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A B S T R A C T 

 

Optimum mud weight estimation in wellbore is one of the most important steps to prevent instability. In wellbore stability studies, media 
(rock) is usually assumed to be isotropic but errors occur when weak bedding planes cause the rocks to be anisotropic. In this study the effect 
of weak bedding plane in stability of wellbore was studied. Also, the effect of bedding plane parameters on stability of vertical and horizontal 
wellbore was investigated. Through the use of the geometric relations of bedding plane and wellbore, new equations were presented to 
calculate the attack angle. Sensitivity analysis on the dip and dip direction of weak bedding plane in the vertical and horizontal wellbore were 
also performed. On the basis of the porous elasticity theory and Jaeger theories, an analytical model was proposed to analyze the wellbore 
stability with regard to dip and dip direction of weak bedding plane. A code in MATLAB was written based on analytical model and effect of 
dip and dip direction of weak bedding plane can be reviewed. By using real data from a wellbore, a comparative analysis was carried out 
between the new analytical model and the intact rock failure model. Minimum drilling mud weight was calculated in two phases, without 
weak bedding planes and with weak bedding planes. Results show that the existence of weak bedding planes causes more instability in the 
wellbore in some azimuths and deviations. Dip and dip direction of weak bedding planes have a great impact on the wellbore stability and in 
the horizontal wellbore according to dip and dip direction, the optimum wellbore trajectory is different. By applying the code, geomechanical 
engineers can calculate the amount of mud weight based on the dip and dip direction of the weak bedding plane.  
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1. Introduction 

Wellbore stability is very important in the oil and gas industry. 
Problems of the industry include: wellbore collapse, tight wellbore, 
stuck pipe, poor wellbore cleaning, wellbore enlargement, plastic flow, 
sand production, fracturing and lost circulation. These drive up the 
drilling costs, which are related to wellbore stability. These problems are 
mainly due to the imbalance created between rock stresses and its 
strength at drilling time. In wellbore stability studies, rock is usually 
assumed to be isotropic but errors occur when the presence of weak 
bedding planes causes rocks to be transversely anisotropic. Shale layers 
have (made up) over 75% of the drilled formations, and over 70% of the 
wellbore instability is related to shale layers [1]. In shale formations, 
weak bedding planes can be very effective on wellbore instability and 
causes problems such as stuck pipe due to the failure of weak bedding 
planes. Therefore, a model of wellbore stability which considers weak 
bedding plane is needed. Also, the effect of weak bedding planes 
parameters on wellbore stability should be investigated. 

The first research on wellbore stability was carried out by Bradley [2] 
based on the assumption of linear elastic isotropic rock without 
considering the anisotropic characteristics of the rock. Aadnoy [3] 
presented a model to studying the cracks and instability of the wellbores 
in the anisotropic stress field with considering anisotropic elastic 
properties, tensile and shear strength depending on direction. His study 
concluded that ignoring the effects of anisotropy would cause problems 
in the wellbore. 

In order to investigate the compressive strength of transverse 
anisotropic rocks in different directions and under various lateral  

 
 
pressures, the researchers have proposed different failure criteria in the 
past. These criteria can be classified into continuous and 
discrete/discontinuous categories. By modifying Mohr-Coulomb 
criteria, Jaeger proposed two criteria to analyze failure anisotropic rocks. 
Jaeger's primary criterion is the plane of weakness theory. This theory, 
which is a discontinuous criterion, describes the rock failure strength 
consisting of a single plane of weakness or a single plane of weakness 
system. The second theory of Jaeger is continuously variable shear 
strength that describes failure strength with variable cohesion but 
constant internal friction angle. McLamore and Gray [4] developed the 
second theory of Jaeger by modifying the continuous variables of the 
internal friction angle. In addition, the continuous failure criterion for 
the transverse isotropic rock is provided by Hoek and Brown [5] and 
Ramamurthy [6],which generally simulate the failure strength but 
requires a wide range of experiments and a large number of 
interpretations of the graph. Nova [7] presented a general failure 
criterion to describe the failure strength of transverse isotropic rocks 
under realistic three-dimensional stress conditions. Also, Tien et al. [8] 
worked on the mechanism and failure states of anisotropic rocks. They 
performed a compressive strength test on transverse anisotropic rocks 
in different directions and different lateral pressures. The results of their 
experiments showed that failure can be categorized as follows and based 
on the failure criterion, first sliding failure along discontinuities and 
second sliding failure across discontinuities. 

