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Abstract

The pore pressure prediction is the most important process in the design of drilling wells. This paper depicts
a new methodology to analyze pore pressure based on both, the normal compaction theory of sediments
and the way that normal behavior diverges when it is interrupted. Much has been written on the topic;
however, even today a high percentage of non-productive time (NPT) in drilling activities is related to
pore pressure and wellbore instability problems. Here, a new methodology is proposed to improve the
accuracy of calculated pore pressure from well logs and seismic data. Moreover, this new methodology
allows, under specific conditions, to determine pore pressure in carbonates and other reservoir rocks. The
compaction process defines the normal trend of porosity indicators with depth, the fluid retention depth and
those rock bodies diverging from a normal compaction trend. The divergence detection procedure includes
the identification of both, transitional changes of the porosity indicators (shale) and those that are parallel to
normal compaction trend (reservoir rock); they allow to build a divergent area. When the divergent area is
defined, the pore pressure calculation can be done using a pore pressure model based on normal compaction
theory and well logs or interval velocity data from seismic. Misleading prediction of geopressures for a
particular area are linked to: misunderstandings of pore pressure origins there, the limited scope of pore
pressure models based on well logs and to miscalculations of the key parameters of pore pressure models.
This work discuss the impact of these key parameters in the pore pressure prognosis. Analysis of actual cases
showing the impact of miscalculation of overburden stress on pore pressure estimations, normal compaction
trend definition and pore pressure calculations are presented using divergent area along with the Eaton
model. The conclusions support the following statements: well log density data cannot be used to calculate
the overburden pressure and under some conditions, the divergence methodology can be used to calculate
pore pressures in carbonates. Furthermore, the divergent area method eliminate the use of shale points in
pore pressure prognosis.

Introduction

The analysis of abnormal pressures is an issue that has been studied for more than 50 years, however,
even today a high percentage of non-productive time (NPT) in drilling activities is related to pore pressure
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and wellbore instability problems (Hamid et al. 2016; Ong et al. 2015; York et al. 2009). The misleading
prediction of geopressures are linked to misunderstandings of the pore pressure genesis for a particular
area and to the limited scope of pore pressure models based on well logs and miscalculations of the key
parameters of pore pressure models.

Swarbrick and Osborne (1998) describe several mechanisms that originates abnormal pressures, which
must be taken into account for pore pressure prognosis during drilling well design. Furthermore, despite
the broad causes of abnormal pressures in the earth's crust, the mathematical prediction models that use
either well logs or seismic data only predict pore pressure generated by stress-related mechanisms; this is
also know as "compaction disequilibrium" or "undercompaction". Figure 1 shows a pressure-depth plot
illustrating the existence of other pore pressure mechanisms, which must be taken into account to improve
pressure predictions.

Overburden
Fluid Retention
Depth (FRD)
- ) o Pore Pressure by
Compaction disequilibrium compaction
disequilibrium
(Pp)
<«
Compaction disequilibrium Pore Pressure by compaction \
+ disequilibrium (Pp)
Other causes + \
Other Pore Pressure Causes \

Figure 1—Pore pressure is because of combination of several mechanisms (Modified from Bowers 2002).

Hence, because shales are more sensitive to undercompaction phenomena, the prognosis of abnormal
pressures focuses on their behavior (Hottmann, and Johnson 1965; Bowers 2002). However, when we have
reservoir type rocks (sands or carbonates), the prognosis of pore pressure using well logs or seismic data do
not match altogether with recorded pore pressures (Green et al. 2016; Hoskin and O'Connor 2016). Figure
2 describes pore pressure prognosis behavior in a shale and reservoir type rock (sands). The black dots are
pore pressure values measured in a reservoir type rock; the continuous line represent the predicted pore
pressure values determined from well logs. This behavior is because the reservoir rock do not follows overall
the compaction theory such as shales (Terzaghi and Peck 1938; Hottmann and Johnson 1965) and/or the
generation of reservoir pore pressure is due to other pressure mechanism different to undercompaction.
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Figure 2—Behavior of pore pressure in shale and reservoir rock.

The most commonly used pore pressure models in industry are based on the theory of normal sediment
compaction described by Terzaghi and Peck (1948). Here the pore pressure models consider the behavior
of porosity (or porosity indicators such as sonic transit time, resistivity or interval velocity) with depth
to define the compaction disequilibrium; this behavior is called normal compaction trend (NCT). Shaker
(2007a, 2007b) discussed the importance of NCT in pore pressure prediction and show examples of NCT
data manipulation for calibration purposes. Figure 3 shows the NCT plotted correctly against a NCT plotted
in several segments with the purpose of fitting pore pressure measured values.
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Figure 3—Unique NCT and multiple NCT for fitting purposes.

