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ABSTRACT  

An exploration well of BEN-1 was drilled to total depth of   

1275 m with main target of Pre-Kujung Formation. There   

were some problems during the drilling, such as caving and   

lost circulation. The lack of geomechanics study led the   

creation of a mud program cannot reach the wellbore   

stability. This paper discusses about the applied   

geomechanics study to predict pore pressure and fracture   

gradient model and evaluate the mud program. Wellbore   

stability can be achieved as the safe mud window follows   

the common rule of Pore Pressure < Shear Failure Gradient  
< Mud Weight < Minimum Horizontal Stress < Fracture  
Gradient < Maximum Horizontal Stress. Analysis results  
show the pore pressure and fracture gradient model can be  
predicted using Eaton’s method, minimum horizontal stress  
using pre-existing failure of Mohr-Coulomb method,  
maximum horizontal stress with tectonic constant of 0.5  
(normal fault), and shear failure gradient using modified  
Lade criterion. Based on the PPFG model, the stable mud  
weight recommendations are 10.4 – 11.5 ppg at 0 – 540 m  
depth (20” casing), 8.33 ppg at 540 – 693 m depth (13⅜”  
casing) with blind drilling, and 9.6 – 11 ppg at 693 – 1245  
m depth (9⅝” casing).  
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INTRODUCTION  
The Well BEN-1 is an exploration well with main target of  
sandstone and limestone reservoir of Pre-Kujung  Formation. 
During the drilling, there was a lost circulation  problem at a 
depth of 648 m. This problem occurred due to  improper mud 
weight, thus it is necessary to evaluate to get  safe mud 
weight to prevent the occurrence of these  problems.  

Safe mud weight can be obtained with an approach  focusing 
on the prediction of PPFG model (pore pressure and fracture 
gradient) and principal stress (minimum  horizontal stress, 
maximum horizontal stress and shear  failure gradient). The 
safe mud window theory is used to  design the mud weight 
according to the subsurface  pressure profile. The safe mud 
window aims to avoid  various drilling problems such as loss 
circulation, tight  holes and also wellbore instability  

GEOLOGICAL FINDING AND REVIEW Geologically, 
the well BEN-1 is located in the North East  Java Basin 
where the Kujung Formation has normal  regional faults 
(Hidartan, 2015) and is dominated by  hydrostatic pressure 
(Sapiie et al., 2015). The lithologies  drilled by the BEN-1 
well from youngest to oldest  respectively are the Kujung 
Formation, Pre-Kujung  Formation, and basement. Figure 1 
shows the well BEN-1  location in East Java province.  

Figure 1: Well BEN-1 location  

This formation consists of clay interbedded with limestone  
at the top. The bottom of the formation was determined at a  
depth of 150 m where nummulites intermedius does not  
exist. The Pre-Kujung Formation is divided into 3 parts,  
namely: 1) the upper formation has a thickness of 146 m  
(150 – 296 m) which is dominated by claystone with  
occasional limestone interbedded; 2) the middle formation 

drilled from a depth of 296 – 1152 m, consists of claystone  
containing coal, sandstone, siltstone, and occasionally  
interbedded with limestone; 3) the lower formation consists  
of sandstone interbedded with claystone, at a depth of 1152  
– 1250 m. The lowest formation is a basement consisting  of 
weakly metamorphosed clay and quartz.  

DATA AND METHOD  
This research begins with the collection of geological and  
logging data. Geological data consists of fault types to  
determine the overpressure mechanism. Logging data  
consists of sonic log, gamma ray log, density log and  
resistivity log (Figure 2). Logging data is used to predict  the 
subsurface pressure.  

 

 

 
Figure 2: Logging data of well BEN-1  

ROCK MECHANICS  
Rock mechanical properties must be understood to predict  
these types of pressures or stresses. The rock mechanical  
properties consist of Poisson’s ratio, Young’ modulus,  
friction angle, and cohesive strength. 

P-Wave and S-Wave Velocities  
Castagna et al. (1985) generated the ratio of compressional  
or P-wave to shear or S-wave velocity. The Vp/Vs  
relationship famous established for mudrock line, water 
saturated siliciclastic rocks composed primarily of quartz  
and clay minerals (Castagna et al., 1985).  