Many studies have been performed on the effect of weak plane on 
wellbore stability. Ong and Roegiers [9] presented a three-dimensional 
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analysis model including stress concentration, internal pressure of 
wellbore, and thermal induced stresses. The results of this model show 
that due to the theory of single plane of weakness, high inclined 
wellbores are affected by the rock's anisotropic, in-situ stresses 
difference and thermal conditions. Also, McLellan and Cormier [10] 
discovered that the wellbore stability in Shale with bedding plane 
affected the reaction of bedding plane, in-situ stresses, rock fractures, 
wellbore trajectory, rock properties, and others factors. Okland and 
Cook [11], in a study on the field of the North Sea, found that when the 
wellbore was parallel or roughly parallel to the bedding plane, the 
instability of the wellbore would be much more severe. Aadnoy et al. 
[12] also presented a model to analyze the single plane of weakness 
theory. They used their model in an inclined wellbore drilled in shale 
strata, which included a large number of weak bedding planes. They 
showed that the existence of weak bedding plane in rock makes the 
wellbore more unstable and gives the following results: 1) the critical 
parameters are planes of weakness in rock strength, the relative normal 
stress values on the borehole, and, the relative angle between the 
borehole and bedding plane and 2) for highly-layered rocks, the critical 
angle between wellbore and weak bedding plane is 10 to 30 ̊, for angles 
of zero and 90 ̊ Ewellbore are more stable. Dokhani et al. [13] designed 
an experiments and developed a model to evaluate the effect of weak 
bedding plane on pore pressure. Their experimental results showed that 
the distribution of pore flow was significantly affected by weak bedding 
plane. Also, Lu et al. [14] examined the influence of pore flow on 
wellbore stability while considering weak bedding plans and showed 
that pore pressure caused the wellbore to become more unstable. Lee et 
al. [15] used mathematical relationships and transferring stresses on the 
weak plane and considered the two failure modes along the weak planes 
and inner intact rock. A model was developed to investigate the wellbore 
stability based on the Mohr-Coulomb criteria for rocks with weak 
planes. Attack angle is one of the factors that can help to choose 
optimum wellbore trajectory (mud weight) to prevent slipping and 
shearing failures. 

Zhou et al. [16] studied wellbore stability in horizontal wellbore with 
and without weak bedding plates. They found that the minimum mud 
weight of drilling was greatly increased by considering weak bedding 
plates. Ding et al. [17] used an analytical model to reviewed the stability 
of a horizontal wellbore. They found that when the angle of weak 
bedding plates with the wellbore is low or high, failure does not occur 
and the stability of the wellbore depends on the strength of intact rock. 
Moreover, for intermediate angles, failure occurs in the weak bedding 
plate. Hung et al. [18] investigated the effect of the anisotropic shale 
layer on wellbore stability and mode of failure and found that weak 
bedding plates had a great effect on wellbore stability. 

In this research, the effect of weak bedding plane in the stability of 
wellbore has been studied. Also, the effect of bedding plane parameters 
on the stability of vertical and horizontal wellbore has been investigated. 

2. Stresses around wellbore 

The first step in order to analyze the wellbore stability is calculating 
stresses around the wellbore. It is assumed that the main stresses in the 
environment (before the drilling of the wellbore) are 𝜎𝑣 (vertical stress), 
𝜎𝐻  (maximum horizontal stress) and 𝜎ℎ (minimum horizontal stress). 
These stresses are related to coordinate system 𝑥′𝑦′𝑧′ that 𝑧′ axis is 
parallel to 𝜎𝑣, 𝑥′ axis is parallel to 𝜎𝐻  and 𝑦′ is parallel to  𝜎ℎ (Fig. 1). 

In order to make calculation simpler, in-situ stresses are replaced by 
the coordinate system xyz. In the coordinate system xyz, the z axis is 
parallel to the well axis and the y-axis points toward the highest point 
on the wellbore periphery, while the x-axis is oriented 90° 
counterclockwise in the same plane as the y-axis. This transformation 
can be obtained by a rotational matrix in Eq. (1) where α is the azimuth 
angle around the z axis and i is the inclination angle around the y axis 
(Fig. 2). 

