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 Determination of suitable mud weights for the wells in the Hai Thach (HT-P) 
field is a very challenging task because of the high pore pressure and high 
temperature (HPHT) conditions. The main objective of this study is to 
determine a suitable mud weight for drilling into the HPHT zone of HT-P well. 
First, a thermo-chemo-pore-elastic model for calculating the stress around the 
wellbore is presented. Two failure criteria, Drucker-Prager and Mohr-
Coulomb, are used and compared. Then, the determination of model inputs 
from well logs and available data is summarized. Finally, the numerical results 
of the model are analyzed to propose a new mud weight for the HPHT zone of 
HT-P well. The field data, modeling work and the proposed mud weight 
presented in this study can be used as a reference for drilling new wells in the 
Hai Thach field to avoid any wellbore instability problems. 
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1. Introduction 

The Hai Thach field is located at Block 05-2, 
Nam Con Son basin, offshore Vietnam, 
approximately 330 km from Vung Tau (Figure 1). 
The average water depth is from 130 to 140 m. 
The bottomhole pressure is up to 11,500 psi (17.5 
ppg), and formation temperature is up to 175°C at 
well the True Vertical Depth (TVD). The Hai Thach 
is considered as a high pressure and high 
temperature field. It was discovered in 1995 by 
BP with the gas and condensate accumulation in 
the Post-rift of the upper Miocene, the Syn-rift of 
the middle Miocene, and the lower Miocene 
(Figure 2 and Figure 3). 

Wellbore instability is one of the major 
factors that significantly increases the cost and 
non-productive time in the Hai Thach field. The 
single most important cause of wellbore 
instability is the incorrect mud weight as depicted 
in Figure 4. The bottom-hole pressure, due to 
using high mud density, could be higher than the 
fracture gradient resulting in mud losses or 
wellbore fractures. On the other hand, too low 
mud weight can cause kick or borehole collapse. 
Thus, a safe mud weight window should be 
considered to ensure the safety and efficiency of 
the drilling process, especially for the wells with 
narrow mud weight windows such as wells in the 
Hai Thach field. A little change on mud density 
may have a great impact on wellbore stability. 
There were many difficulties and complexities in 
selecting optimum mud weight for the wells in the
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Hai Thach field. The HT-P well experienced both 
fluid losses and gas influxes. When the well was 
drilled to 3000 mTVD with 17.1 ppg mud weight, 
kick occurred with 12% max gas. Therefore, the 
well was immediately shut in and monitored. The 
driller's method was used to kill the kick and the 
mud weight was then increased to 17.4 ppg. 
However, after raising the mud weight, the mud 
loss occurred at the rate of with 20 bbls per hour 
while circulating to clean the hole at the depth of 
3053.6 mTVD. The mud losses and kicks occurred 

in a short drilling section are very challenging to 
resolve. To be able to continue drilling, it was 
decided to set a casing to seal this troubled 
interval. The above complex issues may be 
consequences of wellbore instability and always 
put the well in the dangerous situation. Therefore, 
wellbore stability analysis for the HT-P well in the 
Hai Thach field is essential to propose an 
optimum mud weight window for a successful 
drilling operation.  

 

Figure 1. Location of the Hai Thach field offshore Vietnam (Nguyen et al., 2015). 

Figure 2. Play concept of blocks 05-2 and surrounding area (Nguyen et al., 2015). 
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2. Wellbore Stability Modeling 

Stresses around the Wellbore 

Stress concentration around the wellbore is 
generated by not only the alteration of the in-situ 
stresses but also temperature variation and 
chemical interaction. The effect and 
determination of these stresses can be found in 
published papers by (Wang, 1994; Ekbote and 
Abousleiman, 2005; Abousleiman, et al., 2013; Bui 
and Tutuncu, 2013). In this paper, the thermo-
chemo-pore-elastic model accounted for the 
influence of temperature variation and chemical 
interaction was used for calculating the stress 
around the wellbore. 

