the under-compaction, those are greater in under-compaction than in the normal
compaction condition. In normal compacted formations if exponentially depth increases the
formation porosity decreases, this statement generally accepted (e.g., Athy. 1930):

¢ = doe~ (20)

Where, porosity is ¢; the porosity in the sea floor is @g; the true vertical depth below the
sea floor is Z; the compaction constant is c, usually it is 1/m or 1/ft.

The similar connection be existent in porosity and effective stress (e.g., Dutta. 2002;
Flemings et al. 2002; Peng and Zhang. 2007).

D = poe™’ (21)
Here, the stress compaction constant is (a) and this value is 1/psi or 1/MPa.

As introduced before, the pore pressure and effective stress are indication of porosity,
principally hydrocarbon cracking and under-compaction are caused to create overpressures.
Thus, formation porosity played key role in estimation of pore pressure. The identification of
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under-compaction, formation overpressure are demonstrated from porosity profile in
Figure 3. The overpressure generation and occurrence of under-compaction happened by
the reason of porosity reversed. The cause for top of overpressure or under compaction is
reversal of porosity point initial stage. There is a difference in normal compaction and under
compaction, in the normal compaction formations pore pressure and porosity are lower
than the under compaction formations.

a) b)

Porosity ®o Pressure

Hydrostatic pressure

Danth

Top overpressure

¢
Pn
Abnormal pressure

v -

O — —— iy

Figure 3. Schematic porosity (a) and corresponding pore pressure (b) in a sedimentary basin. (Zhang 2011:59)

Pore pressure prediction by using porosity data in mudstone and shale formations needed
some efforts. Here some examples mentioned, pore pressure prediction based on porosity
dependent effective stress model proposed by Holbrook et al. (2005). Pore pressure
prediction model based on shale porosity data developed in the form of empirical porosity
equation which are equal to Eaton’s sonic model, that model proposed by Heppard et al.
(1998). Porosity stress relationship developed for mudstone formations to predict the
overpressures is proposed by Flemings et al. (2002) and Schneider et al. (2009).

Zhang. (2008) proposed porosity based pore pressure prediction theoretical model allowing
to porosity normal compaction trend line. The author’s theoretical equation can be
calculate to the pressure gradient, that equation can be written as in the following form:

Pog = 0BG — (0BG — Ppg) "0 (22)

Here, the porosity in shale is ¢ at depth Z, this be able to attain from sonic or density logs,
the porosity in the sea floor is @g; the depth below the sea floor is Z; the normal compaction
porosity trendline gives c value.

The below equation can be written in terms of porosity, overburden stress and pore

pressure:

l -1
P=0, — (Gv - pn) w (23)
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The above equation can be calculated pore pressure that is depth dependent equation to
calculate the pore pressure. This is the basic difference to above equation and other
porosity-pore pressure equations. In addition to that, porosity normal compaction trend line
is indicator of depth.

The indication of formation overpressured, if the porosity (¢) is greater at chosen depth
compared with the normal porosity (¢,) at the same chosen depth, this is called the
formation is overpressured. The below equation used to generate the normal compaction
porosity trendline for overpressured formations:

&y = hoe ™ (24)
Pore pressure prediction from transit time or velocity:

Density logs, sonic logs and seismic interval velocity data are required to collect Porosity
data. Raiga-Clemenceau et al. (1988) proposed an equation to generate porosity by using
transit time or compressional velocity. Porosity can be calculated from the following
equation:

Atmy 1/x
¢=1-(CDY (25)

Here, the exponent (x) can be obtained from the data. Issler (1992) proposed exponent x
value as 2.19 at fixed transit time value t,, =67 pus/ft for Mackenzie Delta of northern
Canada.

From velocity or compressional transit time, the pore pressure calculated by rearranging
equation (25) and (22):

[

Cm—In[1-(2m)7]

ppg = 0BG — (0BG — B, ;) — o (26)

cZ

Here, the compressional transit time in the matrix, the transit time in the sea floor is (C,).
Where, it can be written as C,,, =In[1 - ( t.,/ tm|)1/x].

Wyllie et al. (1956) proposed an empirical equation for porosity estimation.

_ At=Aty,

¢ T At—Aty, (27)

Here, the transit time of fluid is Atf

The pore pressure gradient and pore pressure are calculated from Wyllie's porosity-transit
time equations. These equations can be written in following correlations:
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In(At—Aty)—In(At—Aty,)
cZ

Ppg = OBG — (0BG — Byy) (28)

I0(At,—At ) —In(At—Atyy)
p = 0y, — (0, — Pn) l oz (29)

The below equation can be used to calculate the normal compaction trendline of the transit
time:

At, = Aty + (At — Atyy,)e (30)

The advantages of this model is at higher depths normal transit time reaches the matrix
transit time because of normal compaction trend, this method physically approved
Chapman (1983). The main difference to other methods and this method, in this method
normal compaction trendline is used and compaction mechanism better for sediments. The
additional benefits of this method is depth dependent to calculate pore pressures and
consideration of matrix, mudline transit time effects.

