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Abstract  -Pore pressure prediction using velocity-mean effective stress relationship is introduced in Madura Subbasin 
which is located in a compressional tectonic setting. The new workflow accommodates the three principal stresses, 
those are vertical stress, maximum horizontal stress, and minimum horizontal stress in a form of mean stress as the 
compaction main inducing agent. The application of this new workflow has resulted in a more accurate pore pres-
sure prediction where the normally used pore pressure prediction method tends to underestimate the actual data. In 
Dukuh-1 well, as an example, the pore pressure prediction from the new work flow is able to explain the continuous 
hole problems such as well flows and well kicks that were recorded during drilling. In MDA-2 well, the new pore 
pressure prediction closely matches the well data in comparison to the normally used prediction. As a result, a more 
accurate regional pore pressure prediction map using mean stress is generated to aid both hydrocarbon exploration 
and development activities in the study area.
Keywords: compressional tectonic setting, pore pressure prediction, vertical stress, minimum horizontal stress, maxi-
mum horizontal stress, mean stress, mean effective stress, compaction main inducing agent
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Introduction

Background
The study area is located in Madura Sub-basin 

of East Java Basin which is one of hydrocarbon 
producing basins in Indonesia (Figure 1). Small 
and shallow oil and gas accumulations are com-
mon on onshore areas, while medium size gas 
accumulations are discovered in offshore areas. 
The study area is part of worldwide area where 
pore pressure is affected by tectonic processes 
(Yassir and Addis, 2002). 

The tectonic evolution of the East Java Basin 
is primarily controlled by compressional tecto-

nism due to the northward convergence of the 
Australian Plate and Sundaland margin (Sribudi-
yani et al., 2003). Two principal structural trends 
are present in the East Java Basin: east-west 
strike-slip fault, known as the Sakala trend and 
northeast-southwest Meratus extensional fault 
trend. The study area is dominated by the east-
west strike-slip fault Sakala trend.

The dominant sediment fills of East Java 
Basin are the mixed of carbonate and clastic 
sediments of marine origin. The carbonate and 
clastic progradation were developed during 
relative highstands, while during major lowstand, 
clastic sediments dominated the area and carbon-
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Figure 1. Madura Sub-basin is located in the southern part of East Java Basin.

ate development halted. The transgressive period 
was responded by reefal limestone development 
(Bransden and Matthews, 1992).

This paper discusses the new workflow in 
pore pressure prediction that takes into account 
the three-dimensional nature of the stress field. 
This method is well tested in this compressional 
tectonic setting. It accommodates the three prin-
cipal stresses, those are vertical stress, maximum 
horizontal stress, and minimum horizontal stress 
in a form of mean stress as the compaction main 
inducing agent. Normally, the used pore pressure 
prediction in the study area considers only overbur-
den or vertical stress as one dimensional compac-
tion main inducing agent (Manik and Soedaldjo, 
1984; Kusumastuti et al., 1999; Tanikawa et al., 
2010; Ramdhan et al., 2011; Ramdhan et al., 2013; 
Hutasoit and Ramdhan, 2014; Tingay, 2015). The 
application of this new work flow has resulted in 
a more accurate pore pressure prediction. 

The following section start with a short review 
of East Java Basin geology and a brief description 
of the data used. The rest of the section concen-
trates on the description of the method and data. 
Short discussion is presented at the last part of 
the paper.

Geologic Setting 
The East Java Basin was originally part of 

northern Australia that was shifted north started 

at 155 Mya (Metcalfe, 2013; Zahirovic et al., 
2014). This basin was subjected to north-south 
compressional tectonic since Early Miocene as 
a result of the subduction of the Indo-Australian 
Plate under the Micro Sunda Plate (Sribudiyani et 
al., 2003). The present day orientation of regional 
compressional stress in the study area is in NNE-
SSW direction (Magee et al., 2010; Heidbach et 
al., 2016).