Before drilling, any point in the formation is 
subjected to an equilibrium state of stresses called 
in-situ stresses. The in-situ stresses are 

represented by three principal stresses consisting 
of a vertical stress 𝜎𝑣 due to the weight of the 
overlaying formations and fluids, and two 
horizontal stresses 𝜎𝐻 and 𝜎ℎ created by the 
tectonic movements and the overburden. When a 
well is drilled in the formation, a stress 
concentration around the wellbore is created as a 
result of the alteration of in-situ stresses. This is 
the main reason causing wellbore instability. To 
find the stress state at each point at the wellbore 
wall, it is necessary to transform in-situ stresses in 
global coordinate system (x’, y’, z’) to the 
cylindrically wellbore coordinate system (r, θ, z) 
by using an intermediate Cartesian coordinate 
system called the local coordinates (x, y, z), as 
shown in Figure 5.  

In this study, Kirsch’s equations (Kirsch, 
1898) is used to determine the stress components 
around the borehole. Stresses in cylindrical 
coordinates are calculated as 

Figure 3. Nam Con Son Basin chronostratigraphic diagram (Nguyen et al., 2015). 
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where r is the wellbore radius, and d is the radial 
distance from wellbore axis. At the borewall, the 
equation above reduces to 
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where 𝜎𝑟, 𝜎𝜃, 𝜎𝑧 are the radial stress, tangential 
stress and axial stress in the cylindrically wellbore 
coordinate system; 𝜏𝑟𝜃 , 𝜏𝜃𝑧, 𝜏𝑟𝑧 are three 
components of the shear stress in the cylindrically 
wellbore coordinate system; 
𝜎𝑥𝑥, 𝜎𝑦𝑦, 𝜎𝑧𝑧, 𝜏𝑥𝑦, 𝜏𝑦𝑧, 𝜏𝑥𝑧 are the stress 

components in the local coordinates; θ is the angle 
from the maximum horizontal stress; 𝜈 is 
Poisson's ratio; and 𝑝𝑤is the bottom hole 
pressure. 

The stress components of the local 
coordinates can be expressed as, 
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Figure 4. Safe and stable mud weight windows (Rasouli, et al., 2010). 

(1) 

(2) 

(3) 

Figure 5. The coordinate system for the in-situ 
stress display (Pašić et al, 2007). 
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where 𝜎𝑣 , 𝜎𝐻 , 𝜎ℎ are the vertical stress, maximum 
horizontal stress, and minimum horizontal stress, 
respectively; 𝐼 is the inclination angle of borehole; 
𝐴𝑤 is the azimuth angle of borehole. To gain 
knowledge about the stress distribution 
surrounding the HT-P well, let’s consider a zone of 
the wellbore and calculate the stress around the 
wellbore. In this paper, the selected zone is a 
troubled zone where the gas influx into the 
wellbore occurred. The input parameters to 
calculate the stress state at this zone are listed in 
Table 1. 

 

Parameter Value 

TVD (m) 3000 

Inclination Angle (deg.) 25 

Azimuth Angle (deg.) 303 
Young Modulus (psi) 2×106 
Poisson’s Ratio 0.18 
Biot coefficients 1 
Overburden Stress Gradient (ppg) 19.1 
Pore Pressure Gradient (ppg) 17.56 
Maximum Horizontal Stress Gradient 
(ppg) 

19.21 

Minimum Horizontal Stress Gradient 
(ppg) 

18.41 

Maximum Horizontal Stress 
Direction(deg.) 

103 

 
The stress distribution around the wellbore 

is shown in Figure 6 and Figure 7. It is observed 
that the radial stress 𝜎𝑟 at the wellbore wall is 
constant and independent of 𝜃. Its value is equal 
of bottom-hole pressure. The radial and 
tangential stresses at the wellbore wall vary as a 
function of azimuth and radius. Both radial and 
tangential stresses reach the maximum value at 
the orientation of the minimum horizontal stress, 
(𝜃 = 13° and 𝜃 = 193°) and reach the minimum 
value at the orientation of the maximum 
horizontal stress (𝜃 = 103° and 𝜃 = 283°).  