2.3.5 Formation Fracture Gradient Prediction Strategy
Formation fracture pressure mandatory to crack the formation and the disadvantage of

fracture pressure is mud losses, this is caused by high fracture pressure. If fracture pressure
is high the mud entered from wellbore to made Fracture. Normally, fracture pressures are
calculated by using models, however fracture gradients can be calculated by fracture
pressure divided with the true vertical depth (TVD). The fracture gradient means maximum
mud weight and the main advantage of fracture gradient generally used in three fields,
which are drilling planning, while drilling and mud weight design. The wrong formation
fracture gradient estimation leads to tensile failure, mud losses or lost circulation, these can
be happened in the case of mud weight value is greater than the formation fracture
gradient. Formation fracture pressure measured by using many tests and approaches, such
as downhole leak-off test (LOT) and the minimum stress method, tensile failure method. In
drilling industry basically used two methods, that are (1) the minimum stress method. (2)
The tensile failure method.

Minimum stress for lower bound of fracture gradient:

The tensile strength of rock property does not discuss in the minimum stress method, it only
discuss about the pressure to fracture the formation and extend the already fractured the
formation. Hence, the lower bound of fracture pressure signifies the minimum stress. The
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fracture closure pressure is naturally equal to the minimum stress, this principal detected in
leak-off test resulting the breakdown pressure ( Zhang et al. 2008). Hubbert and Willis
(1957), Eaton (1968) and Daines (1982) proposed methods are comparable to the minimum
stress method.

Omin = ﬁ (Uv - p) +p (31)

Here, the lower bound of fracture pressure is omin; the Poisson's ratio is v.

The fracture gradient is lesser than minimum stress, in the case of open fracture occur in the
formation. The effective stress coefficient variable presented in fracture gradient prediction
equation by Matthews and Kelly (1967).

Prc = ko(OBG — Pyy) + Py (32)

Here, the formation fracture gradient is Pg; the formation pore pressure gradient is Ppg; the
overburden stress gradient is OBG; the effective stress coefficient is Ko, Ko = omin’/0y’; the
minimum effective in-situ stress is oin’; the effective overburden stress is oy.

The effective stress coefficient values resultant based on fracture threshold values, and
obtained in the field from leak-off test.

Formation breakdown pressure for upper bound of fracture gradient:

The mud loss occurred in the wellbore first when the fractured occured in undamaged
formations. Kirsch’s solution applied in the case of minimum tangential stress is equal to the
tensile strength and to calculate the fracture pressure and fracture gradient ( Haimson and
Fairhurst. 1970; Zhang and Roegiers. 2010). In leak-off test the fracture pressure is called
fracture breakdown pressure ( Zhang et al. 2008). In vertical well drilling the upper bound
fracture pressure can be calculated from following equation:

Prpmax = 30min — 0y — P —or + T (33)

Here, the upper bound of fracture pressure is Prpmax; the maximum horizontal stress is oy;
the minimum horizontal stress is omin; the thermal stress is or; brought by the difference
between the mud temperature and the formation temperature, and the tensile strength of
the rock is To.

Assumed, the maximum horizontal stress is equal to the minimum horizontal stress and
ignore tensile strength and temperature effect. Now, the equation (33) can be written in the
following equation:

Prpmax = 20min — D (34)

The upper bound of fracture pressure can be written by rearranging the equations (31) and
(34) to express as:
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2
PrPmax = rvv (Uv - p) +p (35)

The single variation between the fracture pressure of upper bound and fracture pressure of
lower bound is a constant value before effective vertical stress. The fracture gradient of
upper bound is called the bound of lost circulation or the maximum fracture gradient (
Zhang et al. 2008).

Hence, the fracture pressure of lower bound and the fracture pressure of upper bound
average is probably considered fracture pressure. This fracture pressure equation can be

expressed as follows:

3v

Prp = 2(1-v)

(o, —p) +p (36)

Here, the probably fracture pressure is Pgp.

The suggested models have been applied in some petroleum basins such as Gulf of Mexico,
North Sea, for validation of models. The pore pressures in the shale formations, deep fields
and hydraulically not connected shales are overpressure. In the shale formations
compaction disequilibrium occurred due to overpressures, thus the fluid flow theory cannot
be predict the pore pressures. However, in shale formations to predict the pore pressures
generally used shale petrophysical data and well logs. Normal compaction trend lines can be
easily handled by using Eaton's resistivity and sonic methods. In the case of the compaction
disequilibrium has been reason to overpressure generation, the pore pressure prediction
depends on theoretical pore pressure-porosity model as the fundamental theory in shale
formations. Pore pressure prediction model based on porosity and compressional velocity
(sonic transit time) models are using this theoretical pore pressure-porosity model. Well
logging data and suitable method selection provided accurate results with required
calibrations in several case studies.
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CHAPTER 3

3.0 METHODOLOGY

Based on literature review done, it is basically clear that there are two models of assessing pore
pressure prediction on Judy and Jade fields in the Central Graben Area of the North Sea.

These models are:

e Pore pressure prediction from porosity

e Tau model
3.1 PORE PRESSURE PREDICTION FROM POROSITY
Porosity based pore pressure prediction model is one of the new theoretical model.
Conventional porosity-based pore pressure analysis using sonic or seismic velocity and
resistivity data as a measure of porosity retention, under- estimates the overpressure effect
of these secondary overpressure mechanisms. This methodology to identify overpressure
generation mechanisms in the Judy and Jade fields by using depth versus porosity plotting,
and discuss implications for pre-drill prediction, also review approaches to allow for these
mechanisms. This model mechanism examine on available data of Judy and Jade fields to
determine pore pressures. The calculated pore pressure data compare with the available
pore pressure data of these both fields, to assess the validation of model in Judy, Jade fields.