In addition, the models have parameters that have to be adjusted depending on the geological frame of
each particular basin. For example, Lopez-Solis and Velazquez-Cruz (2006) discuss an study of normal
compaction trends for resistivity in Mexican offshore wells and put forward the adjustments to Eaton's
model for correct pore pressure prediction in Mexican Gulf Coast.

This work discuss the impact of these key parameters in the pore pressure prognosis. Analysis of real
cases that show the impact of miscalculation of overburden stress and normal compaction trend definition
are presented as well as pore pressure calculations using divergent area and Eaton's model.

Strategy for Pore Pressure Analysis

A systemic approach called "convergence analysis" was followed in this paper, which includes: the
definition of Normal Compaction Trend (NCT), the determination of Fluid Retention Depth (FRD), setting
up of divergent area, an overburden correction by effect of density log and the fitting of a pore pressure
model. Figure 4 schematizes the different elements integrated in the convergence analysis.
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Figure 4—Approach of convergence for pore pressure analysis.

Analysis of Normal Compaction Trend (NCT)

Pore pressure models based on effective stress consider the definition of a NCT against depth. The NCT
represents the loss of porosity because of compaction when sediments burial increase. Hottmann and
Johnson (1965) showed that when the porosity reduces with depth, the pressure in porous media is normal.
Conversely, when the porosity is anomalously high for burial depth the pore pressure is abnormally high.
Therefore, if the loss of porosity against depth behaves as an exponential function (Athy 1930), the NCT
can be represented as:

bn = ¢Oe—c-Z ()
Where:
¢, = Normal compaction trend for porosity
¢, = Porosity at surface
¢ = Normal compaction behavior index
Z = Depth
Generalizing equation (1) for other indicators of porosity loss with depth such as sonic transit time,
interval velocity and resistivity; they are portrayed as:

At, = At,e ? (2)
V, = Ve 3)
R, = R,e? 4)

Where:

At, = Normal compaction trend for sonic transit time
At, = Sonic transit time at surface

V., = Normal compaction trend for interval velocity
V, = Interval velocity at surface

R, = Normal compaction trend for resistivity

R, = Resistivity at surface
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¢ = Normal compaction behavior index

Z = Depth

Figure 5 describes the behavior of NCT with depth; when loss of porosity progress with depth because of
geostatic compaction, it behaves like an exponential function (dashed line); when compaction is interrupted,
the porosity "diverges" from its normal compaction trend (dotted line in red zone). If the NCT represents
the porosity loss with depth, then any well would have a unique NCT as shown in figure 5 (dashed line).
As pointed out by Shaker (2007a), the NCT is the keystone of pore pressure analysis and breaking the NCT
into several segments for calibration purposes must be avoided (figure 6).
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Figure 6—Breaking NCT in multiple trends for calibration purposes of pore pressure
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The analysis of behavior of NCT must be both, systematic and in concordance with rock compaction
increase in any particular basin. Pennebaker (1968) and Correa (2016) discuss how the NCT behaves when
related to interval velocity, sonic transit time and resistivity for the Gulf Basin and Burgos Basin (figure 7).
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Figure 7—Behavior of NCT for different porosity indicators and basins.

Fluid Retention Depth (FRD)
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As burial depth increase, porosity reduces until a depth known as Fluid Retention Depth (FRD); from there
down, porosity increases in abnormal way and pore pressure changes from a normal to an abnormal pattern.
For the same well, FRD must be the same using any well log to identify it (figure 8). Swarbrick et al. (2002)
underline the fact that the beginning of an abnormal pore pressure is controlled by the loading rate, the
evolution of porosity and permeability of sediments during burial. The FRD is shallower in sedimentary
rocks with low permability and high compressibility, and deeper in highly permeable and -low compressible
rocks. In addition, for the same sediment, the FRD is shallower for high sedimentation rates and deeper

for slow sedimentation rates.
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Figure 8—ldentification of FRD for the same well using different well logs.
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Figure 9—Behavior of FRD with loading/sedimentation rate (Modified from Swarbrick et al. 2002).

Divergent Area Methodology

The methodology is based on normal compaction of sediments trend and the way that it diverges when
normal compaction is interrupted. The methodology states that if the overburden increases with depth and
there is compaction disequilibrium at certain depth, the pore pressure must also increase starting in that
depth. Terzaghi and Peck (1948) postulate that the overburden stress is shared by both, the fluids into the
rock pores and the contact among grains; the intergranular contact stress is called effective stress (figure
10). In addition, they propose that if the pore fluid expulsion is interrupted, pore pressure increases because
overburden stress increases. Hence, divergent lines and Terzaghi's model can be used to calculate pore
pressure due to compaction disequilibrium as it increases when the overburden does (figure 11), as follows:

S=h+o (5)

0=5-h (6)

Ogqn = 0 xDIV (7)
— (O

DIV = (¢an) (8)
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Figure 11—Divergent area coupled to Terzaghi's model.