Vs = 0.862 Vp − 1.172  



where Vp stands for P-wave velocity (km/s) and Vs is S 
wave velocity (km/s). The rock mechanical properties  
determination requires P-wave and S-wave velocity data  
from the transit time of the sonic log which is then  
calculated using the equation.  

Poisson’s ratio  
If a solid body is subjected to an axial tension, it contracts  
laterally, on the other hand, if it is compressed, the material  
expands sidewise (Waliy et al., 2020). So the definition of  
Poisson’s ratio can be stated as the ratio of transverse strain  
to axial strain induced by unconfined axial deformation  
(Kumar, 1976). There are several methods to calculate  
Poisson’s ratio using P-wave and S-wave velocity.   

Ludwig (1970) firstly proposed a method to calculate  
Poisson’s ratio. Later it is known as Ludwig’s empirical fit,  
as it shown below:  

v  

Brocher (2005) proposed a method to calculate Poisson’s 
ratio with an assumption of 1.5 < Vp < 8.5. The equation  
can be shown below:  

v  

Zoback’s common method is the most precise equation for  
fracture gradient later. The Zoback (2007) equation that is  
used can be shown below:  

v  

Young’s Modulus  
The Young’s modulus was computed from the line  resulting 
from the average of the load-deformation curves  obtained 
during a second test (uniaxial compression test)  by the usual 
stress-strain formula (Heindl & Mong, 1936).  Fjær et al. 
(2008) generated an empirical equation of  Poisson’s ratio 
from sonic and density log, as shown  below:  

 

Friction Angle  
Friction angle is a fracture angle formed from the  
relationship between normal stress and shear stress in the  
rock. Several studies explained that shales with high  
Young's modulus will tend to have a high friction angle  
value as well. Friction angle can be calculated using Lal’s  
method (1999) based on P-wave and S-wave velocity. The  
Lal (1999) equation that is used can be shown below:  

 

Cohesive Strength  
Cohesive strength value was obtained from direct shear  
strength test or triaxial compression test and empirical  
calculation using P-wave velocity. Empirical calculation of  
cohesive strength can be calculated using Lal’s method  
(1999). The Lal (1999) equation that is used can be shown  
below:  

 

PPFG MODEL  

Pore Pressure  
Eaton (1975) explained that the majority of subsurface  
pressures come from the effect of overburden. Eaton  (1975) 
relied on transit time data to obtain the Normal  Compaction 
Trend (NCT). The following is Eaton's (1975)  equation in 
predicting pore pressure:  

 

 

The method developed by Bowers (1995) basically uses  
almost the same concept as the Eaton’s method. However,  
the equation proposed by Bowers is better than Eaton's,  
because the Bowers’ (1995) equation considers the  
unloading factor more. According to Bowers, overpressure  
due to the loading mechanism is characterized by a curve  
that tends to follow the virgin curve (Zhang, 2011).  
Meanwhile, unloading will deviate from the virgin curve  and 
form a new unloading curve. Empirically Bowers  formulates 
the magnitude of the pore pressure as follows  (Zhang, 2011):  

For Bowers’ loading mechanism is:  

 

and for Bowers’ unloading mechanism is:  

 

 

Miller's (1995) exponential method uses sonic velocity and  
empirically determined parameters to determine the  
effective stress, which is then subtracted from the  
overburden to determine the pore pressure. This method  can 
be applied to predict the pore pressure caused by  compaction 
imbalance. In Miller's method, the input  parameter is 
maximum velocity depth (dmax), controlling  

whether there is an unloading mechanism or not. If dmax is  
less than the depth, the unloading mechanism does not  
occur, then the pore pressure can be obtained from the  
following equation (Zhang et al., 2008):  

Pp = Po -  

If dmax is more than depth, it is assumed that a loading  
mechanism occurs, then the pore pressure can be predicted 
by the following equation:  