Chemical-induced stress 

An osmotic pressure due to a difference in 
chemical activity between drilling fluid and water 
in formation generates a flow of water in or out of 

formation. These results in a significant pore 
pressure variation and can lead to rock strength 
weakening or failure due to stress disturbance 
around the wellbore. The flow direction is 
controlled by the salinity (ion type and 
concentration) of the fluid because water moves 
from the low solute concentration region (high 
chemical activity) to the high solute concentration 
region (low chemical activity). 

The numerical equations for the osmotic 
pressure and its effect on the effective stresses 
acting at the wellbore wall are calculated as 
follows (Bui and Tutuncu, 2013): 

s r
c

= 0

sq
c

= a
1- 2n

1- n
DP

s z
c

= a
1 - 2n

1 - n
DP

 
where 𝜎𝑟

𝐶 , 𝜎𝜃
𝐶 , 𝜎𝑧

𝐶  are the alteration of radial, hoop 
and axial stresses due to the osmotic pressure, 
respectively; 𝛼 is the Biot coefficient; 𝜈 is the 
Poisson’s ratio, and ΔΠ is the osmotic pressure. 
 The osmotic pressure is calculated as 

DP = -lm
RTo

Vw

æ

èç
ö

ø÷
ln
a
df

a
sh  

where 𝑙𝑚 is the membrane coefficient, R is the 
universal gas constant and equals 8.314 J/K.mol; 
𝑇𝑜 is the absolute temperature; 𝑉𝑤 is the molar 
volume of the water and equals 18.104 ml; 
𝑎𝑑𝑓 , 𝑎𝑠ℎ  are chemical activities of the drilling fluid 

and shale pore water, respectively. 

Thermal-induced stress 

The difference of temperature between drilling 
fluid and formation significantly influences the 
state of stress around wellbore. It is thus 
necessary to consider thermal effect on 
conducting a wellbore stability analysis, 
particularly in a HPHT environment like the Hai 
Thach field. Raising the temperature of the mud 
may lead to an increase in tangential stress, which 
enhances the likelihood of breakouts and inhibits 
tensile fracture. On the other hand, cooling the 
mud may leads to breakouts, which increases the 
likelihood of tensile fractures (Akong et al, 2011). 
The thermal induced stress can be calculated 
using the following equation (Bui and Tutuncu, 
2013):

Table 1. Data for determining the stress 
distribution around the HT-P well at 3000 mTVD. 

(4) 

(5) 
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s r
T

= 0

sq
T

=
amE(T - To)

1 - n

s z
T

=
amE(T - To)

1 - n  
where 𝜎𝑟

𝑇 , 𝜎𝜃
𝑇 , 𝜎𝑧

𝑇  are the alteration of radial, hoop 
and axial stresses due to the thermal induced 

stress, respectively; 𝜈 is the Poisson’s ratio; E is 
Young modulus; 𝑎𝑚 is the volumetric thermal 
expansion coefficient of rock matrix; T is the 
circulation temperature; and 𝑇𝑜 is the formation 
temperature. 

The equations in the thermo-chemo-pore-
elastic model that includes the effects of in-situ 
stresses, chemical interaction, and temperature 

(6) 

Figure 7. The variation of the stress at the wellbore wall of the HT-P well at 3000 mTVD. 

Figure 6. The variation of the stress surrounding the HT-P well at 3000 mTVD. 

𝜎𝑟𝜃 𝜎𝜃𝑧 𝜎𝑟𝑧 

𝜎𝑧 𝜎𝜃 

(a) (b) (c) 

(d) (e) (f) 

𝜎𝑟 
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alteration to determine the stress concentration 
at the wellbore wall can be expressed as follows: 
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The principal stresses acting at the wall of a 

deviated well are calculated using Equation 8: 
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Rock Failure Criteria 

One of the main factors of wellbore stability 
analysis is the selection of a suitable rock failure 
criterion. There are many failure criteria such as 
Mohr-Coulomb criterion, Hoek-Brown criterion, 
Drucker-Prager criterion, Mogi-Coulomb 
criterion, and Von Mises criterion. In this paper, to 
calculate the minimum mud weight, two most 
common failure criteria, Drucker-Prager and 
Mohr-Coulomb, are used and compared. While 
the maximum mud weight is obtained by utilizing 
the tensile failure criterion. 