3.2 TAU MODEL

Tau model is a velocity dependent pore pressure prediction method, this model was
proposed by Shell. The advantage of Tau model is the effects of both the matrix and
mudline velocities are considered on pore pressure prediction. This model examined by
calculating the pore pressures by using overburden stress data of Judy and Jade fields and
plot the graph depth versus pore pressure gradient. Compare this generated plot with
available data of these fields.

The purpose of this project work, emphasis will be placed in exploring pore pressure
prediction models, in order to predict and analyse as an approach to high pressure, high
temperature wells. These two pore pressure prediction models are new and advanced
approaches of pore pressure prediction from well logs. The verified and recommended
model objective is to improve the drilling performance for these fields.

The approach for this work is going to be based on the chart below, these steps are key for
verifying the data and to deliver the best result.
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CHAPTER 4

4. 0 DISCUSSION AND ANALYSIS

The study zone is situated in quadrant 30 (Great Britain), 300 km east-southeast of
Aberdeen (Figure 4), and contains in its deeper sections a high-pressure high-temperature
region (HPHT). This region is portion of a greater field with HPHT environments, focussed in
the profounder Mesozoic segments of the Central Graben and in the southern portion of
the Viking Graben.

The extremely overpressured Mesozoic (pre-rift) clastic reservoirs at 4-5 km burial depths

are of Triassic and Middle Jurassic age (Triassic Heron Group and Middle Jurassic Brent

Group), and range temperatures up to 194°C. These are highly overpressured reservoirs.

Petroleum accretions enclose wet gas condensates and black oils. The Upper Jurassic syn-

rift shales of the Humber Group, the major source rocks in the Central Graben area

(Kimmeridge Clay; Heather formation, Pentland coals), overlie the pre-rift strata. The

Upper Cretaceous Chalk Group, consisting primarily of chalks and marls, overlays the pre-

and syn-rift strata, and is provincially an operative pressure seal in the Central Graben area

(Darby, et al. 1996; Mallon and Swarbrick.2002; Swarbrick, et al. 2000).

Fields/Discoveries

— %f?/

(=1« (_.'nndcnsatc?

Moray Firth/Witch
Ground Graben

Central Graben

-\

S5

527

Figure 4. Study area of Judy and Jade fields (International journal of earth sciences 2008).
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The geology of Jade and Judy fields have been discussed extensively in the literature (Jones
et al. 2005; Swarbrick et al. 2000). Briefly, the Jade structure consists of three NW-SE
dipping, tilted fault blocks. The main reservoir is the Joanne sandstone, belonging to the
upper part of the Triassic Skagerrak Formation. Reservoir pore pressures exceed 800 bars
and temperatures are above 166°C at the reservoir apex, and reach values of up to 200°C in
the deeper sections, as measured in production tests. The Judy field is located on a horst
block approximately 20 km south of Jade. Multiple Triassic Skagerrak Formation reservoir
units occur, consisting mainly of medium grained quartz-rich sandstones interrupted by
shaly sequences. Locally also Jurassic Fulmar sandstone reservoirs are developed. The field
is segmented by faults into individual compartments which contain highly variable fluid
types, ranging from black oils to gas condensates. Pore pressures in the pre-Cretaceous

reservoirs exceed 600 bar and temperatures are around 150°C.
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4.1 THE JUDY FIELD

The Judy field located in Block 30/7a in Quadrant 30 of the UK North Sea, 175 miles east-
southeast of Aberdeen. In 1985 hydrocarbons were discovered by the 30/7a-4a well on the
Judy Field. Excellent flow rates were obtained from both the Pre-Cretaceous Jurassic and
Triassic sands. These sands along with the Joanne formations were subsequently appraised
by seven more wells drilled between 1985 and 1992, revealing the Judy Pre-Cretaceous
reservoir as a complex fault compartmentalized structure.

Image courtesy of Dragados

Figure 5. Judy field area (Offshore technology.com 2012).
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4.2 THE JADE FIELD

The Jade Field is an example of a high pressure high temperature heterogeneous fluvial
reservoir which, at the time of development, appeared to be a straight-forward case of
production by natural depletion. The Jade Field is a high pressure/high temperature (HPHT)
gas/condensate field located in the East Central Graben of the North Sea in UKCS Licence
Block 30/2c, 270km east of Aberdeen (Figure 6). The field is operated by ConocoPhillips
(32.5%) and the remaining ownership consists of BG (35%), Chevron (19.93%), Eni (7%) and
OMV (5.57%). The field was discovered in 1996 by well 30/2c-3 and appraised in 1997 by
well 30/2c-4. First production was achieved in 2002 through a normally unmanned
production wellhead platform connected to the Judy processing facilities in Block 30/7a by a
17km pipeline (Jones et al. 2005).

Figure 6. Location of Jade field and its surrounding fields (Charles 2010).
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4.3 PORE PRESSURE PREDICTION BASED ON POROSITY MODEL:

4.3.1 Judy field:
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Figure 7. Judy field porosity percentage (Nguyen 2013).

This figure gives the data of porosity (%) along with depth (mbsf). For better understanding

and convenience of calculations, change the units of porosity (fractions) and depth (ft mbsf).

3370 315 11056.4
3440 30.2 11286.0
3500 27.8 11482.9
3660 26.6 12007.8
3730 25.3 12237.5
3810 23.9 12500.0
3860 214 12664.0
3980 20.4 13057.7
4010 17.0 13156.1
4110 16.8 13484.2
4220 17.5 13845.1
4250 13.7 13943.5

Table 1. Judy field depth-porosity data.