Physiographically, the study area is part of 
Kendeng and Rembang Zones (Bemmelen, 
1949). The Madura Sub-basin is the continua-
tion of the onshore Randublatung depression of 
Rembang Zone, Kendeng Hills of Kendeng Zone 
and Central Plain of East Java (Figure 2). During 
Plio-Pleistocene, the Kendeng Zone experienced 
a strong deformation with decreasing intensity 
from onshore to the study area (Genevraye and 
Samuel, 1972). 

The East Java Basin stratigraphic naming 
varies from onshore to offshore areas as sum-
marized by Pertamina BPKKA (1996, Figure 3). 
The stratigraphy of the study areas reflects the 
balance between carbonate and clastic sediment 
deposited in a marine environment. The primary 
hydrocarbon exploration target in the Madura 
Sub-basin consists of Pliocene GL Formation as 
the shallow target and Miocene Kujung Forma-
tion as the deeper target. The oldest formation 
penetrated in the study area is the upper Ngim-
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bang Formation at MCD-1 well with a total depth 
of 4,852 m TVDSS.

Method

The commonly used method for pore pres-
sure prediction in shale is Eaton method (Eaton, 
1975) which was developed using numerous Gulf 

Mexico overpressure wells in tectonically relaxed 
area dominated by normal fault stress regime 
(Yassir and Zerwer, 1997). His method considers 
vertical stress as the compaction main inducing 
agent as shown in the following Eaton empirical 
relationship for sonic log:

( ) n
v v n

tP P
t

σ σ ∆ = − −  ∆ 
 ................................ (1)

Figure 3. East Java Basin generalized stratigraphic framework, simplified from Pertamina BPPKA (1996). The stratigraphic 
nomenclature varies from onshore to offshore. The primary target in the study area is the Pliocene GL limestone as the shal-
low target and Oligocene to Lower Miocene Kujung limestone as the deeper target. Blue is carbonate, yellow is sandstone, 
and dark red is basement which is either metamorphic or igneous rock.

Figure 2. The study area is the offshore continuation of Rembang and Madura hills in the northern part and a combination 
of Randublatung depression, Kendeng Hills and central plains of East Java in the southern part (Bemmelen, 1949).
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where: 
P is pore pressure; 
σv is vertical stress; 
Pn is hydrostatic pressure; 
Δtn is normal trend transit time; 
Δt is log transit time with units for pressure and 
stress in MPa and second/foot for transit time. 

However, it is noted that the application of 
this Eaton empirical relationship in other Tertiary 
basins in the world with different stress regime 
requires adjustment to its standard exponential 
value. As an example, to generate pore pressure 
prediction using Eaton empirical relationship 
for sonic log in inner shelf Baram Delta, Brunei 
Darussalam, the best exponential value to fit the 
data is 6.5 instead of standard exponential value 
of 3 (Tingay, 2003).

This paper offers a pore prediction work flow 
using velocity-mean effective stress relation-
ship that is suitable to the study area which it is 
located in a compressional tectonic setting. The 
magnitude of mean effective stress is derived 
from direct application of Terzaghi principle 
(Terzaghi, 1925) by subtracting the mean stress 
with the pore pressure collected from well direct 
and indirect pressure measurements. The mean 
stress substitutes the vertical stress as the main 
compaction inducing agent:

Mean effective stress = Mean stress - Pore pressure … (2)

Result and Data

Data from twenty-four exploratory wells and 
approximately 5,900 km of offshore 2D seismic 
vintage 1968-1998 which consist of SEGY and 
navigation data are used in this study (Figure 4). 
The wells were drilled in the period of 1970 to 
2012 by twelve different operators. The well data 
consist of logs, drilling report, well completion 
report, mudlog, borehole temperature, direct 
pressure measurement (Repeat Formation Tester 
(RFT), Modular Dynamic Tester (MDT), Drill 
Stem Test (DST), Leak Off Test (LOT), For-
mation Integrity Test (FIT)), indirect pressure 
measurement (Mud Weight (MW)), well velocity 
{checkshot, Vertical Seismic Profile (VSP)}, pe-
trography, sedimentology, geochemical analysis 
report, and biostratigraphy analysis report (Table 
1). All wells were drilled to at least the depth 
below top of overpressure.

