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Abstract: This paper describes the method used in the depleted reservoir for analyzing horizontal in-situ stresses in order 

to define a stable mud weight window to maximize the efficiency of drilling process. The method combines wellbore sta-

bility modeling, in-situ stress prediction, and pore pressure depletion during production process. In the presence of any 

hydraulically isolated fault blocks or other permeability barriers, the pore pressure depletion will cause horizontal stress 

changes in both magnitude and orientation. Furthermore, the changes of horizontal stress affect the wellbore stability of 

inclined wells. The results indicate that the reservoir depletion has notable effect on the safe mud weight window, espe-

cially the fracture pressure. The fracture pressure may be overestimated in previous model, and the most stable well azi-

muth is not static but varies over the lifetime of the oilfield. The research conclusions can provide significant reference for 

the mud weight design of directional well in depleted reservoir. 
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1. INTRODUCTION 

 Production of oil and gas from hydrocarbon-bearing 

reservoir can result in a reduction of the reservoir pore 

pressure (formation pressure) unless pressure support is 

provided from an aquifer. Sometimes the pressure coefficient 

can be reduced less than 0.5. Drilling practices in Bohai 

oilfield (Fig. 1) showed that unexpected drilling difficulties 

were encountered, such as lost circulation, leaking, 

differential pressure sticking [1], and fault seal breach by 

reactivation [2, 3]. Therefore the knowledge of pore pressure 

in depleted reservoir can provide a better understanding of 
applied geomechanics and has been increasingly studied [4]. 

 Previous research shows that the reduction in pore 

pressure is associated with a decrease in horizontal stress 

magnitude, however, relatively little work has been done on 

the orientation change. To approach the orientation change 

of horizontal stress, we have analyzed the stress state of 

depleted fault-block reservoir. The results show that the 

horizontal stress orientation is not constant but varies with 

some parameters, such as pore pressure change and rock 

mechanical properties. Furthermore, the horizontal stress 

reorientation may cause notable influence on wellbore 

stability of directional wells. Finally, this paper observes that 

the trajectory sensitivity of directional well can be affected 
by reservoir depletion at the same time. 

2. IN-SITU STRESS MAGNITUDE 

 Based on numerous field data, the minimum horizontal   

stress exhibits a linear decrease with the reduction of  
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pore pressure [5]. In fact, both the maximum and minimum 
horizontal stresses are expected to decrease because of the 
pore pressure depletion associated with the long-term 
development. The theoretical expression of the horizontal 
stress change was derived by Holt first in 1992 [6]. Based on 
the assumption that the reservoir deforms in an isotropic 
homogenous linearly elastic (IHLE) manner with a uniaxial 
strain boundary, the equation used to estimate the horizontal 
stress change is, 
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where, 
H

and
h
 are the maximum and minimum 

horizontal stress changes, respectively, g/cm
3
, is the 

effective stress coefficient, is Poisson’s ratio; 
pP is the 

deviation from original pore pressure, g/cm
3
. This equation 

also shows that the horizontal stress change value is related 

to the formation properties. According to Morita’s study [7], 

equation (1) is actually a reasonable approximation if the 

ratio GR/GC is between 0.2 and 1.5, h/r<0.1, and D/r>1. 

 According to equation (1), the current horizontal stress 
can be written as equation (2), 
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where, 
H

and
h
are the original maximum and minimum 

horizontal stresses, respectively, g/cm
3
, '

H
and '

h
are the 

current maximum and minimum horizontal stresses, 

respectively, g/cm
3
. 
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Fig. (1). Fault reactivation when drilling near the fault (Oilfield in 

Bohai Bay Basin). 

3. IN-SITU STRESS REORIENTATION 

 For a simple case in which the reservoir is homogeneous, 

isotropic, and laterally extensive with elastic properties that 

do not contrast with the surrounding rock, 
H

and
h
will 

change by the same amount, and no change in orientation is 

expected. However, in case that there is a hydraulically 

isolated fault separating the reservoir experiencing pore 

pressure depletion from the one in which pore pressure 

remains constant, the horizontal stress orientation will rotate 

at some angel from the original orientation.  

 The model geometry is illustrated in Fig. (2): The 

original orientation of maximum horizontal stress is in the x-

axis. The fault F, which is impermeable, is at the angle  

from the x-axis. The pore pressure of region A is depleted 

during long-term development. In contrast, the pore pressure 

of region B is still the original pore pressure (i.e. 1.0g/cm
3
). 

In the area near the impermeable fault, the orientation of 

horizontal stress may rotate at the angle from the original 

azimuth [8]. The difference in pore pressure on either region 

imposes a traction stress,  which changes the orientation of 

horizontal stress by angle  [9]. Both region A and B 

experience the same orientation change in horizontal stress, 

although this change decays sharply with distance from the 

fault. 

 

Fig. (2). Model geometry of horizontal stress orientation change. 