Compressive Failure Criterion 

A wellbore will fall in compressive failure if 
mud weight is insufficient to reduce the shear 
stress. This failure is also known as wellbore 
collapse or shear failure and controlled by 
increasing mud weight.  

According to the Mohr-Coulomb criterion, 
compressional failure occurs when 

c. cosj + sinj.sm
eff

- tmax £ 0
 

where 𝜑 is the angle of internal friction; c is the 

rock cohesion; and 𝜏𝑚𝑎𝑥  and σ𝑚
𝑒𝑓𝑓

 are the 
maximum shear stress and the effective mean 

stress. These stresses are calculated from 
minimum and maximum principal stresses as 

sm
eff

=
smax + smin

2
- pp

tmax =
smax - smin

2  
The Drucker-Prager criterion considers all 

three principal stresses and compressional failure 
occurs when 

A + 3BJ1
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where 𝐽1
𝑒𝑓𝑓

and 𝐽2 are the octahedral effective 
normal and shear stresses defined by 
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6  
and A and B are rock constants. They depend on 
the angle of internal friction (𝜑) and the cohesion 
of rock (c) and are defined by 

A =
6c. cosj

3(3 - sinj )

B =
2 sinj

3(3 - sinj )  

Tensile Failure Criterion 

Tensile failure occurs when the effective 
minimum principal stress at the bore wall reaches 
or exceeds the formation rock tensile strength. 
Therefore, the tensile failure criterion can be 
expressed as: 

smin
eff

= smin - pp ³ s t  
where 𝜎𝑚𝑖𝑛

𝑒𝑓𝑓
 is the effective minimum principal 

stress; and 𝜎𝑡 is the tensile strength of rock. 

3. Determination of mud weight for HT-P 
well 

The troubled zone of HT-P well is from 2900 
mTVD to 3972 mTVD due to high temperature 
and high pore pressure. Drilling in this zone 
encountered challenges related to wellbore 
instability such as kick at 3000 mTVD and mud 
losses at 3053.6 mTVD. Therefore, a case study is 
conducted for this section. In this case study, we 
outline the determination of the input parameters 
for the wellbore stability model from well log data 
and laboratory measurements and recommend

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 
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a new mud weight program for HP-P well. 

Input Data Determination 

Magnitude of Overburden Stress  

Overburden stress, also called vertical stress, 
was generated by the combined weight of the 
overburdens. Thus, it can be calculated by the 
following equation: 

sv = rwgzw + g r(z) dz
zw

z
ò

 
where 𝜌(𝑧) is the formation bulk density, which is 
a function of depth and obtained from density 
logs; 𝜌𝑤 is the density of seawater; z is the depth 
of the calculated point; 𝑧𝑤 is the water depth; and 
g is the gravitational acceleration. 

The overburden stress gradient Sv of HT-P 
well, which equals the overburden stress 𝜎𝑣 
divided by TVD, is shown in Figure 8. 
Pore Pressure 

Calculating pore pressure is extremely 
important to determine mud weight window in 
the HPHT condition of the Hai Thach field. In this 
study, the Eaton’s empirical equations (Eaton, 
1972, 1975) are used to estimate pore pressure 
from resistivity and sonic logs. The profile of pore 
pressure is shown in Figure 8. 

PP = Sv - (Sv - PPn )
Ro

Rn

æ

èç
ö
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n
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Dtn

Dt

æ

èç
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where pp is the formation pore pressure gradient; 
𝑆𝑣 is the overburden stress gradient; 𝑃𝑃𝑛 is the 
normal (hydrostatic) pore pressure gradient; Ro 
and ∆𝑡  are the resistivity and sonic transit time 
obtained from well logging; 𝑅𝑛 and ∆𝑡𝑛 are the 
resistivity and sonic transit time at the normal 
(hydrostatic) pressure; n is the Eaton exponent. 