Data Processing
Subsurface Mapping

By using 2D offshore seismic data, six seismic 
horizons were mapped. The seismic data recorded 
well the effect of compressional tectonic as dis-
played in one of the seismic lines in the western 
part of the study area (Figure 5). Available well 
Vertical Seismic Profile (VSP) and checkshot data 
are used to generate time to depth function for 
converting time structure map to depth structure 

Figure 4. Distribution of the data used in this study: well (black circle), 2D seismic (red line).
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Figure 5. South-North seismic line (A to B) in the western part of the studied area illustrates the present day structural 
configuration as the result of the NNE-SSW direction of regional compressional stress. Folds and thrust faults concentrate 
in the northern and southern part of the studied area.

No Well 
Name

TD 
TVDSS 
meter

Logs VSP/
Check-

shot

Direct Pressure 
Measurenment Report

GR Resistivity Density Sonic DST RFT, 
MDT

LOT
/FIT

Biostrati-
graphy

Geo-
chemistry

Petro-
graphy 

1 Agung-1 2181 x x x x x x

2 Arosbaya-1 2771 x x x x x x x x x

3 Arya-1 3028 x x x x x x x x

4 Baluran-1 4150 x x x x x x x x x

5 Bintang-1 2515 x x x x x x x x x x

6 Camplong-1 1544 x x x x x x

7 Dukuh-1 2659 x x x x x x x x

8 Gigir-1 2840 x x x x x x

9 KE-11A 1202 x x x x x x x x x

10 KE-11C 3027 x x x x x x x x

11 KE-11E 4704 x x x x x x x x x

12 KE-11G 4712 x x x

13 MDA-2 1512 x x x x x x x x x x

14 MDB-1 1371 x x x x x x x x x x

15 MBD-1 4256 x x x x x x x x x x

16 MBD-2 3474 x x x x x x x x x x

17 MCD-1 4852 x x x x x x x x x

18 MW-1 3915 x x x x x x x x x x

19 Q-1 3352 x x x x x x x x x

20 MSI-1 2640 x x x x x x x

21 MSI-2 3133 x x x x x x x

22 XX-1 4376 x x x x x x x x x x

23 Nyari-1 3447 x x x x x x x x x x

24 Telaga-1 3108 x x x x x x x x x x

Table 1. A Total of Twenty-four Exploratory Wells with Sufficient Data are incorporated in this Study. The total depth for 
each well is in meter subsea with MCD-1 Well as the deepest well
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map. Well corrected Pleistocene horizon depth 
structure map shows general structure of the study 
area, which consists of elongated highs in both 
the northern and southern areas with lows in the 
middle part (Figure 6).

Vertical Stress Magnitude Estimation
The magnitude of vertical stress (Sv) is the 

stress exerted from the weight of the overbur-
den above a point of measurement (Bell, 1996; 
Engelder, 1993; Jaeger et al., 2007). The mag-
nitude of vertical stress for onshore location is 
calculated using the following formula:

Sv = (z) g z .................................................... (3)

The magnitude of vertical stress for offshore 
location is corrected for water depth as below:

Sv = ρw g zw + (z) g z ..................................... (4)

where: 
Sv is overburden/vertical stress; 
ρ (z) is rock density as a function of depth; 
g is gravitational force; 
ρw is water density; 
Z is depth; 
Zw is water depth with units for stress in MPa, 

density in g/cm3, 

gravity in m/second2, 
depth in m.

The rock density magnitudes come from 
density log, sonic log, and VSP. The available 
density log went through conditioning process 
from borehole correction to density averaging. 
Density readings that are not representing the 
actual rock density were removed. In the shallow 
section, density is not normally logged, mainly 
because the section commonly is not the primary 
target. In the absent of density log, Gardner sonic 
velocity (Vp) to density (ρ) transform was utilized 
to estimate the density from the surface to the 
top of the density log (Gardner et al., 1974). The 
following function is Gardner transformation 
derived for sedimentary rocks and is valid for 1.5 
< Vp < 6.1 km/second:

ρ = 1.741Vp
0.25 ............................................... (6)

Gardner transformation needs approximately 
0.15 g/cm3 adjustment to get the best fit in a well 
location in the study area. The density logs were 
extrapolated from the top of the log to sea bottom 
for offshore wells or ground level for onshore 
wells in the absence of sonic velocity data.