0.135
0.302
0.278
0.266
0.253
0.239
0.214
0.204
0.170
0.168
0.175
0.137
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This table prepared from figure (7), this data extracted from available figure by using
Digitalizeit software.

Porosity of shale:

H S &-48- = judy field porosity of shales.xlsx - Excel (Trial) TE - 8 X
FILE HOME INSERT PAGE LAYOUT FORMULAS DATA REVIEW VIEW Jagadeesh kilaparthi ~ W
= X . L= Eolnsert ~ X - A

KK == o Ewme £ [ [ E T
[ By - m & =" ZxXDelete ~ 3]~ z
Paste | B I U- H-A- === & 3= EMerge&Center - E2-% 5 55 0 Conditional Formatas Cell .. & Sort & Find &
- ¥ o o - - ’ w0 Formatting ~ Table~ Styles~ &l Format *=" Filter - Select =
Clipboard = Font ) Alignment ~ Number 7 Styles Cells Editing ~
Q19 - b3 v
A B C D E F G H J K L M N 0 P [~

1 11056.4 0.315

2 11286 0.302

3 11482.9 0.278

4 12007.8 0.266 035

5 12237.5 0.253 02 !.

6 12500 0.239 . .

7 12668 0.214 2 o2 s,

8  13057.7 0.204 = .

£ 02 ]

9 13156.1 0.17 = “'.

10 134842 0.168 Z o1s I

11 138451 0.175 8 1

5 o1

12 13943.5 0.137 e
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Figure 8. Judy field depth versus porosity graph

Depth (ftbsf) Porosity Porosity (unitless)
11056.4 10.135 e % B & R B B ¥
11286.0 0.302 .
2

11482.9 0.278 ©
12007.8 0.266 o 5

1]
12237.5 0.253 B8

E =]
12500.0 0.239 -

g 8
12664.0 0.214 =

5 g
13057.7 0.204 5 8

-g- = ".
13156.1 0.170 g "__’_,
13484.2 0.168 g K1

S

13845.1 0.175 .
13943.5 0.137 &
Table 2. Judy field porosity data. Plot 1. Judy field depth versus porosity.
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Judy field depth versus porosity plot (1) showing, the porosity is decreasing with respect to

increasing of depth from the available data.

Normal compaction trendline of porosity:

The normal compaction porosity trendline can be determined from the following equation:

®n=doe 2 where, ©o=0.55 and c=0.00024 (Yardley, Swarbrick 2000)

0
1000
2000
3000
4000
5000
6000
7000
8000
9000
10000
11000
12000
13000
14000

Table 3. Judy field normal porosity.

0.55
0.43
0.34
0.26
0.21
0.16
0.13
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0.04
0.03
0.03
0.02
0.01
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Plot 2. Judy field normal trend line.

The normal compaction trend line (plot 2) of Judy field is showing, the porosity is decreases

along with depth from surface porosity. This means, if depth is increases the porosity is

decreasing and at high depths the porosity percentage is completely decrease.
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Pore pressure gradients:

The pore pressure gradient can be calculated from the following equation:

Ingo—Ing

cZ

Ppg = 0BG — (0BG — Byy) where, B, 4= 0.434psi/ft, 0BG= 1psi/ft (Daniel 2000)

Pore pressure gradient (psi/ft)

~ ~ ~ = oo oo oo s} =
E= h ca =] %] E=3 h ca o
=
5 11056.4 0.881
c’ 11286.0 0.874
S 11482.9 0.859
) ==
o 12007.8 0.857
; [=}]
=2 8 12237.5 0.850
=
= 12500.0 0.842
o =
s © 12664.0 0.824
(7]
2 5 13057.7 0.820
= 3
] 13156.1 0.789
= g 13484.2 0.792
13845.1 0.804
% 13943.5 0.764
=]
= Table 4. Judy field pore pressure

gradient.

Plot 3. Judy field pore pressure gradient trend line.

Pore pressure prediction from porosity model gave the result for Judy field, the pore
pressure gradient values (plot 3) are decreasing with respect to depth. However, the
fundamental theory (figure 2) explained, the pore pressure gradient trend line increases
with depth. Thus, the porosity based pore pressure prediction model gave incorrect result

for Judy field.
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4.3.2 JADE FIELD:

Porosity based pore pressure prediction model verification on Jade field.

File Edit View Axis Dataset Data Auto Graph Help

& B XX 1Y Dataset v~ o OB x5 & &
A ||x-range:
3.88e+83; 5.58e+03
scale: linear
45 y-range:
o Judy field AKessog field 8.08; 45.8
+Jasmine field = Jade field scale: linear
40 1 = From core samples
points: 12
35 4 sorting x ascending
4.39%+03 28.5
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30 4.560+03 26.4
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Figure 9. Jade field porosity percentage (Nguyen 2013).
Extracted data of depth (mbsf) and porosity (%) convert in terms of depth (ftbsf) and

porosity (fraction).