Where:

S = Overburden stress

P, = Pore pressure

o = Effective stress

¢, = Porosity from normal compaction trend
¢., = Porosity from divergent lines

o, = Normal effective stress = (S-Pp,)

0., = Abnormal effective stress = (S-Pp.,)
Pp., = Abnormal pore pressure

Pp, = Normal pore pressure
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DIV = Divergences
Figures 12(a), 12(b), 12(c) and 12(d) schematize the setting of a divergent area following the next
procedure:

a. Plot the porosity indicator (well log) against depth and define both the NCT and FRD.
Draw lines parallel to NCT until well log is cover.

c. On the well log, define the transitional and parallel lines (divergences) according with its behavior,
as illustrated on figure 12(c).

d. Define the divergent area and its divergent lines as shown on figure 12(d).
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Figure 12—Steps to apply the Methodology of divergent area.

The methodology of divergent area can be applied to the reservoir rocks that do not follow in all the
compaction theory of shales. Green et al. (2016) argue that one of the reasons that traditional prediction
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of pore pressure fails in carbonates is because the loss of porosity is not only controlled by effective stress
but also by a variety of physical parameters such as depositional conditions, dissolution and diagenetic
fabric history; the same occurs for sands according with Mouchet and Mitchell (1989). Figure 13 shows

an illustration of underprediction of pore pressure due to porosity affected by other parameters different to
compaction (modified from Green et al. 2016).
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@
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Figure 13—Underprediction of pore pressure due to porosity affected by
other parameters different to compaction (modified from Green et al. 2016).

Shaker (2002) postulates that pore pressure in shales and in reservoir rocks (carbonates or sands)
progresses in a cascade fashion to create a pressure envelope. Here, pore pressure in reservoir rocks follows
the hydrostatic gradient while in shales it progresses expontentially from top to bottom. Figure 14 shows the
pressure envelope following Shaker's postulate (2002). Hence, considering the pressure envelope illustrated
in figure 14, the methodology of divergences may be used to infer pore pressure in reservoir rocks like
carbonates or sands. The divergence application consist in to identify transitional behaviors of the porosity

indicators (shale) and those that are parallel to normal compaction trend (reservoir rock) and then, build a
divergent area as show in figure 15.

Pressure

Normal Pore Pressure

Depth

v

Figure 14—lllustration of pressure envelope (modified from Shaker 2002).
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Figure 15—Divergent area to infer pore pressure in reservoir rocks.

Once the divergent area is defined, the pore pressure calculation can be done using a pore pressure model
based on normal compaction theory, such as Eaton's, along with the use of either well logs and/or interval
velocity from seismic.

Overburden Stress Correction
Overburden stress at a given depth is the stress exerted by the weight of the overlying sediments; therefore,
it may be determined by means of bulk density of the sediments by the following equation:

S= J-OZ p,gdZ = Zprig[zi - Zi—l] )
i1

Where:

S = Overburden stress

pii = Bulk density due to mechanical compaction at depth 1

g = Acceleration of gravity

Z;=Depth i

Z;.; = Depth before i

The bulk density profile of a rock formation is acquired by well density log, however, the density log
may be affected by overpressures, gas content, borehole washouts and high mud filtrates among others.
These effects influence the density log readings and consequently the overburden stress calculations;
furthermore, the lack of density log readings in the first drilling stages also affects the overburden stress
calculations. Nevertheless, the most important issue in overburden stress calculation is that it must be
determined exclusively using the rock bulk density due to normal compaction of sediments. Eaton (1969,
1972) discusses the integration of bulk density graphs built from several well logs taken in normally
compacted formations in the Gulf Coast and Santa Barbara Channel. From those graphs, he build his
overburden stress nomogram for each location discussed. Mouchet and Mitchell (1989) remark that most
clays may be normally compacted but the loss of porosity in carbonates and sands depends also on many
other parameters, such as diagenetic effects, sorting, original composition and others. Figure 16 shows the
bulk density nomogram built by Eaton (1969) from several normally compacted wells in the Gulf Coast;
Figure 17 presents a density log influenced by overpressures, borehole conditions and other parameters
different to normal compaction of sediments which the end, impact the overburden calculations.
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Figure 16—Bulk density from normally compacted formations in the Gulf Coast (Modified from Eaton 1969).
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Figure 17—Bulk density from Mexican well.