Figure 6. Well corrected depth structure map of Pleistocene horizon shows west-east elongated anticlinal structure with highs 
(red) in the north and southern part of the studied area and lows in the middle part (blue to light blue). Pleistocene horizon 
is outcropping in the northern side of the studied area.
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The magnitude of vertical stress varies verti-
cally with depth as well as laterally between wells. 
A well corrected vertical stress map of Pleisto-
cene horizon is generated using relationship of 
vertical stress as a function of depth (Figure 7). 
The vertical stress magnitude lateral distribution 
follows the Pleistocene structural trend with high 
magnitude concentrates in the middle part and 
increases from west to east and it is a function of 
sediment thickness above it (Figure 8).

Figure 8. Vertical stress distribution map for Pleistocene horizon generally follows the structure of the same horizon. The 
magnitude ranges from ≥ 0 MPa where the horizon basically exposed in the northern part (red) to magnitude > 50 MPa in 
the eastern part of the studied area which is a structurally low area (light blue). High magnitude trend in the middle part of 
the studied area reflects thicker sediments.

Figure 7. Relationship of vertical stress as a function of depth of all wells with available data is excellent with correlation 
coefficient of > 0.9.

Horizontal Stress Magnitude Estimation
The magnitude of minimum horizontal stress 

(Shmin) is obtained from well Leak Off Test (LOT) 
and Formation Integrity Test (FIT) data (Bell, 
1996; Zoback, 2007). A relationship of mini-
mum horizontal stress as a function of depth is 
developed (Figure 9). A well corrected minimum 
horizontal stress magnitude map of Pleistocene 
horizon is generated (Figure 10).
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The magnitude of maximum horizontal stress 
(SHmax) is the most difficult principal stress to es-
timate. This study incorporates frictional faulting 
theory where the ratio of the main principle effec-
tive stress (σ1’) and the minimum principle effec-
tive stress (σ3’) is a function of rock coefficient 
friction (µ) (Jaeger et al., 2007), as shown below:

σ1’/ σ3’ = (S1-Pp)/(S3-Pp) = [(µ2+1)1/2+µ]2 = ƒ(µ) .........(6)

Assuming rock coefficient friction = 0.6 for 
sediment shallower than 6 km (Byerlee, 1978) and 
strike-slip stress regime where the main principle 

stress (S1) is SHmax and the minimum principle 
stress (S3) is Shmin, the frictional faulting theory 
becomes (Jaeger et al., 2007):

SHmax = 3.1 Shmin – 2.1 Pp  ................................. (7)

Pore pressure (Pp) information was collected 
from both direct and indirect pressure measure-
ments. All wells in this study are exploration 
wells with limited direct pressure measurement 
(DST, MDT, RFT). Indirect pressure measure-
ment (MW) is incorporated with cautious as their 
reading are normally higher than the pore pressure 

Figure 9. Relationship of both horizontal stresses (red triangles for Shmin and black circle for SHmax) as a function of depth of 
all wells with available direct and indirect pressure measurement is excellent with correlation coefficient of > 0.9.

Figure 10. Minimum horizontal stress magnitude distribution map for Pleistocene horizon generally follows the structure 
of the same horizon. The overall magnitude is slightly less than the vertical stress in a regional scale.
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(Ruth et al., 2000). Using limited pore pressure 
reading, the magnitude of maximum horizontal 
stress is estimated and its relationship as a func-
tion of depth for each well is generated (Figure 
9). A well corrected maximum horizontal stress 
magnitude map of Pleistocene horizon is created 
using relationship of maximum horizontal stress 
as a function of depth (Figure 11).