Depth (mbsf) Porosity (%) Depth (ftbsf) : Porosity (fraction)
4390 28.5 14402.8 0.285
4470 27.0 14665.3 0.270
4560 26.4 14960.6 0.264
4660 24.3 15288.7 0.243
4760 22.1 15616.7 0.221
4870 19.9 15977.6 0.199
4910 18.9 16108.9 0.189
4970 18.2 16305.7 0.182
5080 15.9 16666.6 0.159
5130 14.6 16830.7 0.146
5220 12.5 171259 0.125
5260 11.0 17257.2 0.110

Table 5. Jade field depth-porosity data.
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Porosity of shale:

Porosity (unitless)

S0

- = -
= %] P2
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Plot 4. Jade field porosity trend line.

g0

€0

14402.8
14665.3
14960.6
15288.7
15616.7
15977.6
16108.9
16305.7
16666.6
16830.7
17125.9
17257.2

0.285
0.270
0.264
0.243
0.221
0.199
0.189
0.182
0.159
0.146
0.125
0.110

Table 6. Jade field porosity data.

Jude field depth versus porosity plot (4) shows, the porosity is decreasing with respect to

increasing of depth from the available data. Which are extracted data (figure 9) by using

Digitalizeit software.
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Normal compaction trendline of porosity:

The normal compaction porosity trendline can be determined from the following equation:

0
1000
2000
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4000
5000
6000
7000
8000
9000
10000
11000
12000
13000
14000
15000
16000
17000
18000

Table 7. Jade field normal porosity.

0.425
0.334
0.262
0.206
0.162
0.128
0.100
0.079
0.062
0.049
0.038
0.030
0.023
0.018
0.014
0.011
0.009
0.007
0.005

®, = poe~¢? where, ©;=0.425 and c=0.00024 (Yardley, Swarbrick 2000)

Porosity (unitless)
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000ST 0000T
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Plot 5. Jade field normal porosity trend line.

The normal compaction trend line (plot 5) of Jude field is showing, the porosity is decreases

along with depth from surface porosity. This means, if depth is increases the porosity is

decreasing and at high depths the porosity percentage is completely decreased.
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Pore pressure gradients:

The pore pressure gradient can be calculated from the following equation:

Ingo—Ing

Pog = OBG — (0BG — P, ) ==

Where, P, ;= 0.434psi/ft, 0BG= 1psi/ft (Daniel 2000)

Pore pressure gradient (psi/ft)

o o o o =] o
= 4] ] ] ta 2 o V]
= o (&) N = e o [N =

=3
(=]
=
(=]

5
S
14402.8 0.934 b
o
14665.3 0.927 g -
==
14960.6 0.924 F 5
o 8
15288.7 0.913 g;
15616.7 0.901 : 5
8 3
15977.6 0.888 =
8 »
16108.9 0.881 =8
(=]
16305.7 0.857
e
16666.6 0.848 g
17125.9 0.831 .
17257.2 0.815 g

Table 8. Jade field pore pressure gradient. Plot 6. Jade field pore pressure gradient trend line

Pore pressure prediction from porosity model gave the result for Judy field, the pore
pressure gradient values (plot 6) are decreasing with respect to depth. However, the
fundamental theory (figure 2) explained, the pore pressure gradient trend line increases
with depth. Thus, the porosity based pore pressure prediction model gave incorrect result

for Jude field.
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4.4 ANALYSIS OF TAU MODEL:

4.4.1 Estimation of overburden stress of Judy and Jade fields from diagram:

o x
File Edit View Axis Dataset Data Auto Graph Help
= B XX lrty Dataset vy~ o OE X% & &
A |IX-range:
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2500 L L . L 2.50e+03; 5.50e+03
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points: 24
sorting x ascending
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103,101 -> -103, 2.17e+0:

Figure 10. Judy and Jade field’s lithostatic pressure data (Nguyen 2013).

Overburden stress of Judy field:

Depth (ftbsf) Overburden stress

(psi)
11056.4 10558.74

11286.0 10747.29

11482.9 10964.85

12007.8 11370.95

12237.5 11719.04

12500.0 11980.11

12664.0 12125.15

13057.7 12415.22

13156.1 12574.76

13484.2 12908.35

13845.1 13198.43

13943.5 13328.96
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Table 9. Judy field overburden pressure data.

Judy field overburden (lithostatic) pressure data generated by using the Digitalizeit software

from figure 10. This data (table 10) shows, the overburden pressure is increased along with

depth.

Overburden stress of Jade field:

14402.8
14665.3
14960.6
15288.7
15616.7
15977.6
16108.9
16305.7
16666.6
17125.9
17257.2

Table 10. Jade field overburden pressure data.

13764.07
13981.63
14271.70
14648.80
14938.88
15228.95
15373.99
15519.03
15954.14
16389.26
16534.29

Jude field overburden (lithostatic) pressure data generated by using the Digitalizeit software

from figure 10. This data (table 11) shows, the overburden pressure is increased along with

depth.
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4.4.2 Estimation of Pore Pressure and Pore Pressure Gradients of Judy and Jade fields:

Pore pressure can be calculated from using this equation:

C—At
B
At—D) S

on-v'As(

Judy field pore pressure and pore pressure gradients:

Pore pressure gradient (psi/ft)

2 2 2 2 2 2
~ ~ ~ ~ ~ ~
w = A =3 ~l ca

11056.4 8109.77 0.733 .
=

11286.0 8298.32 0.735 2

o 8
11482.9 8515.88 0.741 < _

5 g

"': (=]
12007.8 8921.98 0.743 ;r* .