 

[
𝑐𝑜𝑠 𝛼 𝑠𝑖𝑛𝑖 𝑠𝑖𝑛 𝛼 𝑐𝑜𝑠𝑖 −𝑠𝑖𝑛𝑖

− 𝑠𝑖𝑛 𝛼 𝑐𝑜𝑠 𝛼 0
𝑐𝑜𝑠 𝛼 𝑠𝑖𝑛𝑖 𝑠𝑖𝑛𝛼𝑠𝑖𝑛𝑖 𝑐𝑜𝑠𝑖

]                      (1) 
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Fig. 1. Coordinate system of in-situ stresses. 
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Fig. 2. Stresses tranformation system for inclined wellbore. 

 
By using the transport equations of axis, the stresses in the coordinate 

system xyz are expressed in Eqs. (1) [19]. 
 

σx
0 = (σHcos2α + σhsin2α) cos2i + σvsin2 

σy
0 = σHsin2α + σhcos2α 

σz
0 = (σHcos2α + σhsin2α) sin2i + σvcos2i 

σxy
0  = 0.5(σh − σH)sin2αcosi 

σyz
0  = 0.5(σh − σH)sin2αsini  

σxz
0  = 0.5(σHcos2α + σhsin2α − σv)sin2i 

(1) 

 

Wellbore drilling changes the stresses expressed by Eq. (1) near the 
drilling site; to simplify the calculation, the stresses created around the 
wellbore after drilling express in rθz cylindrical coordinates. In the 
cylindrical coordinate system, the stresses around the well with the 
desired direction are calculated by Eq. (2) [19]. 
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a4

r4
− 4

a2

r2
) sin 2θ + Pw
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 σzz = σx
0 − ϑ [2(σx
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a2
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cos 2θ + 4σxy

0
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) sin 2θ

+ σxy
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 σθz = (−σxz
0 sin θ + σyz

0 ) cos θ (1 +
a2

r2
) 

 𝜎𝑟𝑧 = (𝜎𝑥𝑧
0 𝑐𝑜𝑠 𝜃 + 𝜎𝑦𝑧

0 ) 𝑠𝑖𝑛 𝜃 (1 −
𝑎2

𝑟2
) 

(2) 

 

Where r is the distance from the center of the wellbore along the 
radius, a is the wellbore radius, Pw is the mud pressure, θ is the angle 
between ox of xyz and some radial vector of wellbore in the clockwise 
direction and ϑ is the Poisson’s ratio. In a linear elastic material, the 
greatest concentration of stress occurs in the wellbore wall, so the first 
failure is observed at the wellbore wall. By placing r = a in Eq. (2), 
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stresses at the wellbore wall are presented in Eq. (3) [19]. 
𝜎𝑟𝑟 =  𝑃𝑤 
𝜎𝜃𝜃 =  𝜎𝑥

0 + 𝜎𝑦
0 − 2(𝜎𝑥

0 − 𝜎𝑦
0)𝑐𝑜𝑠2𝜃 − 4𝜎𝑥𝑦

0 𝑠𝑖𝑛2𝜃 − 𝑃𝑤 
𝜎𝑧𝑧 =  𝜎𝑧

0 − ϑ(2(𝜎𝑥
0 − 𝜎𝑦

0)𝑐𝑜𝑠2𝜃 + 4𝜎𝑥𝑦
0 𝑠𝑖𝑛2𝜃 

𝜎𝜃𝑧 =  2(−𝜎𝑥𝑧
0 𝑠𝑖𝑛𝜃 + 𝜎𝑦𝑧

0 𝑐𝑜𝑠2𝜃) 
𝜎𝑟𝜃 = 𝜎𝑟𝑧 = 0 

(3) 

In order to investigate the stability of wellbore, it is necessary to 
obtain the effective principal stresses (which can be done through the 
Mohr-Coulomb criteria). Effective principal stresses at wellbore are 
calculated using the following equations: 

 

𝜎1 =
1

2
(𝜎𝜃 + 𝜎𝑧)+√

1

4
(𝜎𝜃 − 𝜎𝑧)2 + 𝜎𝜃𝑧

2 − 𝛼𝑠 × 𝑃𝑝   

𝜎2 =
1

2
 (𝜎𝜃 + 𝜎𝑧)-√1

4
(𝜎𝜃 − 𝜎𝑧)2+ 𝜎𝜃𝑧

2 − 𝛼𝑠 × 𝑃𝑝 

     𝜎3 =  𝑃𝑤 − 𝛼𝑠 × 𝑃𝑝 

(4) 

 

Where σ1 and σ3 are the maximum and minimum principal stresses, 
MPa. αs is the effective stress coefficient; Pp is pore pressure in MPa.  

