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The methodology for pore pressure prediction known as D exponent is a function of an exponent of 
adjustment that was originally defined for the Gulf of Mexico (Jorden & Shirley, 1966; Eaton, 1972). 
A limiting factor of this methodology is the definition of the Normal Compaction Trend (NCT), which 

needs to be interpreted from the data (Mouchet & Mitchell, 1989). In this study, the D exponent methodology 
was modified to make it applicable to the Oligocene Carbonera Formation in an oil field of the Llanos foot-
hills, Colombia. The approach consisted of calculating the ratio between effective stress and the D exponent 
at each well, in order to find a robust NCT for the entire field, thus reducing subjectivity in the traditional D 
exponent methodology. Pore pressure determinations from Measured Direct Tests (MDT) at one well confirm 
the predictive capability of our approach.
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La metodología para predicción de la presión de poro conocida como “el método del exponente D” 
se encuentra en función de un exponente de ajuste que originalmente se definió para el Golfo de 
México (Jorden & Shirley, 1966; Eaton, 1972).  Uno de los factores limitantes de esta metodología es 

la definición del Tren Normal de Compactación (TNC), el cual necesita ser definido en los datos (Mouchet 
& Mitchell, 1989). En este estudio, el método del exponente D fue modificado y aplicado a la Formación 
Carbonera (Oligoceno - Eoceno Sup) en el Piedemonte Llanero, Colombia. La metodología consistió en 
calcular la relación entre el esfuerzo efectivo y el exponente D para cada pozo, con el fin de encontrar un 
TNC para todo el campo, reduciendo así, la subjetividad en la metodología tradicional del exponente D. 
Las determinaciones de presión de poro de pruebas directas (MDT) en un pozo confirman la capacidad de 
predicción de nuestra metodología.

Palabras clave: perforación (pozos), poros de presión, shales, pérdidas de circulación, registros de pozos, rayos 
gama, Piedemonte Llanero, Colombia, exponente D, formación carbonera, presión de poro.
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INTRODUCTION

Pore pressure prediction is a key factor in petroleum 
exploration and production operations. Accurate deter-
mination of pore pressure is of fundamental importance 
to prevent circulation losses or blowouts during drilling 
(Mouchet & Mitchell, 1989; Bourgoyne, Chenevert, 
Milheim, & Young, 1991). Because no direct method 
exists to measure pore pressure in shales, planning and 
execution of new boreholes relies upon indirect methods 
(Yoshida, Ikeda, & Eaton, 1996). Several methods such 
as Bowers (Bowers, 1995), Eaton (Eaton, 1972) and D 
exponent (Jorden & Shirley, 1966) are available to esti-
mate pore pressure in shales from indirect measurements. 
Among these, the D exponent methodology is considered 
to be an appropriate method of pore pressure estimation 
while drilling. A restriction of this method is that a Nor-
mal Compaction Trend (NCT) needs to be interpreted 
from the data (Mouchet & Mitchell, 1989). Therefore, 
results obtained from this method depend upon the 
skills and judgment of the interpreter, thus introducing 
possible user bias in definition of the NCT. To reduce 
uncertainty and user bias, we devised an approach based 
on calculating the ratio between the effective stress and 
the D exponent at each well, to further obtain an overall 
NCT for the entire field.

This paper summarizes our modified approach to the 
D exponent methodology. We compare results obtained 
from both the traditional D exponent method and our 
modified approach, using data from an oil field in the 
Llanos foothills of Colombia. Our study focused on 
the Oligocene Carbonera Formation, which poses the 
greatest drilling difficulties in the field.

PORE PRESSURE PREDICTION 

In drilling engineering, methods used to estimate 
formation pressure can be divided into two categories: 
prediction methods and detection methods (Moutchet & 
Mitchell, 1989). Pressure predictive methods are based 
on seismic velocities (transit times), offset well logs, and 
well history (Moutchet & Mitchell, 1989; Bourgoyne et 
al., 1991). Pore pressure detection methods normally use 
drilling parameters and well logs (MWD/LWD) obtained 
during drilling (Moutchet & Mitchell, 1989; Bourgoyne 
et al., 1991). 

Most methods to detect and estimate abnormal for-
mation pressure are based on the principle that abnor-
mally pressured formations tend to be less compacted 
and more porous than formations of similar lithology 
at the same depth (Moutchet & Mitchell, 1989). As 
a result, drastic increases in formation porosity may 
indicate zones of abnormal pressure. 