5 2

E =]
12237.5 9270.07 0.757 p

5 g
12500.0 9531.14 0.762 g 8
12664.0 9676.18 0.764 8
13057.7 9966.25 0.763 g
13156.1 10125.79 0.769 g
13484.2 10459.38 0.775

Plot 7. Judy field pore pressure

13845.1 10749.46 0.776 gradient trend line.
13943.5 10879.99 0.780

Table 11. Judy field pore pressure gradients.

Tau Model applied on Judy field, this model gave reliable results for Judy field pore pressure
gradient trend line (plot 7). This pore pressure gradient trend line increased with depth for
Judy field. However, the fundamental theory (figure 2) explained, the pore pressure
gradient trend line increased with depth. Thus, the Tau model gave correct result for Judy

field.
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Jade field pore pressure and pore pressure gradients:

Depth (ftbsf) Pore pressure Pore

(psi) pressure
gradients
(psi/ft)
14402.8 11315.10 0.785
14665.3 11532.66 0.786
14960.6 11822.73 0.790
15288.7 12199.83 0.797
15616.7 12489.91 0.799
15977.6 12779.98 0.799
16108.9 12925.02 0.802
16305.7 13070.06 0.801
16666.6 13505.17 0.810
17125.9 13940.29 0.813
17257.2 14085.32 0.816

Table 12. Jade field pore pressure gradient.

Pore pressure gradient (psi/ft)
S ¥ ks ok
) -]
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Plot 8. Jade field pore pressure gradient trend line.

Tau Model applied on Jude field, this model gave reliable results for Jude field pore pressure
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gradient trend line (plot 8). This pore pressure gradient trend line increased with depth for
Jade field. However, the fundamental theory (figure 2) explained, the pore pressure
gradient trend line increased with depth. Thus, the Tau model gave correct result for Jade

field.

4.5 ANALYSIS OF AVAILABLE DATA

Pore pressure gradients from available data of Judy and Jade fields:

o Digitizelt - PORE PRESSURE GRADIENTS FOR JUDY AND JADE FIELDS FROM DIAGRAM.dig — 3 n
File Edit View Axis Dataset Data Auto Graph Help
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Figure 11. Judy and Jade fields pore pressure data (Nguyen 2013).
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4.5.1 Pore pressure gradients for Judy field:

From above diagram depths and pressures converted to feet and psi successively.

Depth (ft below sea floor) Pore pressure (psi) Pore pressure gradient (psi/ft)
11056 5612.958 0.507
11286.0 5888.530 0.521
11482.9 6048.072 0.526
12007.8 6555.704 0.545
12237.5 6744.253 0.551
12500.0 7048.832 0.563
12664.0 7585.471 0.598
13057.7 8093.103 0.619
13156.1 8281.652 0.629
13484.2 8658.750 0.642
13845.1 8977.833 0.648
13943.5 9224.397 0.661

Table 13. Judy field pore pressure gradient.

pore pressure gradient (psi/ft)
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Plot 9. Judy field pore pressure gradient trend line.
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Judy field’s pore pressure gradient trendline (plot 9) showed, the pore pressure gradient

values increased with respect to depth. This pore pressure gradient data for Judy field

generated from figure 10, by using Digitalizeit software.
4.5.2 Pore pressure gradients for Jade field:

Depth (ft below sea floor) Pore pressure (psi) Pore pressure gradient
(psi/ft)
14402.8 9659.510 0.670
14665.3 10225.157 0.697
14960.6 10645.767 0.711
15288.7 11138.895 0.728
15616.7 11588.512 0.742
15977.6 12052.632 0.754
16108.9 12458.738 0.773
16305.7 12777.821 0.783
16666.6 13285.453 0.797
16830.7 13532.017 0.804
17125.9 13981.634 0.816
17257.2 14474.762 0.838

Table 14. Jade field pore pressure gradient.
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Plot 10. Jade field pore pressure gradient trend line.
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Jade field’s pore pressure gradient trendline (plot 10) showed, the pore pressure gradient
values increased with respect to depth. This pore pressure gradient data for Jade field
generated from figure 10, by using Digitalizeit software.

4.6 COMPARISON OF PORE PRESSURE GRADIENT RESULTS
4.6.1 Comparison of pore pressure gradient plots for Judy field:

Comparison of available data pore pressure gradient plot and porosity based pore
pressure prediction model plot:

pore pressure gradient (psi/ft) Pore pressure gradient (psi/ft)
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Plot 11. Judy field pore pressure gradients comparison of available data and porosity
based pore pressure prediction model.

The comparison of pore pressure gradient trend lines (plot 11) generated from available
data and pore pressure prediction from porosity model showed, the quite opposite trend
lines. This means, the pore pressure prediction from porosity model gave incorrect result for
Judy field.

Page | 52



Comparison of available data pore pressure gradient plot and Tau model pore pressure
gradient plot:

pore pressure gradient (psi/ft) Pore pressure gradient (psi/ft)
e o o o © o o S 2 £ & 2 g g
[=] ] [S] [ = 4] =] ~l 3 E a ; 3 ; 3

0

000T
00

000t

0009
0009 000t

0000T

0000T

(100} eas moj2q 33) yadaqg
000!

(100} e3s mojaq 3y) yadaq
000

000FT  ODOZT
000FT  DDOZT

0009T
00091

Plot 12. Judy field pore pressure gradients comparison of available data and Tau model.
The comparison of pore pressure gradient trend lines (plot 12) generated from available

data and Tau model showed, the quite parallel trend lines. This means, the Tau model gave
correct result for Judy field.
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4.6.2 Comparison of pore pressure gradient plots for Jade field:

Comparison of available data pore pressure gradient plot and porosity based pore
pressure prediction model plot:
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Plot 13. Jade field pore pressure gradients comparison of available data and porosity
based pore pressure prediction model.