Minimum Horizontal Stress 

In this paper, the Eaton’s method is also 
utilized to calculate magnitude of the minimum 
horizontal stress (Eq. 16) and Extended Leak-off 
Tests (XLOTs) data of the HT-P is utilized for 
calibration.  

s
h

=
n

1-n
s
v

-a p
p( ) +a pp

 

Magnitude and Orientation of Maximum 
Horizontal Stress 

In this study, data obtained from XLOTs is 
also used to calculate the magnitude of the 
maximum horizontal stress. The results show that 
the order of stress magnitudes is 𝜎𝐻 > 𝜎𝑣 > 𝜎ℎ. In 
other words, the stress regime is strike-slip. 

Orientation of the maximum horizontal 
stress is determined using available FMI log data 
from three exploration wells in the Hai Thach 
field. According to Hoang et al. (2016), the 
direction of 𝜎𝐻 is 103±9°N, as shown in Figure 9. 

Rock elastic coefficients 

Dynamic rock elastic properties (Young’s 
modulus and Poisson’s Ratio) were obtained 
using sonic measurements providing shear and 

(15) 

(16) 

(17) 

Figure 8. Overburden stress and pore pressure gradient profiles of the HT-P well. 
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compressional slowness estimated from well log 
data. The results of the calculations are shown in 
Figure 10. 

Dynamic Young’s modulus: 

E
d

=

rv
s
2 3v

p
2 - 4v

s
2( )

v
p
2 - v

s
2

 
Dynamic Poisson’s ratio: 

v
d

=
vp
2

- 2vs
2

2(vp
2

- vs
2
)
 

where 𝜌 is the bulk density; 𝑣𝑝
  is the 

compressional velocity; and 𝑣𝑠
  is the shear 

velocity. 

The rock elastic data used for wellbore 
stability analysis are static data obtained from 
laboratory measurements. So, it is necessary 
convert dynamic data into static data. Dynamic 
Poisson’s Ratio approximates the static value. 
However, there is a considerable difference 
between dynamic and static Young’s modulus due 
to the variation in strain and strain rate. This 
paper uses the correlation proposed by Eissa and 
Kazi (1988) to determine the static Young’s 
modulus from dynamic modulus. That correlation 
is written as 

logEs = e + 0.77log(rE
d
)

 
where 𝑒 is the coefficient dependent on the rock 
porosity. 

(18) 

(19) 

(20) 

Figure 9. Profile of azimuth of drilling-induced tensile fractures (Hoang et al., 2016). 

Figure 10. Formation geomechanical properties. 



10 Phuong Viet Nguyen and Binh Thanh Bui/ Journal of Mining and Earth Sciences 58 (3), 1-15 

 
 

Drilling section 
(mTVD) 

Salinity of drilling 
fluid 

at 65℃ (%) 

Chemical activity 
of drilling fluid 

Assumed 
salinity of pore 

water (%) 

Chemical 
activity 

of pore water 
2,900 ÷ 3,545 21.77 ÷ 23.84 0.83 ÷ 0.85 

2.6 0.98 
3,545 ÷ 3,972 22.52 ÷ 25.45 0.8 ÷ 0.84 

 
Rock strength 

Typically, rock strength is obtained from 
laboratory core measurements. However, there is 
no available core measurement. Hence, in this 
study, the log and correlations (Equations 21-23) 
are used to determine the strength of rock in 
formation. The results of the calculations are 
shown in Figure 10. 

Internal friction angle: 

1000

1000
arcsin
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4
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kptk
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Rock cohesive strength: 





cos2
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.
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where 𝑣𝑝 is the compressional velocity; ∆𝑡𝑝 is the 

compressional slowness; and 𝑘1, 𝑘2, 𝑘3, 𝑘4 are 
lithology dependent coefficients. 

In common practice, the tensile strength of 
rocks is negligible so it is considered to be zero in 
this study. 