Punloading = Po +   

Fracture Gradient  
Hubert & Willis (1957) assumes that fracture gradient is  1/3 
to 1/2 of the maximum vertical compressive stress, so  that 
the minimum pressure in a given borehole must be  able to 
withstand the minimum stress of the principal  stress. They 



concluded that the magnitude of the formation  fracturing 
pressure is influenced by the magnitude of the  existing 
principal stress, the borehole geometry, and the  penetration 
of the drilling fluid. However, this method is  not very valid 
if it penetrates the formation with not so  many normal active 
faults. Hubbert & Willis (1957) formulated a formulation to 
predict the fracture gradient as  follows:  

Grf =   

Matthews and Kelly (1967) studied a field on the Gulf  Coast 
and empirically analyzed and predicted fracture  stresses in 
that area. According to Matthews and Kelly  (1967) the 
maximum fracturing pressure value obtained is  the same as 
the overburden pressure. The equation for the  prediction of 
the formation fracture gradient gradient is as  follows:  

 

Eaton (1969) published an improved method of the  
Matthews and Kelly method by introducing the Poisson’s 
ratio parameter. Eaton assumes that the Poisson’s ratio and  
overburden pressure are not constant quantities as depth  
increases. Determination of the fracture gradient (FG) of  the 
formation can be done with the following equation:  

 

Breckels and van Eekelen (1982) developed an empirical  
correlation for the estimation of fracture gradient as a  
function of depth. This relationship is based on hydraulic  
fracture data from various regions around the world.  
Prediction of formation fracture gradient can be done using  
the following equation:  

Pf = 0.197 D1.145 + 0.46 (Pp – Pn); D ≤ 11500 

ft Pf = 1.167 D – 4.596 + 0.46 (Pp – Pn); 

D > 11500 ft  

Daines (1982) superimposes horizontal tectonic stresses to  
Eaton's equation which is written in the following equation  
(Zhang, 2017):  

 

 

RESULT AND DISCUSSION  
The process of selecting the right pore pressure and  fracture 
gradient method is to compare the prediction method used 
with the validation data. In predicting the  pore pressure, the 
validation data used are DST data, actual  mud and drilling 
problems. Meanwhile, the fracture  gradient was validated 
using actual mud data and drilling  problems. In predicting 
pore pressure, three methods are  used, namely the Bowers’ 
method, Miller’s method, and  Eaton’s method. While the 
fracture gradient prediction used the Eaton’s method, 
Daines’ method, Breckels & van  Eekelen’s method, and 
Hubbert & Willis’ method.  

In the Bowers’ method based on figure 3, the mudline  sonic 
values, variable A, and variable B are 156.4 us/ft,  14.8 and 
0.74, respectively, with an average pore pressure  of 6.2 ppg. 
These results do not represent the value of pore  pressure in 

the BEN-1 well because at some depths, the  pore pressure 
does not match the value of DST such as at  depths of 635 m, 
655 m, 1051 m, 1071 m, and 1160 m. so  that pore pressure 
will be predicted using other methods.  

Figure 3: Pore pressure prediction using Bowers’ method  

In the Miller’s method based on figure 4, the mudline  sonic, 
matrix sonic, and lambda values are 138 us/ft, 55  us/ft and 
0.0002 respectively with an average pore pressure  of 8.7 
ppg. If you look at the graph as a whole, these  results do not 
represent the value of pore pressure in the  BEN-1 well 
because at some depths, the pore pressure does  not match 
the value of DST such as at depths of 635 m,  655 m, 793 m, 
813 m and 1160 m. so that pore pressure  will be predicted 
using other methods. 

 

 

 
Figure 4: Pore pressure prediction using Miller’s method  

In the Eaton’s method based on figure 5, the pore pressure  is 
divided into 4 parts, namely at a depth of 0-540 m which  is 
included in the hydrostatic category with an average of  8.45 
ppg, a depth of 540-693 m which is included in the  
underpressure category with an average of 4.089 ppg, a  
depth of 4,089 ppg. 690-1210 m which is categorized as  
hydrostatic with an average of 8.23 ppg, and at a depth of  
1210-1275 m which begins to show overpressure  conditions 
with an average of 10.02 ppg. If you look at the  graph as a 
whole, these results represent the pore pressure  value in the 
BEN-1 well.  