Mean Stress, Mean Effective Stress, and Pore 
Pressure Prediction

Common pore pressure prediction method in 
sedimentary basins assumes only one dimensional 
compaction with overburden or vertical stress as 
the main inducing agent. Compaction is actually 
three dimensional (Traugott, 1997; Schutjens et 
al., 2004). Therefore, horizontal stresses must be 
included in pore pressure prediction, especially 
in a compressional tectonic setting. While the 
general stress state for an area is represented by 
nine stresses component (Zoback, 2007). This 
study uses only the magnitude of the three prin-
cipal stresses which are the maximum horizontal 
stress, the minimum horizontal stress, and the 
vertical stress to define the mean stress. Mean 
stress method has been exercised previously in 
pore pressure prediction, however with the as-

sumption that the magnitude of both horizontal 
stresses are equal (Harrold et al., 1999; Ruth et al., 
2003). This study adopts the estimated magnitude 
of all three principal stresses:

Mean stress = 1/3 * (SHmax+Shmin+Sv) ............ (8)

The relationship of mean stress as a function 
of depth is developed (Figure 12) and a well cor-
rected mean stress magnitude distribution map 
of Pleistocene horizon is generated using the 
relationship (Figure 13).

As mentioned earlier in the background of the 
study, the magnitude of mean effective stress is 
derived from direct application of Terzaghi prin-
ciple (Terzaghi, 1925) by subtracting the mean 
stress with the pore pressure reading collected 
from well direct and indirect pressure measure-
ment. The mean stress substitutes the vertical 
stress as the main compaction inducing agent.

A relationship of mean effective stress and 
sonic interval velocity is developed (Figure 14). 
In the well case, this relationship is simply mul-
tiplied with well sonic interval velocity to get 
the mean effective stress. In the regional case, 
seismic interval velocity substitutes the well sonic 
interval velocity. A well corrected mean effective 

Figure 11. Maximum horizontal stress magnitude distribution map for Pleistocene horizon is identical with the minimum 
horizontal stress magnitude in the regional trend. However, the overall magnitude is higher than both the vertical stress and 
the minimum horizontal stress in a regional scale.
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Figure 12. An excellent correlation coefficient of > 0.9 is achieved for the relationship of mean stress as a function of depth 
of all wells with available data.

Figure 13. Mean stress distribution map for Pleistocene horizon. In general, the mean stress magnitude is higher than the 
vertical stress magnitude.

stress magnitude distribution map of Pleistocene 
horizon is generated using the relationship with 
seismic interval velocity (Figure 15). The regional 
pore pressure distribution for Pleistocene interval 
is then simply predicted by subtracting the re-
gional Pleistocene mean stress with the regional 
Pleistocene mean effective stress.

Discussion

Stress Regime
The subsurface stress condition is adapted 

from Anderson faulting theory (Anderson, 1951). 

The present day Madura Island and the rest of 
the northern half of the study area is part of a the 
well-known west to east wrench zone, left-lateral 
slip in nature called Rembang-Madura-Kangean-
Sakala (RMKS) fault zone (Satyana et al., 2004). 
The Plio-Pleistocene interval has been eroded 
in the Madura Island and exposes the Miocene 
interval almost in the entire island (Ratman et 
al., 1998). Knowing that the study area is sub-
jected to compressional tectonic, the stress regime 
conclusion for the Pleistocene horizon is further 
supported by the ratio Shmin/Sv ≤ 1 (Figure 16) and 
SHmax/Sv > 1 (Figure 17) and confirms a strike-slip 
fault stress regime (SHmax ≥ Sv ≥ Shmin).
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Figure 14. The relationship between mean effective stress and sonic interval velocity of all wells with direct and indirect 
pressure measurements. The coefficient correlation is > 0.6 which suggest fair correlation.

Figure 15. Mean effective stress distribution map for Pleistocene horizon. This map is generated using seismic interval 
velocity as the substitute of sonic interval velocity.

Pore Pressure Prediction
Pore pressure prediction using the relationship 

of mean effective stress and sonic interval veloc-
ity shows a better matched with the well data. All 
wells with both direct and indirect well pressure 
measurement in the study area were tested. Pore 
pressure prediction of Dukuh-1 and MDA-2 wells 
as the examples shows pore pressure slightly 
higher than the MW used during drilling in the 
deeper part of the well and in Dukuh-1 well 
closely follows the Sv (Figure 18).

The magnitude of the mean stress in both 
wells indicates sufficient mean effective stress 
to hold the MW from breaking the formation. 