3. Rock failure criteria 

In order to investigate the effect of layering on the wellbore stability, 
typically the Jaeger theory (which is described below) is used . Based on 
Jaeger theory [20], failure occurs along layering of intact rock. Based on 
the Mohr-Coulomb criterion, the condition of failure on weak bedding 
plane can be expressed by Eq. (6) [20]. 

 

𝜏 = 𝑐𝑤 + 𝜎𝑛 𝑡𝑎𝑛 𝜙𝑤         (6) 
 

Where 𝑐𝑤 is cohesion of the weak bedding plane, 𝜙𝑤 is the internal 
frictional angle. Normal stress and shear stress acting on the weak 
bedding plane are calculated by the following equation: 

 

𝜎 =  
1

2
(𝜎1 + 𝜎3) −

1

2
(𝜎1 − 𝜎3) 𝑐𝑜𝑠 2𝛽 

𝜏 =  
1

2
(𝜎1 − 𝜎3) 𝑠𝑖𝑛 2𝛽 (7) 

Where 𝛽 is the angle between the major principal stress direction and 
the weak bedding plane (attack angle). By substituting Eq. 6 into Eq. (6), 
failure criterion for weak bedding plane is expressed in Eq. (8) 

 

Based on Fig. 3 and geometric relations, the failure occurs along the 
weak bedding plane when β1 <β <β2, where β1 and β2 are calculated by 
following equations [20]: 

 

𝛽1 =
𝜙𝑤

2
+ 0.5 𝑠𝑖𝑛−1 {[

(𝜎1 + 𝜎3 + 2𝑐𝑤 × 𝑐𝑜𝑡 ∅𝑤)

𝜎1 + 𝜎3
] × 𝑠𝑖𝑛 ∅𝑤} 

𝛽2 =
𝜋

2
+

𝜙𝑤

2
− 0.5 𝑠𝑖𝑛−1 {[

(𝜎1 + 𝜎3 + 2𝑐𝑤 × 𝑐𝑜𝑡 ∅𝑤)

𝜎1 + 𝜎3
] × 𝑠𝑖𝑛 ∅𝑤} (9) 

When β <β1 or β> β2 failure occurs in intact rock. Based on the Mohr-
Coulomb criterion the condition of failure on intact can be expressed by 
Eq. (10(). 

 

𝜎1 =
2𝐶 𝑐𝑜𝑠 𝜙

1 − 𝑠𝑖𝑛 𝜙
+ 𝜎3 𝑠𝑖𝑛

1 + 𝑠𝑖𝑛 𝜙

1 − 𝑠𝑖𝑛 𝜙
 (10) 

 

Where C is the cohesion strength of intact rock; ϕ is the internal 
frictional angle of intact rock. 

4. Attack angle 

According to the Jaeger criteria, the attack angle (β) is defined as 
angle between maximum principal stress and normal direction of weak 
bedding plane. To calculate the attack angle, the angle between the 

minimum principal stress direction (σ3) and the normal direction of 
weak bedding plane is determined, whose complement is β (Fig. 4). 

The minimum principal stress unit vector (Srr) in the cylindrical 
coordinates is equal to: 

 

 
Fig. 3. (a) Plane of weakness with outward normal vector oriented at angle β to the 
direction of maximum principal stress. (b) Situation described on a Mohr diagram. 

 
Fig. 4. Schematic of weak bedding planes. 

 
      𝑐 = 𝑟 (11) 

According to Fig. 2, the normal direction of weak bedding plane 
vector (α) in the coordinate system x'y'z' will be equal to: 

 

     𝑎 = 𝑎1𝑖 + 𝑎2𝑗 + 𝑎3𝑘 (12) 

Where 𝑎1 = 𝑐𝑜𝑠 𝜃𝑑𝑑 ∗ 𝑠𝑖𝑛 𝜃𝑑𝑖𝑝, 𝑎2 = − 𝑠𝑖𝑛 θdd ∗ 𝑠𝑖𝑛 θdip, 𝑎3 =

𝑐𝑜𝑠 θdip; θdipis the dip angle of weak bedding plane; θdd is the dip 
direction of the weak bedding plane related to maximum principal 
stress. 

 

 
Fig. 2. The normal direction of weak bedding plane in the coordinates x 'y' z '. 