The aforementioned indirect methods were devel-
oped and tested in discrete areas of the world, where the 
local geology may not be comparable to that in other 
basins. The Llanos foothills of Colombia are known to 
be an area of unique structural complexity and a poli-
phase geologic history. Therefore, any methodology to 
predict pore pressure in the Llanos foothills needs to be 
adapted to the complex local geology. In this particular 
study, we tailored the D exponent methodology to make 
it applicable to the Carbonera Formation of an oil field 
in the Llanos foothills.

The Oligocene Carbonera Formation overlies the 
Mirador Formation, and contains the regional top-seal 
in the area (Fajardo, Cristancho, & Rojas, 2000). The 
Carbonera Formation is made up of eight members 
namely C1 (top) through C8 (bottom). The even 
members (C2, C4, C6 and C8) are shaly units, while 
the odd members (C1, C3, C5 and C7) are sandy units 
(Fajardo et al., 2000). The Yopal fault dissects the 
Carbonera Formation at the C6 or C7 members in the 
field under study. 

The ‘D exponent’ methodology 
The D exponent methodology was developed with 

the goal of normalizing the penetration rate from drill-
ing parameters. The method was proposed by Jorden 
and Shirley (1966) based on the Bingham (1969) equa-
tion, which was developed to consider the differential 
pressure effect in normalizing penetration rate. Rehm 
and Mcledon (1971) modified Jorden & Shirley’s equa-
tion to include mud weight, as shown in Equation 1. 
This expression is known as the D exponent equation, 
calculated from 

                            (1)
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Where: 

R = Penetration rate (ft/h)

N = RPM (Revolutions per minute)

D = Bit diameter (in)

W = Weight on the bit (lb)

ρnormal = Normal hydrostatic gradient (ppg)

ρactual = Current mud weight (ppg)

This method quantifies the correlation between 
‘drillability’ (the bit’s capacity of perforating through a 
rock interval) and overpressured shale sequences found 
offshore Louisiana using tri-conic bits (Jorden & Shir-
ley, 1966; Rehm & McCledon, 1971; and Moutchet & 
Mitchell, 1989). The equation also considers the effect 
of the overburden gradient. 

The geologic setting of the Llanos foothills of 
Colombia is obviously different from the geology of 
the Gulf of Mexico. The sedimentary sequence in the 
Llanos, for example, includes alternations between sand 
and shale deposited in shallow marine environments. 
In addition, the Llanos foothills are being subjected to 
lateral stresses of large magnitude, where the maximum 
horizontal stress is several times larger than the vertical 
stress (Torres, 2001; Uribe & Solano, 2006). 

An advantage of this method is that the results can 
be obtained in real time, as drilling parameters are col-
lected through sensors. Any other information obtained 
by the Mud Logging Unit can also be used to detect 
formation pressure changes. For example, changes in 
drilling fluid such as total gas content, temperature, 
density, salinity, etc or changes in characteristics of the 
formation samples gathered in the shale shaker, such 
as density, shape and amount, may relate to zones of 
overpressure (Moutchet & Mitchell, 1989).

The procedure used for estimation of the pore pres-
sure profile from the D exponent is based on Eaton’s 
correlation (Equation 2), (Eaton, 1972), using the ad-
justment parameter fa determined from the D Exponent. 
Eaton’s correlation is defined by:

                                      (2)

Where p is pore pressure, z is depth, pn is normal 
pressure, p/z is the pore pressure gradient (psi/ft), s/z 
is the overburden pressure gradient (psi/ft), pn/z is the 
normal pore pressure gradient (psi/ft), and f α is the 
adjustment parameter.

The adjustment correlation parameter f α, depends on 
the type of data available, which may be either sonic, 
resistivity, or conductivity logs, drilling parameters, 
etc. According to the above, the following equation is 
a function of drilling parameters only: 

                               (3)

Where: D is the D exponent, and Dn is the normal trend 
of the D exponent (Normal Compaction Trend, NCT).

Eaton (1972), using this methodology in the Gulf 
coast proposed that the exponent b in Equation 3 varies 
between 1,2-1,5. This exponent depends on the regional 
geologic setting, since it involves the overburden and 
pressure gradient. 

Approach developed for the Llanos foothills
The D exponent methodology provides at least 

three main operating advantages (Moutchet & Mitchell, 
1989): it is a low cost methodology and thus has a mi-
nor financial impact on exploration; the method can be 
performed in real time during drilling; implementation 
and application is simple, and does not require highly 
skilled personnel. As it was mentioned earlier, however, 
the fundamental goal of this study was to derive a less 
subjective approach to calculating the pore pressure start-
ing from the methodology of the D exponent, applied to 
the Carbonera Formation of the Llanos foothills. 