The MW used in the deeper part of Dukuh-1 
well is less than the Sv. This is understandable 
to avoid the well breaking the formation. How-
ever, the information during drilling indicates 
many holes problems such as well flows and 
well kicks which is a sign of underbalance 
drilling. This is a good example where previ-
ous pre-drill pore pressure prediction may be 
built with only overburden or vertical stress as 
the main inducing agent without considering 
the compressional tectonic stress regime of the 
area. In the compressional tectonic setting, pore 
pressure prediction needs to take into account 
the three-dimensional nature of the stress field. 
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Figure 17. Ratio between maximum horizontal stress and vertical stress map is > 1 which suggest maximum horizontal 
stress as the maximum principle stress (S1).

Figure 16. Ratio between minimum horizontal stress and vertical stress map is < 1 which suggest minimum horizontal 
stress as the minimum principle stress (S3).

This case further implies that the new pore 
pressure prediction method manages to explain 
drilling problems and proves to work accurately 
in compressional tectonic setting. It is important 
to note that the effect of unloading processes 
such as hydrocarbon generation (Ramdhan and 
Goulty, 2011) and transformation of clay mineral 
smectite to illite (Goulty and Ramdhan, 2012) 
are considered minor to none in estimating pore 
pressure in the study area.

The pore pressure map was generated for the 
Pleistocene horizon by subtracting the mean stress 
distribution map with the mean effective stress 
distribution map (Figure 19). The pore pressure 
distribution of the Pleistocene horizon follows 
the structural trend. The lowest pore pressure 
magnitude is located in the northern and southern 
side of the study area. The pore pressure predic-
tion distribution in the middle part of the study 
area forms a west to east elongated trend and is 
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Figure 18. The new pore pressure prediction workflow proves to work in the studied area as shown in the two example 
wells: Dukuh-1 and MDA-2 wells. The normally used pore pressure prediction with standard exponential value of 3 (blue 
line) in both wells underestimate the well direct and indirect pressure measurements (DST and MW). Dukuh-1 well dem-
onstrates many hole problems during drilling that may relate to under balance drilling from depth approximately 500 m 
TVDSS such as well flowing, packed off, stuck pipe, swabbing to well kicks. As discussed, the studied area is located in a 
compressional tectonic setting. Therefore, the pore pressure prediction workflow needs to accommodate the three principal 
stresses in a form of mean stress as the compaction main inducing agent. The new pore pressure prediction (red line) shows 
a slightly higher magnitude than the mud weight used in the Dukuh-1 well which explain why the well was in a continuous 
hole problems during drilling. Another example, the MDA-2 well illustrates the new workflow in pore pressure prediction 
generates a better match (red line) with the well data.

Figure 19. Pleistocene horizon pore pressure distribution generally follows the structure. The magnitude ranges from ≥ 0 
MPa where the horizon basically exposed in Madura Island and the northern part (red) to magnitude > 26 MPa in eastern 
part of the studied area which is a structurally low area (dark blue).
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divided into three high pressure areas. The high-
est pore pressure is located in the eastern part of 
the study area, in the structurally lowest area for 
the Pleistocene.

Conclusion

The new workflow in pore pressure predic-
tion discussed in this paper takes into account 
the three-dimensional nature of the stress field 
for the compressional tectonic setting. It accom-
modates the three principal stresses, i.e vertical 
stress, maximum horizontal stress, and mini-
mum horizontal stress in a form of mean stress 
as the compaction main inducing agent. The 
application of this new workflow in well cases 
has resulted in a more accurate pore pressure 
prediction that will benefit drilling operation in 
preventing major incident such as blowouts. In 
Dukuh-1 well, as an example, the pore pressure 
prediction generated from the new work flow is 
able to explain the continuous hole problems 
such as well flows and well kicks that were 
recorded during drilling. In MDA-2 well, the 
new pore pressure prediction closely matches 
the well data, while the pore pressure predic-
tion were generated using only overburden or 
vertical stress as the compaction main inducing 
agent underestimates the well data. A more ac-
curate pore pressure prediction map has been 
generated to aid both hydrocarbon exploration 
and development activities in the study area.
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