 The new horizontal stress coordinate system, rotated at 
the angle from the original coordinate system [10], near the 
fault can be calculated by, 
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where,  is clockwise positive, °. 

 Fig. (3), shows the amount of horizontal stress rotation 

expected for values of Pp from 0 to 0.5 near fault of any 

azimuth, corresponding to equation (3) with 3
71 g/cm.óH =  

, 3

h
/5.1 cmg= , 25.0=  and 8.0= . So for depleted reservoir, 

the maximum horizontal stress will rotate to be more parallel 

to the fault. 

 

Fig. (3). Rotation angle ( ) of horizontal stress orientation vs. the 

included angle ( ) between fault strike and original orientation 

of
H

ó . 

4. DIRECTIONAL WELL BOREHOLE STABILITY 
AND EXAMPLE 

 Borehole instability problems are serious when drilling 
directional wells in depleted reservoir. The basic approach to 
study this problem consists of the stress distribution around 
borehole, the failure criterion, and the safe mud weight 
window subsequently [11]. 

 The horizontal in-situ stresses calculated by equation (2) 
and equation (3) should be transformed from the geodetic 
coordinate system (1, 2, 3) to the borehole coordinate system 
(x, y, z). The coordinate conversion schema is illustrated in 
Fig. (4). The stress transformation equation is as follows: 
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where, L is the coordinate system transformation matrix. 

[ ]=
cossinsincossin

0cossin

sinsincoscoscos

L
…………         (5) 

Formation

Sea

Reservoir

Reactivated Fault

Leakage 
through faultFormation

Sea

Reservoir

Reactivated Fault

Leakage 
through fault

 



H

h

x

"
H

"
h

x

B

A

F



H

h

H

h

x

"
H

"
h

"
H

"
h

x

B

A

F

0

10

20

30

40

50

60

70

80

90

0 10 20 30 40 50 60 70 80 90

Angle θ from original σH to fault /º

R
ot

at
io

n 
γ 

of
 σ

H
 /°

△ Pp=0.05 △ Pp=0.1 △ Pp=0.15

△ Pp=0.2 △ Pp=0.3 △ Pp=0.5

 



Effects of Long-term Development on Wellbore Stability The Open Petroleum Engineering Journal, 2013, Volume 6    3 

sincossinsincossin

sinsincoscoscoscos

sincoscossincoscos

cossinsincossin

cossin

sinsincoscoscos

22

22222

22

22222

hHyz

hHxz

hHxy

vhHzz

hHyy

vhHxx

+=

+=

+=

++=

+=

++=

…         (6) 

 
Fig. (4). Coordinate conversion. 

 Based on the existing research (Jin 1999, Deng 2006), the 
wellbore stability analysis model is as follows. 

 The stress conditions are found from the stress 
transformation equation (4) between the geodetic coordinate 
system and the borehole coordinate system. They are: 

)]()1(
)1(2

)21(
[2sin)

43
1(

2cos)
43

1(
2

)(
)1(

2

)(

2

2

2

2

4

4

2

2

4

4

2

2

2

2

pxy

yyxxyyxx

r

PP
r

R

r

R

r

R

r

R

r

R

r

R
P

r

R

+++

++
+

+=
     

(7a)
 

)]()1(
)1(2

)21(
[2sin)

43
1(

2cos)
3

1(
2

)(
)1(

2

)(

2

2

2

2

4

4

4

4

2

2

2

2

pxy

yyxxyyxx

PP
r

R

r

R

r

R

r

R

r

R
P

r

R

++

++
+

+=       
(7b)

 

)](
1

)21(
[

]2sin)(42cos))((2[ 22

p

xyyyxxzzz

PP

r

R

r

R

+

+=
      

(7c)
 

sin)1(cos)1(

sin)1(cos)1(

2cos)
23

1(

2

2

2

2

2

2

2

2

2

2

4

4

r

R

r

R

r

R

r

R

r

R

r

R

yzxzzr

xzyzz

xyr

+=

++=

+=

       
(7d)

 

 The stress conditions on the borehole wall, where radius 
(r) equals to the radius of borehole (R), can be expressed as 
equations (8a and 8e), respectively: 
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 The three principle stresses on the borehole wall are 
calculated as follows, 
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where, 
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 The collapse pressure (Pt) and fracture pressure (Pf) can 
be calculated with equation (10 and 11), respectively [12], 
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where
1

ó and
3

ó are the maximum and minimum principle 
stresses on the borehole wall, respectively, MPa,

c
ó is the 

uniaxial compressive strength, MPa,
t

S  is tensile strength, 
MPa, is the internal friction angle, °. 
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 A fault-block oilfield in Bohai Bay is chosen to analyze 
the directional well borehole stability in depleted reservoir. 
The schematic geological map is illustrated in Fig.(5). The 
values for in-situ and borehole parameters are given in 
Table. 2. The other parameters such as Poisson’s ratio and 
effective stress coefficient are the same as above. 