For pore pressure determination, two methodologies 
were applied on seven wells of the study area. The first 
approach consisted of applying the standard D exponent 
method, defining several reasonable Normal Compac-
tion Trends (NCTs) based upon changes in bottom hole 
assemblage, hole diameter, lithology, geologic age, etc. 
Each NCT defined in this manner results in a different 
estimate of pore pressure (Figure 1). For the Gulf of 
Mexico, values of b in Equation 3 between 1,2 and 1,5 
were found most appropriate to estimate pore pressure 
from conductive, resistivity and drilling parameter logs, 
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while for sonic logs b is closer to 3,0 (Eaton, 1972). In 
this study, values of b between 1,0 and 1,2 were found 
appropriate for pore pressure estimation in the Llanos 
foothills from sonic logs and drilling parameter logs 
(Uribe & Solano, 2006). 

The second approach also applies the D exponent 
method, but in this case the NCT is derived from a plot 
of effective stress versus D exponent for all wells in the 
field. This approach was devised because in normally 
pressured sediments, D exponent is expected to increase 
with depth. In addition, effective stress is expected to 
increase with depth in normally compacted sediments. 
Therefore, deviations from a trend line in a plot of ef-
fective stress versus D exponent should be related to 
deviations from normal pore pressure.

Our approach was based on observations by Bowers 
(1995), who related seismic velocity to effective stress. 
He recognized that pore pressure can be estimated us-

ing the ratio between effective stress and velocity in 
normally pressured sediments, while values outside the 
NCT correspond to abnormal pressures (Figure 2).

Our approach was applied according to several con-
siderations. A database of gamma ray, sonic, and density 
logs, pressure tests, event drillings, formations tops, etc., 
needs to be compiled. Calculations must be made in TVD 
(True Vertical Depth). In addition, the normal overburden 
gradient needs to be calculated as an input to Equation 
2 and for estimation of effective stress. 

The first step is calculating the overburden gradient 
and the effective stress. The overburden gradient can be 
calculated from density logs using standard techniques 
(Moutchet & Mitchell, 1989). Estimation of effective 
stress can be accomplished using Terzaghi’s equation 
(Therzaghi, 1968). The second step in our approach 
consisted in calculating the clay volume (VClay) 
from available well logs. Subsequently, depth, VClay, 

Figure 1. A. user-defined normal Compaction Trends (NCT). B. Variation of pore pressure calculated with several Normal Compaction Trends (NCT)
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effective stress, mud weight and D exponent data are 
grouped by geological formation. Outliers are identified 
and removed from the data set. 

Next, a graph of D exponent versus effective stress 
is built from all data points. A best-fit function is then 
calculated from the data points that fall in the normally 
compacted section. This function is used to obtain the 
normal trend of the D exponent Dn. Finally, Equation 
3 is solved for the interval of interest at each well. The 
above procedure is summarized in Figure 3.

Application to the Carbonera Formation
The approach developed in this study was performed 

on data from the Carbonera Formation drilled at seven 
wells in an oil field of the Llanos foothills, Colombia. 

For the study area, an overburden gradient of 1,05 psi/
ft was estimated. A normal pore pressure gradient of 
0,449 psi/ft, taken from the first direct pressure tests 
performed in the area, was also used in Equation 2 
and for estimation of effective stress using Terzaghi’s 
equation (Terzaghi, 1968). 

For VClay calculation in this area, the GR logs 
were deemed to provide the best input data. Therefore, 
VClay was calculated from GR logs, using a cutoff of 
0,35. Subsequently, the D exponent versus effective 
stress plot was built from all data (over 25 000 points). 
Final well reports from boreholes in the field of study 
indicate that the upper section of the Carbonera Forma-
tion (C1 to C5) does not typically present overpressure. 
Therefore, a NCT was drawn based on data points from 
the upper section of the Carbonera Formation on the 
D exponent versus effective stress plot. Since this plot 
encompasses data from all wells available in the field, 
this trend is considered as representative of the Carbon-
era Formation in the entire field (Figure 4). 

The function that best represents the NCT for our 
data is a power law function of the form

                                     (4)

where Dxn is the NCT and σv is the effective stress 
in psi. 

Although a linear trend can be fit on these points 
with a slightly higher R2 coefficient than Equation 4, 

Figure 2. Velocity vs. effective stress (Modified by Bowers, 1995).  Black 
dots are outside the NCT, therefore indicating abnormal pressures

Figure 3. Proposed scheme to calculate pore pressure in shaly formations

Figure 4. D exponent versus effective stress for all data points available in 
the field. Note that the NCT of the field is represented by the trend line fit 

to data from the upper Carbonera Formation
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the power law function worked best on the well where 
pressure tests (MDT) of the Carbonera Formation are 
available. Pore pressure was obtained by replacing Dxn 
in Equation 3. The b exponent found with this approach 
was 1,0 (Equation 3).