 

 

 
Figure 5: Pore pressure prediction using Eaton’s method  

Then pore pressure smoothing was carried out (figure 6),  the 
results obtained were that the pore pressure was divided  into 
4, namely at a depth of 0-540 m included in the  hydrostatic 
category with an average of 8.48 ppg, a depth  of 540-693 m 
which included underpressure category with  an average of 
4.00 ppg, a depth of 693-1245 m which is  categorized as 
hydrostatic with an average of 8.17 ppg, and  at a depth of 
1245-1275 m which begins to show  overpressure conditions 
with an average of 9.92 ppg.  

 

 

 
Figure 6: Pore pressure smoothing on software  

In subsurface pressure analysis, rock mechanics values  such 
as P-wave velocity, S-wave velocity, Poisson’s ratio,  
Young’s modulus, friction angle, and cohesive strength are  
important factors. P-wave velocity, S-wave velocity are  used 
to calculate Poisson’s ratio, Young’s modulus,  friction 
angle, and cohesive strength.  

Poisson’s ratio is used to predict fracture gradient, Young’s  
modulus and friction angle are used to predict minimum  
horizontal stress, and cohesive strength are used to predict  
shear failure gradient. In analyzing the BEN-1 well, the  

Poisson’s ratio was calculated using four methods, namely  
the Brocher’s method, the Deere & Miller’s method, the  
Ludwig’s method and the Zoback & Castagna’s method.  

Fracture gradient prediction in this case used four methods,  
namely Eaton’s method, Daines’ method, Breckels & van  
Eekelen’s method, and Hubbert & Willis’ method.  
Especially in the Eaton’s method, the Poisson’s ratio value  
variation is carried out according to the previously  
calculated. In the final well report of the BEN-1 well, there  
is no leak off test data which is usually used to validate the  
fracture gradient prediction results, so the authors validated  
only based on actual mud weight data and drilling  problems 
that occurred.  

Of these several methods, the formula used is almost the  

same, the difference is the value of the empirical number  

used by each method. In the Eaton’s method, the value of  the 

empirical number is based on the Poisson’s ratio.  

Considering the Poisson’s ratio calculation which has  

several methods, so that the fracture gradient prediction 

using the Eaton’s method will have several results.  

Based on the results of the fracture gradient prediction in  

figure 7 and figure 8, one that fits the BEN-1 well will be  

selected. The value of fracture gradient must be greater  than 

the value of the pore pressure and drilling mud. And  at a 

depth of 648 m due to lost circulation problems, at that  depth 

the fracture gradient value should be below the mud  density 

value.  

Of these methods, the Eaton’s method with the Ludwig’s 

and Zoback’s Poisson’s ratios is the criterion. However,  

the author chose the Eaton’s method with Ludwig's  

Poisson’s ratio in this paper, because it is compared with  the 

minimum horizontal stress value which will be  predicted in 

the next step.  

 

 

 
Figure 7: Fracture gradient prediction using some methods  

of Daines, Breckels & van Eekelen, dan Hubbert & Willis  



 

 

 
Figure 8: Fracture gradient prediction using Eaton’s 

methods with some Poisson’s ratio method of Brocher,  

Ludwig, Deere Miller, dan Zoback  

After predicting the fracture gradient, the next step is to  

predict the minimum horizontal stress (Shmin) and  

maximum horizontal stress (SHmax). The prediction of  

Shmin requires data of overburden gradient, pore pressure,  

and friction angle which can be determined by two  methods, 

namely the Mohr-Coulomb pre-existing failure  model and 

the Mohr-Coulomb purely friction failure  model.  

In the selection, the minimum horizontal stress will be  

compared with the fracture gradient, where the Shmin value 

must be smaller than the fracture gradient, but still  must 

consider the drilling mud data and the existence of  drilling 

problems. In figure 9, you can see the Shmin graph  and the 

fracture gradient formed. Fracture gradient prediction using 

Eaton’s method with Ludwig’s Poisson’s ratio and Shmin 

prediction using Mohr-Coulomb pre existing failure model, 

the results represent the BEN-1  well. The final result of 

predicting the fracture gradient  

obtained an average value of 13.04 ppg and an average  

minimum horizontal stress of 12.55 ppg.  

 

 

 
Figure 9: Comparison between minimun horizontal stress  

and fracture gradient  

Next is to predict the maximum horizontal stress (SHmax).  