 

To calculate the normal direction of weak bedding plane in the 
cylindrical coordinates around the wellbore, it is necessary to calculate 
the rotational matrix (R) using the following equation: 

 

 

𝑅 = 𝑅𝑜𝑧′𝑅𝑜𝑦′𝑅𝑜𝑧       

= [
𝑐𝑜𝑠 𝑎 𝑠𝑖𝑛 𝛼 0

− 𝑠𝑖𝑛 𝛼 𝑐𝑜𝑠 𝛼 0
 0 0 1

] [
𝑐𝑜𝑠 𝑖 0 −𝑠𝑖𝑛 𝑖

0 1 0
𝑠𝑖𝑛 𝑖 0 𝑐𝑜𝑠 𝑖

] [
𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝜃 0

− 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜃 0
0 0 1

] 
(13) 

𝜎1 = 𝜎3 +
2(𝑐𝑤 + 𝜎2 𝑡𝑎𝑛 ∅𝑤)

(1 − 𝑡𝑎𝑛 ∅𝑤 × 𝑐𝑜𝑡 𝛽) 𝑠𝑖𝑛 2𝛽
 

(8) 
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The normal direction of bedding plane in the cylindrical coordinates 
around the wellbore using a rotational matrix (13) is in Eq. (14): 

 

�⃗⃗� = 𝑏1𝑟 + 𝑏2𝜃 + 𝑏3𝑧 (14) 

�⃗⃗� = �⃗�𝑅       
 

[

𝑏1

𝑏2

𝑏3

] = [

𝑎1

𝑎1

𝑎1

] [
𝑐𝑜𝑠 𝑎 𝑠𝑖𝑛 𝛼 0

− 𝑠𝑖𝑛 𝛼 𝑐𝑜𝑠 𝛼 0
 0 0 1

] [
𝑐𝑜𝑠 𝑖 0 −𝑠𝑖𝑛 𝑖

0 1 0
𝑠𝑖𝑛 𝑖 0 𝑐𝑜𝑠 𝑖

] [
𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝜃 0

− 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜃 0
0 0 1

] 

 

Where values b1, b2 and b3 can be calculated using by following 
equations: 

 

𝑏1 = 𝑐𝑜𝑠 𝜃𝑑𝑑 𝑠𝑖𝑛 𝜃𝑑𝑖𝑝 (𝑐𝑜𝑠 𝑖 𝑐𝑜𝑠 𝑎 𝑐𝑜𝑠 𝜃 − 𝑠𝑖𝑛 𝑎 𝑠𝑖𝑛 𝜃)

− 𝑠𝑖𝑛 𝜃𝑑𝑑 𝑠𝑖𝑛 𝜃𝑑𝑖𝑝 (𝑠𝑖𝑛 𝑎 𝑐𝑜𝑠 𝑖 𝑐𝑜𝑠 𝜃

+ 𝑐𝑜𝑠 𝑎 𝑠𝑖𝑛 𝜃) + 𝑐𝑜𝑠 𝜃𝑑𝑖𝑝 (𝑠𝑖𝑛 𝑖 𝑐𝑜𝑠 𝜃) 
𝑏2 = 𝑐𝑜𝑠 𝜃𝑑𝑑 𝑠𝑖𝑛 𝜃𝑑𝑖𝑝 (𝑐𝑜𝑠 𝑖 𝑐𝑜𝑠 𝑎 𝑐𝑜𝑠 𝜃 + 𝑠𝑖𝑛 𝑎 𝑠𝑖𝑛 𝜃)

− 𝑠𝑖𝑛 𝜃𝑑𝑑 𝑠𝑖𝑛 𝜃𝑑𝑖𝑝 (𝑠𝑖𝑛 𝑎 𝑐𝑜𝑠 𝑖 𝑠𝑖𝑛 𝜃

− 𝑐𝑜𝑠 𝑎 𝑐𝑜𝑠 𝜃) + 𝑐𝑜𝑠 𝜃𝑑𝑖𝑝 (𝑠𝑖𝑛 𝑖 𝑠𝑖𝑛 𝜃) 
𝑏3 = − 𝑐𝑜𝑠 𝜃𝑑𝑑 𝑠𝑖𝑛 𝜃𝑑𝑖𝑝 𝑠𝑖𝑛 𝑖 𝑐𝑜𝑠 𝑎 + 𝑠𝑖𝑛 𝜃𝑑𝑑 𝑠𝑖𝑛 𝜃𝑑𝑖𝑝 𝑠𝑖𝑛 𝑎 𝑠𝑖𝑛 𝑖

+ 𝑐𝑜𝑠 𝜃𝑑𝑖𝑝 𝑐𝑜𝑠 𝑖 

(15) 