The comparison of pore pressure gradient trend lines (plot 13) generated from available
data and pore pressure prediction from porosity model showed, the quite opposite trend
lines. This means, the pore pressure prediction from porosity model gave incorrect result for
Jade field.
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Comparison of available data pore pressure gradient plot and Tau model pore pressure
gradient plot:

Pore pressure gradient (psi/ft) Pore pressure gradient (psi/ft)
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Plot 14. Jade field pore pressure gradients comparison of available data and Tau model.
The comparison of pore pressure gradient trend lines (plot 14) generated from available

data and Tau model showed, the quite parallel trend lines. This means, the Tau model gave
correct result for Jade field.

Page | 55



4.7 COMPARISON OF PORE PRESSURE GRADIENTS INTERMS OF PERCENTAGE

The pore pressure gradients comparison between available data and Tau model, because
Tau model pore pressure gradient trendlines similar to available data pore pressure gradient
trendlines. Thus, the similarity of these pore pressure gradient trendlines calculated in
terms of percentage for both Judy and Jade fields.

4.7.1 Judy field pore pressure gradients comparison in terms of percentage:

11056.4
11286.0
11482.9
12007.8
12237.5
12500

12664

13057.7
13156.1
13484.2
13845.1
13943.5

0.507
0.521
0.526
0.545
0.551
0.563
0.598
0.619
0.629
0.642
0.648
0.661

0.733
0.735
0.741
0.743
0.757
0.762
0.764
0.763
0.769
0.775
0.776
0.780

44.57
41.07
40.87
36.33
37.38
35.34
27.75
23.26
22.25
20.71
19.75
18.00

Table 15. Judy field pore pressure gradients comparison of available data and Tau model.

The above table indicating the difference between available data pore pressure gradients
and Tau model pore pressure gradients. From this table one remarkable point observed,

that point is if the depth increases but the difference of pore gradients in terms of

percentage decreased.
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4.7.2 Jade field pore pressure gradients comparison in terms of percentage:

Depth (Ftbsf) Available data pore  Tau model pore Difference of pore
pressure gradients pressure gradients pressure gradients
(psi/ft) (psi/ft) (%)

14402.8 0.670 0.785 17.16

14665.3 0.697 0.786 12.76

14960.6 0.711 0.790 11.1

15288.7 0.728 0.797 9.47

15616.7 0.742 0.799 7.68

15977.6 0.754 0.799 5.96

16108.9 0.773 0.802 3.75

16305.7 0.783 0.801 2.29

16666.6 0.797 0.810 1.63

17125.9 0.816 0.813 -0.003

17257.2 0.838 0.816 -0.002

Table 16. Jade field pore pressure gradients comparison of available data and Tau model.

The key observation from this table, the pore pressure gradients difference in terms of
percentage completely decreased to reach the zero percentage.
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4.8 Estimation of Fracture gradients for Judy and Jade fields

Finally, chosen Tau model to both Judy and Jade fields, because always pore pressure
gradients increase along with depth. By the observation, porosity based pore pressure
prediction model failed to satisfy this condition in both Judy and Jade fields. Tau model
verified and satisfied the pore pressure gradient conditions on both Jade and Jade fields and
addition to that, find the fracture gradients from the Kirsch’s equation (Haimson and
Fairhurst, 1970; Zhang and Roegiers, 2010).

Tensile failure method (Kirsch’s equation) can be used to find the fracture pressures for
both Judy and Jade fields which were verified from Tau model.

3v

= 2 (oy—p)+0p v = 0.3, 0.35 for shale and chalk (Scribd.com 2013)

PFP

4.8.1 Fracture gradients for Judy field:

Depth (ftbsf) Overburden Pore pressure (psi) Fracture
stress (psi) gradients
(psi/ft)
11056.4 10558.74 8109.77 0.875
11286.0 10747.29 8298.32 0.874
11482.9 10964.85 8515.88 0.878
12237.5 11719.04 9270.07 0.885
12500.0 11980.11 9531.14 0.888
12664.0 12125.15 9676.18 0.888
13057.7 12415.22 9966.25 0.883
13156.1 12574.76 10,125.79 0.889
13484.2 12908.35 10459.38 0.892
13845.1 13198.43 10749.46 0.893
13943.5 13328.96 10879.99 0.893

Table 17. Judy field fracture gradient.
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Plot 15. Judy field fracture gradient trend line.

Minimum stress method applied on Judy field, this model gave reliable results for Judy field
fracture gradient trend line (plot 15). This fracture gradient trend line increased with depth
for Judy field. However, the fundamental theory (figure 2) explained, the fracture gradient
trend line increased with depth. Thus, the minimum stress method gave correct result for
Judy field.