SHmax can be predicted if Shmin has been predicted.  Figure 

10 is a comparison of the three insitu stresses, the  result is 

that the overburden pressure (Sv) is greater than  the 

maximum horizontal stress (SHmax) and the minimum  

horizontal stress (Shmin).   

 

 

 
Figure 10: Prediction result of minimum horizontal stress,  

maximum horizontal stress, and overburden gradient  

So, according to the Anderson scheme, the fault regime in  

the BEN-1 well is a normal fault (Sv > SHmax > Shmin).  

This is also in accordance with the study presented by  

Hidartan et al (2015). The final result of the prediction of  

maximum horizontal stress obtained an average value of  

16.375 ppg.  

The next step is to predict the value of the shear failure  
gradient. In predicting the shear failure gradient, data such  
as friction angle and cohesive strength are needed. In the  
software there are three methods that can be used to predict 
the value of shear failure gradient, namely linearized  Mohr-
Coulomb, Stassi-d'Alia condition and modified Lade  
criterion. However, the results obtained from the Stassi  
d'Alia condition method and the modified Lade criterion are 
exactly the same, while the Mohr-Coulomb method  results 
are almost the same. 



 

 

 
Figure 11: Shear failure gradient prediction using modified  
Lade criterion  

In figure 11, the method that is finally used is the modified  
Lade criterion because this method has several advantages,  
where in predicting the shear failure gradient this method  
considers three principal stresses, compared to the Mohr  
Coulomb method which only considers two principal  
stresses, namely the maximum and minimum principals.  
stressed. The final result of the shear failure gradient  
prediction obtained an average value of 8.37 ppg.   

The PPFG model of BEN-1 well can be used to predict the  
safe mud window. Prediction of the value of the stable mud  
window aims to maintain stability and avoid drill hole  
problems. Things that must be considered in determining  the 
value of the stable mud window is how the mud weight  is 
designed so that it meets safe standards. The condition of  the 
stable mud window is as follows: Pore Pressure <  Shear 
Failure Gradient < Mud Weight Recommended <  Minimum 
Horizontal Stress < Fracture Gradient. In  determining the 
minimum mud weight is the shear failure  gradient plus 0.5 
ppg and the maximum mud weight is the  minimum 
horizontal stress minus 0.5 ppg.  

Based on figure 12, the optimal stable mud window range  
for drilling at a depth of 0-540 m (section 20”) is 10.4-11.5  
ppg, a depth of 540-693 m (section 13-3/8”) is 7.6-8.1 ppg,  
and a depth of 693-1245 m (section 9-5/8”) is 9.6-11 ppg  to 
avoid lost circulation problem. However, on section 13- 3/8” 
there is something unusual, namely at a depth of 540-  
693 m including underpressure conditions, causing the  
formation pressure to tend to be small. To make a mud  
weight with a density under hydrostatic pressure will be  
expensive. So that on route B, blind drilling will be carried  
out, namely drilling with fresh water with a density of 8.33  
ppg.  

 

 

 
Figure 12: Safe mud window recommendation  

CONCLUSIONS  
1. PPFG model has been built based on some  important 

validation data, these are DST data, actual  mud and 
lost circulation problem.  

2. Pore pressure predicted using Eaton’s method  consists of 
four categories, namely hydrostatic at 0- 540 m depth, 
underpressure at 540-693 m depth,  hydrostatic at 693-
1245 m depth, and overpressure at  1245-1275 m 
depth.  

3. Fracture gradient predicted using Eaton’s method  and 
Ludwig’s Poisson’s ratio.  

4. Minimum horizontal stress predicted using pre existing 
failure of Mohr-Coulomb’s method and  maximum 
horizontal stress with dengan tectonic  constant of 0.5 
(normal fault).  

5. Shear failure gradient predicted using modified  Lade 
criterion.  

6. Mud weight recommended is range of 10.4-11.5  ppg at 
0-540 m depth, 8.33 ppg at 540-693 m depth,  and 9.6-
11 ppg at 693-1245 m depth.  

7. The PPFG model at Pre-Kujung Formation can  be used 
as a reference for plan of development well.  
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