Thermal data 

The HT-P well is considered as a HPHT well 
with bottom-hole temperature up to 175 deg C. 
Temperature profile of the Hai Thach field is 
shown in Figure 11. According to the End of Well 
Report of the HT-P well, the difference in 
temperature of the drilling fluid and virgin 
formation is 15℃. The rock thermal expansion 
coefficient in Equation 6 is linear thermal 
expansion that equals the volumetric thermal 
expansion coefficient divided by three (Huotari et 
al., 2004). Due to lack of laboratory 
measurements, in this study, this parameter was 
obtained from previous studies. In the study by 
Hoang et al. (2016), volumetric thermal 
expansion coefficient of rock in this zone is 3×10-

5 ℃-1. Hence, the linear thermal expansion 
coefficient is estimated about 1×10-5 ℃ −1.  

Chemical data 

The parameters to calculate the chemical-
induced stress consist of the membrane 
coefficient and the chemical activities of the 
drilling fluid and pore water. The membrane 
efficiency describes ability of formation to restrict 
the flow of ions into or out of the pore and is from 
0 to 1. In the studied zone, rock permeability is 

Figure 11. Temperature profile of the Hai Thach field (Hoang et al., 2016). 

Table 2. The chemical activities of the drilling fluid and pore water. 

(21) 

(22) 

(23) 
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very low with high clay content, value of reflection 
coefficient, thus, was assumed as 0.1. 

The chemical activities of the drilling fluid 
and pore water were calculated by that based on 
the salinity in pore fluid and mud (Table 2). 

Results and Discussion 

Input data listed in Table 3 were used in the 
numerical calculation to examine the variation of 
mud weight with inclination and azimuth angles. 

Mud weight at 3000 mTVD 

The mud weight used to drill this zone was 
17.1 ppg. The calculated results (Figure 12) show 
the difference in predictions of two breakout 
criteria. The Mohr-Coulomb criterion predicts 
that the borehole will be collapsed because the 
mud weight is lower than 17.51 ppg. 
Nevertheless, the Drucker-Prager criterion 
predicts the borehole will be stable with 16.90 
ppg. In fact, there was no borehole collapse 
observed during drilling in this zone with the mud 
weight lower than 17.51 ppg. Hence, the Mohr-
Coulomb criterion overestimated breakout 
pressure gradient and may not applicable for HT-

P well. In addition, the results also indicate that 
there is no tensile failure since the fracture 
pressure gradient is 18.27 ppg, which is higher 
than the used mud weight. 

In this zone, pore pressure is abnormally high 
and gas influx into the HT-P well is the 
consequence of using an incorrect mud weight 
due to under-estimation of pore pressure. To 
prevent gas influx in to the well, increasing mud 
weight is required and a mud weight of 17.6 ppg 
is proposed. 

Mud weight at 3053.6 mTVD 

As shown in Figure 13, the model predicts 
that the borehole will be stable at 3,053.6 mTVD 
with the actual used mud weight (17.6 ppg). This 
mud weight is lower than fracture pressure 
gradient (18.31 ppg) and greater than the collapse 
pressure gradient predicted by the Mohr-
Coulumb criterion (17.29 ppg) and the Drucker-
Prager criterion (16.54 ppg). The causes of mud 
losses observed in this zone during hole cleaning 
were because of the borehole damage during the 
the XLOT and the excessive ECD (17.9 ppg). 

 

 

Parameter Value 
TVD (m) 3000 3053.6 
Inclination Angle(deg.) 25 25 
Azimuth Angle(deg.) 303 303 
Tensile Strength (psi) 0 0 
Unconfined Compressive Strength (psi) 2.06×103 2.49×103 
Young Modulus (psi) 2×106 2.04×106 
Poisson’s Ratio 0.18 0.17 
Biot coefficient 1 1 
Internal Friction Angle (deg.) 25.39 27.51 
Overburden Stress Gradient (ppg) 19.1 19,16 
Pore Pressure Gradient (ppg) 17.56 17.39 
Maximum Horizontal Stress Gradient (ppg) 19.21 19.28 
Minimum Horizontal Stress Gradient (ppg) 18.41 18.39 
Maximum Horizontal Stress Direction (deg.) 103 103 
Rock Thermal Expansion Coefficient (℃−1) 1×10-5 1×10-5 
Temperature Difference (T- To) (℃) -15 -15 
Membrane Coefficient 0.1 0.1 
Pore Water Activity 0.98 0.98 
Drilling Fluid Activity 0.85 0.85 
Formation Temperature (℃) 136 138 