 
Fig. (5). A directional well in depleted fault-block reservoir in 

Bohai Bay. ( =30°, =20°). 

Table.2. In-situ and wellbore parameters 

In-situ parameters 

Reservoir depth (TVD), D 2000 m 

Max. hor. Stress orientation, H N90ºE 

Strike of fault,  N60ºE 

Azimuth of directional well N30ºE 

Overburden stress, V 2.15 g/cm3 

Original max.hor.stress, H 1.7 g/cm3 

Original min.hor.stress, h 1.5 g/cm3 

Original pore pressure, Pp 1.0 g/cm3 

Depleted pore pressure, Pp 0.5 g/cm3 

Rock strength parameters 

Cohesion, C 5 MPa 

Friction angle,  32º 

 Figs. (6 and 7) show the original critical collapse 
pressure and fracture pressure with well inclination and 
azimuth. They illustrate that the Pt ranges from 1.1g/cm

3
 to 

1.35g/cm
3
, and Pf ranges from 1.7g/cm

3
 to 2.5g/cm

3
 when 

the pore pressure is in original condition. The most stable 
azimuth is N0°E. Figs. (8 and 9) show the current critical 
mud weight with well inclination and azimuth. They 
illustrate that the Pt ranges from 0.75g/cm

3
 to 1.2g/cm

3
, and 

Pf ranges from 1.3g/cm
3
 to 2.3g/cm

3
 when the reservoir has 

suffered from long-term development. The most stable 
azimuth is N20°W. Figs. (10 and 11) show the current 
critical mud weight without the consideration of horizontal 
stress reorientation. They illustrate that the Pt also ranges 
from 0.75g/cm

3
 to 1.2g/cm

3
, and Pf also ranges from 

1.3g/cm
3
 to 2.3g/cm

3
 when the reservoir undergoing long-

term development, however, the most stable azimuth is 
N0°E, rather than N20°W. In a word, due to production of 
oil from hydrocarbon-bearing reservoir, the variation of 
critical mud weight is apparent. 

 
Fig. (6). Critical collapse pressure vs. well azimuth with original 

pore pressure. 

 
Fig. (7). Critical fracture pressure vs. well azimuth with original 

pore pressure. 

 
Fig. (8). Critical collapse pressure vs. well azimuth with depleted 

pore pressure (our model with horizontal stress reorientation). 
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Fig. (9). Critical fracture pressure vs. well azimuth with depleted 

pore pressure (our model with horizontal stress reorientation). 

 
Fig. (10). Critical collapse pressure vs. well azimuth with depleted 

pore pressure (the previous model neglecting horizontal stress 

reorientation). 

 
Fig. (11). Critical fracture pressure vs. well azimuth with depleted 

pore pressure (the previous model neglecting horizontal stress 

reorientation). 

 The results show that the magnitude and orientation 

changes of horizontal stress affect the wellbore stability 

remarkably, specifically the orientation change. Fig. (12) 

illustrates the safe mud weight window which is the safe 

range of mud weight to avoid both borehole collapse and 

fracturing. In the practical drilling operation, serious lost 

circulation occurred in the near fault area, when the practical 

mud weight was 1.47g/cm
3
. Compared with the predictive 

fracture pressure (Pf=1.49g/cm
3
) which is calculated by our 

model, it shows that they are in good agreement. However, 

the fracture pressure calculated by the previous model 

neglecting the horizontal stress reorientation, is 1.7g/cm
3
 

(much higher than the real Pf=1.47g/cm
3
). Obviously, it is 

the overestimated fracture pressure that leads to the serious 
lost circulation. 

Fig. (12). The safe mud weight window vs. well inclination at 

azimuth of N30°E. 

5. CONCLUSIONS 

1. The pore pressure depletion has great effect on the 
trajectory sensitivity of directional drilling. The most stable 
well azimuth will reorient, and the fracture pressure tends to 
be overestimated if the orientation change of horizontal 
stress is neglected. 

2. The orientation change of horizontal stress is just located 
in the depleted fault-block reservoirs with impermeable 
barriers. In addition, this change decays sharply with 
distance from the faults. 

3. The pore pressure depletion leads to both the orientation 
and magnitude changes of horizontal stress. Besides, the 
angle of reorientation depends on many parameters, such as 
the deviation from original pore pressure, the included angle 
between H and fault strike, and rock mechanical properties. 

FIELD UNITS CONVERSION FACTORS 
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H = The maximum horizontal stress, g/cm
3
 

h = The minimum horizontal stress, g/cm
3
 

GR = The shear modulus of reservoir, GPa 

GC = The shear modulus of cap rock, GPa 

D = The reservoir depth, m 

h = The reservoir thickness, m 

r = The reservoir radius, m 

 = The angle between original orientation of 
maximum horizontal stress and fault strike, 
° 

 = The rotation angle of maximum horizontal 
stress orientation, ° 
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