4.8.2 Fracture gradients for Jade field:

Depth (ftbsf) Overburden stress Pore pressure (psi) Fracture gradients
(psi) (psi/ft)
14402.8 13764.07 11315.10 . 0.922
14665.3 13981.63 11532.66 0.921
14960.6 14271.70 11822.73 0.922
15288.7 14648.80 12199.83 0.927
15616.7 14938.88 12489.91 0.926
15977.6 15228.95 12779.98 0.923
16108.9 15373.99 12925.02 0.925
16305.7 15519.03 13070.06 0.922
16666.6 15954.14 13505.17 0.928
17125.9 16389.26 13940.29 0.929
17257.2 16534.29 14085.32 0.930

Table 18. Jade field fracture gradient.
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Plot 16. Jade field fracture gradient trend line.
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Minimum stress method applied on Jade field, this model gave reliable results for Jade field

fracture gradient trend line (plot 16). This fracture gradient trend line increased with depth

for Jade field. However, the fundamental theory (figure 2) explained, the fracture gradient

trend line increased with depth. Thus, the minimum stress method gave correct result for

Jade field.

4.9 ANALYSIS OF PORE, FRACTURE AND OVERBURDEN GRADIENTS RESULTS

4.9.1 Judy field all gradients:

Judy field’s pore, fracture and overburden gradient comparison with depth.

11056.4
11286.0
11482.9
12237.5
12500.0
12664.0
13057.7
13156.1
13484.2
13845.1
13943.5

Table 19. Judy field pore, fracture and overburden gradients.

0.733
0.735
0.741
0.757
0.762
0.764
0.763
0.769
0.775
0.776
0.780

0.875
0.874
0.878
0.885
0.888
0.888
0.883
0.889
0.892
0.893
0.893

0.954
0.952
0.954
0.957
0.958
0.957
0.950
0.955
0.957
0.953
0.955
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Plot 17: Comparison of pore, fracture and overburden gradients of Judy field.

All pressure gradients such as pore pressure gradient, fracture gradient and overburden
pressure gradients compared with depth in the plot 17, this trend lines similar to
fundamental theory (figure 2) trend lines. Thus, the chosen models gave correct results and
verified on Judy field.

4.9.2 Jade field all gradients:

Jade field’s pore, fracture and overburden gradient comparison with depth.

Depth (ftbsf) Pore pressure Fracture gradient Overburden
gradient (psi/ft) (psi/ft) _gradient (psi/ft)
14402.8 0.785 0.922 0.955
14665.3 0.786 0.921 0.953
14960.6 0.790 0.922 0.953
15288.7 0.797 0.927 0.958
15616.7 0.799 0.926 0.956
15977.6 0.799 0.923 0.953
16108.9 0.802 0.925 0.954
16305.7 0.801 0.922 0.951
16666.6 0.810 0.928 0.957
17125.9 0.813 0.929 0.956
17257.2 0.816 0.930 0.958

Table 20. Jade field pore, fracture and overburden gradients.
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Plot 18: Comparison pore, fracture and overburden gradients of Jade field

All pressure gradients such as pore pressure gradient, fracture gradient and overburden
pressure gradients compared with depth in the plot 18, this trend lines similar to
fundamental theory (figure 2) trend lines. Thus, the chosen models gave correct results and
verified on Jade field.
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CHAPTER 5
5.0 CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS:

The purpose of this project was to develop a pore pressure and fracture gradient prediction
strategy for the Judy and Jade fields in the North Sea Central Graben. The offset well data
consisted of Judy and Jade HPHT fields. Multiple pore pressure prediction strategies were
reviewed that gave reasonable results: Pore pressure prediction from porosity model and
Tau model equations for both porosity and seismic velocity data. Attempts were made to
verify the validity of these approaches by comparing the results with pressure depth for
sediments. Those attempts gave reasonable results in both fields. However, porosity based
pore pressure prediction model does not always deliver a satisfactory pore pressure
estimation. There were several reasons for failure to the porosity based method, especially
in high temperature basins and higher depths. Pore pressure prediction from porosity
model, gave the pore pressure gradients for both Judy and Jade fields were fluctuated and
decreased along with depth increased. Tau model gave the good results in both fields, those
pore pressure gradients increased along with depths increased. The significant point was the
Tau model more appropriate at high depths, because from table 15 and table 16, the pore
pressure gradients at high depths similar to available pore pressure gradients, thus the Tau
model more suitable to predict the pore pressure gradients at higher depths and
overpressured fields. This scenario explained and supported the fundamental lithostatic
gradient plot. Therefore, the Tau model was concluded to be the best pore pressure
prediction method for future wells in Judy and Jade fields.

The fracture gradient prediction method proposed by Kirsch’s solution (tensile failure
method) was practical using area precise information and an autonomous foundation for
the connection between Poisson’s ratio and pore pressure. This method allows fracture
gradient prediction and was concluded to be appropriate for future use in these areas.
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5.2 RECOMMENDATIONS:

While the above-mentioned pore pressure and fracture gradient prediction methods were
allowed for the limited availability and quality of data, there was certain improbability in the
precision of the forecasts. The following commendations concerning those uncertainties
should be addressed when planning and conducting future drilling operations.

e Porosity based pore pressure prediction method can deliver suitable pore pressure
prediction where the overpressure is under compaction and the deposits are young
and at low temperatures. Identifying the petroleum systems are both complex and
varied, and constantly postulate a series of improbability in pore pressure prediction
for future wells.

e Calibration using offset wells, emerging local consideration of wireline and rock
characteristics to standardise prediction results. Retaining field modelling seismic
and wireline based prediction techniques deliver balancing outcomes and
appreciated perceptions into the accurate series of improbability in prediction.

e The best fitting parameters of the Tau model varies from region to region, the

assumed fitting parameters to be depends on region lithology. Realistic pore
pressures are required to make reliable fracture gradient calculations.
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