 

Table 3. Data for wellbore stability analysis. 
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A new mud weight program for HT-P well 

Repeating the determination of the mud 
weight for every depth in the “trouble” zone 
(2900 mTVD to 3930 mTVD), we obtain the mud 
weight window for this zone as shown in Figure 
14. A new mud weight of 17.6 ppg is proposed to 
drill this section safely. Since the mud weight is 
quite narrow, accurate calculation of pressure 
surge and swap should be conducted to avoid any 
excessive variation of the mud weight.  

Mud weight for deviated wells in the HPHT zone  
In the previous section, a new mud weight 

program was proposed for HT-P well. In this 
section, we discuss the variation of the mud 
weight with the inclination and azimuth angles. 
The suitable mud weight not only depends on the 
depth but also does vary with the inclination and 
azimuth angles. For each pair of inclination and 
azimuth angles, a new mud weight should be 
determined.  

(b) (a) 

Figure 12. The variation of mud weight as a function of the inclination (a) and azimuth, (b) at 3,000 mTVD. 

Figure 13. The variation of mud weight as a function of the inclination (a) and azimuth, (b) at 3,053.6 mTVD. 
 (a) and azimuth (b) at 3,053.6 mTVD. 

 

(a) (b) 

Figure 14. New mud weight program for the drilling section from 2,900 mTVD to 3930 mTVD of 
the HT-P well. 
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The model presented in this study can be 
used to determine the mud weight for each pair of 
angles. Figure 15 provides an overview of the 
variation of the minimum and maximum mud 
weight as a function of inclination and azimuth 
angles. The next section will briefly discuss how to 
read the cloud chart in Figure 15. 

Figure 15a shows the minimum mud weight 
to prevent wellbore collapse and Figure 15b 
shows the maximum mud weight to prevent 
fracturing the wellbore. Each point in this cloud 
chart represents the mud weight for each pair of 
angles. The distance to the center of the circle is 
the inclination angle. The center of the circle 
represents a vertical well and the points along the 
circumference of the circle represent the wells 
with inclination angle of 90o, or horizontal wells. 
The angle from the North direction (N) to any 
points in the cloud chart is the azimuth angle of 
that points. The optimum mud weight for each 
well should be higher than the value obtained 
from Figure 15a and lower than the one obtained 
from Figure 15b. It can be observed that the 
variation of the mud weight with inclination and 
azimuth angles is considerable. The collapse 
pressure of wells drilled along the maximum 
horizontal stress direction is less than that of the 
wells drilled along minimum horizontal stress 
direction (Figure 15a). This means that wells 
drilled along the maximum horizontal stress 
direction, especially horizontal wells, need lower 
mud weight to avoid instability. In addition, it is 
also easier to hydraulic fracture the wells drilled 
along the maximum horizontal stress direction  

(𝜃 = 103° or 𝜃 = 283°) as shown in Figure 15b. 

4. Conclusions and Remarks 

The high pressure and high temperature 
condition in the Hai Thach field creates many 
challenges for drilling operations. This study uses 
the thermo-chemo-pore-elastic model to calculate 
the stresses surrounding wellbore and 
summarizes the petrophysical data to obtain 
essential input for determining the weight 
window for HT-P well. The analyses at the 
troubled zones indicate that the Drucker-Prager 
criterion provides a better prediction of the 
collapse pressure than Mohr-Coulomb criterion. A 
new mud weight of 17.6 ppg is recommended to 
avoid the risks while drilling the section from 
2900 mTVD to 3930 mTVD. In addition, the input 
data calculated in this study can also be used as a 
reference for new offset wells drilled in the region. 
The variation of the optimum mud weight with 
inclination and azimuth angles is significant for 
the very narrow mud weight window in this zone. 
Hence, accurate pressure management while 
drilling this zone is highly recommended. 
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(a) (b) 

Figure 15. Variation of the mud weight with inclination and azimuth angles at 3,792 mTVD. 
 (a) Minimum mud weight; (b) Maximum mud weight. 
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5. Nomenclature 