In addition to the NCT of the field, Figure 4 shows 
zones of departure from normal pressure conditions. 
An intermediate zone is shown where data begin to 
deviate from the NCT. This transition zone is charac-
terized by a rapid decrease in D exponent (from 1,6 

Member
Pore pressure traditional D 

exponent
Approach D exponent

Min Average Max Min Average Max

C1 8,7 8,9 9,3 8,69 9,1 9,6

C2 8,6 9,96 10,6 8,6 10,2 11,5

C3 8,5 9,12 10,1 8,5 9,42 10,2

C4 8,53 9,21 9,89 8,6 9,4 10,2

C5 8,7 9,24 9,86 8,67 9,45 10,1

C6 11,3 12,57 13,2 12,4 12,3 12,9

C7 12,0 12,86 14,00 11,5 12,38 14

C8 11,01 12,71 13,4 10,8 11,9 13,1

Table 1.  Results of pore pressure estimates from the Carbonera Formation

Figure 5. Pore pressure obtained from the methodology based on Effective Stress and Exponent ratio and the D exponent method. Wells in the 
field of study SE to NW direction according to location. This correlation shows how some signatures are consistent across the field and can be 

corroborated with the used mud weight
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down to 0,9) over a short interval of effective stress. 
Abnormal pore pressure conditions are observed to 
the right of the transition zone in Figure 4, where D 
exponent data are completely off the NCT. In this case, 
abnormal pore pressure conditions are evidenced for 
nearly constant D exponent values that fall under the 
NCT line (Figure 4). 

Results
Results obtained from our approach are summa-

rized in Figure 5. This Figure shows the intervals of 
the Carbonera Formation drilled at each of the seven 
wells in the field studied. The vertical axes is TVD 
in feet, and the horizontal axes for each panel shows 
pore pressure. To compare pore pressure with mud 

Figure 6. Pore pressure well 10 with pressure test

weight, the horizontal scale is presented in parts per 
gallon (ppg). In addition, members C1 through C8 
of the Carbonera formation are outlined. Each panel 
shows three lines. The gray thin line represents mud 
weight used at drilling; the gray thick line represents 
pore pressure obtained with the standard D exponent 
method; and the black line represents pore pressure 
calculated with our approach. Note that results for 
the normally pressured section (C1 through C5) are 
quite in agreement between the two approaches. For 
the lower section where high pressure conditions are 
evidenced by the sharp increase in mud weight (C6 
through C8), our approach provides consistently lower 
estimates than the standard D exponent method, for 
all but well 4 in the diagram (Figure 5). In none of 
the wells our approach estimated higher pore pres-
sures than the standard method. Minimum, average 
and maximum pore pressure estimates using both 
techniques are shown in Table 1.

Discussion
To examine the validity of the proposed approach, 

we compared our results with measured direct tests 
(MDT) data from well 10. Pressure tests are uncom-
mon in the overburden column –namely the Carbonera 
Formation- in this area. Well 10 is an exception, since 8 
MDT data points were taken on the Carbonera Forma-
tion and were made available for this study. Figure 6 
shows comparison between the standard approach and 
the proposed approach with MDT data. Note that our 
approach honors 7 points, while the standard method 
only honors 3 points. Note also that our approach is 
consistent with mud weight, which is an indicator of 
the actual well conditions during drilling. Mud weight 
used during drilling well 10 was appropriate, since no 
pore pressure issues were reported.

CONCLUSIONS

• By using the ratio between D exponent and effec-
tive stress, pore pressure can be estimated more 
accurately than the standard D exponent method 
for shaly formations. This approach is more objec-
tive for definition of the normal compaction trend, 
because the NCT is defined for the entire field rather 
than for individual wells.
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• Abnormally pressured sections of the Carbonera 
Formation were easily identified using the pro-
posed approach. The C6 through C8 members of 
this Formation display abnormally high pressure 
conditions.

• We were able to establish an adjustment exponent 
b for the Carbonera Formation in the study area us-
ing the standard D exponent method. This exponent 
varies from 1,0 to 1,2, in clear contrast with the 1,2 
to 1,5 range that is widely used worldwide based 
on data from the Gulf of Mexico. The b exponent 
found for the modified approach is 1,0.

• This study confirmed that the standard D exponent 
methodology as well as the proposed approach 
provide reasonable pore pressure determinations 
before and during drilling operations. 
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