To avoid the "environmental" effects in density log readings, a modification to equation (9) is proposed
as follows:

S=Yp, +kz°)-g-[2,-7,.] (10)

Where:
S = Overburden stress
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po = Bulk density at surface

¢ = Normal compaction behavior index (varies from 0.3 to 0.6)

k = Declination parameter (0.01)

g = Acceleratioin of gravity

Z; = Depth i

Z;.; = Depth before 1

Equation (10) considers that bulk density vary normally with compaction of the sediments as depth
increases. This correction avoids the "environmental" effects of density log readings as observed in two
Mexican wells presented in figure 18.
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Figure 18—Overburden influenced by the "environmental” effects of density log readings in two Mexican wells.

Fitting of Pore Pressure Model

The first recommendation that different authors make of the use of their pore-pressure models is that they
have to be adjusted to the conditions of each particular geological basin (Hottmann and Johnson 1965;
Eaton 1975; Bowers 1995). For instance, studies of pore pressure, done in offshore wells at the Mexican
Gulf Coast, show that the original Eaton's model "overestimate" pore pressure when compared to measured
values (Velazquez-Cruz et al. 2008). To regionalize Eaton's pore-pressure model, the convergence analysis
approach was applied, as it was explained before; however, alpha exponent (a) from Eaton equation was a
great unknow until it was evaluated with the resistivity and sonic travel time data from several wells drilled
at Mexican Gulf Coast. The results revealed that the alpha exponent is smaller than its original value for
both logs; results are showed in table 1.
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Table 1—Values of alpha exponent for wells drilled at Mexican Gulf Coast.

Alpha exponent Alpha exponent for
Source ce . R PN
for resistivity sonic transit time
(Eaton
1975) 1.2 3.0
This Work 0.12 0.30

Figure 19 shows a pore pressure analysis in a Mexican offshore well using sonic transit time and Eaton's

equation with alpha exponent equal to three. Figure 20 presents the same well with alpha exponent equal
to 0.3.
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Figure 19—Pore pressure of Mexican offshore well 3 with Eaton's exponent alpha equal to three.
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Figure 20—Pore pressure of Mexican offshore well 3 with Eaton's exponent alpha equal to 0.30.

Case Analysis

The convergence analysis of pore pressure was applied to an onshore well in Mexico as it shown in figure
21. Track No. 1 displays the gamma ray log without shale points pick, which are not required when the
divergent area is used. Track No. 2 present the analysis of "divergent lines" to identify transitional behaviors
of the porosity indicators (at the shale) and those that are parallel to normal compaction trend (at the reservoir
rock) which, when coupled to the normal compaction trend, help to build the divergent area. In addition,
track 2 exhibits a reservoir rock portion with a porosity regression that without use of the divergent area,
may lead to an underprediction of the pore pressure as illustrated in figure 13. Furthermore, the methodology
of divergences replaces the shale points interpolation for the analysis of the compaction disequilibrium
phenomena directly in the well log. Track No. 3 expose the pore pressure analysis of the well, here, it can
be observed how the pore pressure increases steadily and uniformly, properly describing the effect of the
overburden pressure.
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theory, divergent area and well logs in Mexican onshore well.

The NCT represents the porosity loss with depth so that any well would have a unique NCT.

The NCT is the keystone of pore pressure analysis and breaking the NCT into several segments for
calibration purposes must be avoided.

As burial depth increase, porosity reduces until a depth known as Fluid Retention Depth (FRD),
which is unique, so that for the same well, the FRD must be the same regardless of the well log used
to identify it.

The methodology of divergences allows developing a pore pressure prognosis based on the behavior
of well logs due to normal compaction of sediments, avoiding the use of lithological logs and the
selection of shale points.

The methodology of divergences may be applied to the reservoir rocks that do not follow in all the
compaction theory of shales.

When the divergent area is defined, the pore pressure calculation could be done using both, a pore
pressure model based on normal compaction theory and well logs or interval velocity from seismic.
To avoid misdeterminations of overburden stress, the rock bulk density due exclusively to normal
compaction of sediments must be used instead straight density log readings.

The models to predict pore pressure must be adjusted to local geological conditions.

The alpha exponent from Eaton's equation was found smaller for the Mexican Gulf Coast than that
for the Louisiana Gulf Coast.

The methodology of divergences is properly coupled to the theory of compaction and to pore pressure
analysis based on well logs and seismic, i.e., if the overburden stress increases with depth and there
is compaction disequilibrium, the pore pressure must be increased with depth.
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