A  Rock constant, dimensionless 
B  Rock constant, dimensionless 

J1
𝑒𝑓𝑓

 Octahedral effective normal stress, psi 
J2 Octahedral effective shear stress, psi 

σ𝑚
𝑒𝑓𝑓

 Effective mean stress, psi 
𝑅𝑛 Resistivity at the hydrostatic pressure 
𝑇1 Absolute formation temperature, ℃ 
𝑉𝑤 Molar volume of water, m3 
𝑎𝑑𝑓 Chemical activities of the drilling fluid, 

dimensionless 
𝑎𝑚 Linear thermal expansion constant, 1/℃ 
𝑎𝑠ℎ  Chemical activities of shale pore water, 

dimensionless 
𝑘1 Lithology dependent coefficient 
𝑘2 Lithology dependent coefficient  
𝑘3 Lithology dependent coefficient  
𝑘4 Lithology dependent coefficient 
𝑙𝑚 Reflection coefficient, dimensionless 
𝑝𝑝 Pore pressure, psi 

𝑝𝑤  Bottom hole pressure, psi 
𝑣𝑝

  Compressional velocity, m/s 

𝑣𝑠
  Shear velocity, m/s 

 𝑧𝑤 Water depth, m 
𝜌𝑤 Density of seawater, g/cm3 
𝜎1

  Principal stress, psi 
𝜎2

  Principal stress, psi 
𝜎3

  Principal stress, psi 
𝜎ℎ Maximum in-situ horizontal stress, psi 
𝜎𝐻 Minimum in-situ horizontal stress, psi 
𝜎𝑚𝑎𝑥 Maximum principle stress, psi 
𝜎𝑚𝑖𝑛 Minimum principle stress, psi 
𝜎𝑟 Radial normal stress at wellbore, psi 
𝜎𝑟

𝐶  Alteration of radial stress due to the 
osmotic pressure, psi 

𝜎𝑟
𝑇 Alteration of radial stress due to the 

thermal induced stress, psi 
𝜎𝑡 Rock tensile strength, psi 
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𝜎𝑣 Vertical stress, psi 
𝜎𝑥𝑥 Normal stress in x-direction, psi 
𝜎𝑦𝑦 Normal stress in y-direction, psi 

𝜎𝑧 Axial stress at wellbore, psi 
𝜎𝑧

𝐶  Osmosis-induced axial stress due to the 
osmotic pressure, psi 

𝜎𝑧
𝑇 Thermal-induced axial stress due to the 

thermal induced stress, psi 
𝜎𝑧𝑧 Axial stress, psi 
𝜎𝜃 Hoop stress at wellbore, psi 
𝜎𝜃

𝐶  Osmosis-induced hoop stress, psi 

𝜎𝜃
𝑇 Thermal-induced hoop stress, psi 

𝜏𝑖𝑗  Shear stress at wellbore, psi 

∆𝑡  Measured transit-time, μs/ft 
∆𝑡𝑛 Normal sonic transit time, μs/ft 
c Cohesive strength, psi 
d Radial distance from wellbore axis, m 
E Young´s modulus, psi 
g Gravitational acceleration, m/s2 
I Well Inclination, degree 

n Eaton exponent, dimensionless 
R Universal gas constant, J/K.mol 
r Wellbore radius, m 
Ro Measured resistivity, Ohm-m 
Sv Overburden stress gradient, psi/ft 
T Circulation temperature, ℃ 
To Formation temperature, ℃ 
z  Depth from the sea level, m 
α Biot coefficient, dimensionless 
𝛥𝛱 Osmotic pressure, psi 
ν Poisson’s ration, dimensionless 
𝐴𝑤 Well azimuth, deg. 
𝜌(𝑧) Bulk density, g/cm3 

𝜑 Internal friction angle, deg. 
ECD Equivalent Circulation Density 
HPHT High Pressure, High Temperature  
PP Formation Pore Pressure Gradient 
PPn Normal Pore Pressure Gradient 
UCS Unconfined Compressive Strength 
XLOT Extended Leak-off Test 

 