It is worth pointing out that the size of vector �⃗⃗� will also be equal to 
one because it does not change with the rotation of the vector. In order 
to calculate the angle between stress and the normal direction of 
bedding plane using the concept of Dot Product, we have: 

 

𝛾 = 𝑐𝑜𝑠−1
|�⃗⃗�. 𝑐|

|𝑏|. |𝑐|
= 𝑐𝑜𝑠−1|𝑏1| (16) 

As β is complimentary of the γ, we have: 
 

𝛽 = 90 − 𝛾                    (17) 

5. Computational algorithm for wellbore stability 

Based on Jaeger's failure criterion and considering stresses around the 
wellbore, an analytical model based on the equations was developed to 
calculate the minimum drilling mud weight to prevent shear failure, 
whereby a deep bedding formation could be studied. 

 

 
Fig. 6. shows the computational algorithm to determine the minimum drilling mud 
weight 

At the first stage, input parameters including magnitude and direction 
of stresses, strength parameters of intact rock and weak bedding plane, 
pore pressure as wellbore as dip and dip direction of the weak bedding 
plane have been introduced in the analytical model. Then, mud pressure 
has initialized equally to the pore pressure and thereby the stresses 
around borehole have been calculated. In the next step, β, β1 and β2 are 
calculated. If the condition β1 <β < β2 satisfies, the failure criterion of 
weak bedding plane are going to be used otherwise the intact rock 
failure criteria will be considered in the analysis. If the maximum 
effective principal stress is greater than the anticipated strength of the 
failure criteria, the amount of mud pressure is increased and the 
calculations will be performed again. It continues so that the stress is 
equal to or less than the rock strength. This process is performed for all 
angles θ from zero to 180 ̊ and thereby the highest mud pressure to 
prevent borehole breakout instability has been calculated and would be 
selected. According to the algorithm, a code in MATLAB has been 
written and the effect of dip and dip direction of weak bedding plane 
could be reviewed. 

6. Wellbore stability analysis 

Wellbore stability analysis in a strike-slip fault had been carried out 
for the case of Pedernales field in Venezuela according to the code. The 
information on this field is presented in Table 1. 

6.1. Effects of drilling direction 

Wellbore stability base on the geomechnical properties of the field 
has been carried out in two phases: (1) intrinsic (intact) rock without 
weak bedding plane and (2) with weak bedding plane. Fig. 7 shows the 
minimum drilling mud weight in different directions for the intact rock 
failure model (IRFM). According to this form, the variations in drilling 
mud weight are from 1.13 to 1. 51 gr/cm3 and the highest stability is in 
the azimuths of zero and 180 ̊ relative to the horizontal maximum 
(requires the lowest mud weight), and the highest instability for this 
case study is in the azimuths of 90 ̊ and 270 ̊ degrees. 

Fig. 8 shows the minimum drilling mud weight required to be stable 
for the model considering weak bedding plane (MWBP) in different 
directions. As can be seen, variations in drilling mud weight are from 
1.16 to 1.92 gr/cm3 and show that the weak bedding planes generally 
causes instability at the wellbore. The optimum drilling azimuth is in the 
direction of up-dip (α=180°). This is consistent with other studies that 
have been done in this field [11, 15, 21, 22]. As shown in Fig. 7, the worst 
case in terms of stability is in azimuths 90 ̊ and 270 ̊ at an angle of 90 ̊ from 
the vertical (horizontal wellbore). 

 
Table 1: Field data for analysis of wellbore stability in the Pedernales field of 
Venezuela [23]. 

1676 Wellbore depth (m) 

0.3 Poisson’s ratio (ϑ) 

17.72 Pore pressure (Pp, MPa) 

37.21 Vertical stress (𝜎𝑣, MPa) 

45.42 Maximum horizontal stress (𝜎𝐻 , MPa) 

34.86 Minimum horizontal stress (𝜎ℎ, MPa) 

8.27 Cohesion of rock matrix (C, MPa) 

31 Internal friction angle of rock matrix (ϕ, Degree) 

45 Dip angle of bedding planes (𝜃𝑑𝑖𝑝, Degree) 

zero Dip direction of weak bedding planes (𝜃𝑑𝑑, Degree) 

2.07 Cohesion of weak bedding planes (Cw, MPa) 

26.6 Internal friction angle of weak bedding planes (ϕw, Degree) 

6.2. Effects of weak bedding plane on a vertical wellbore 

Fig. 9 shows the variation of wellbore collapse mud weight on dip 0 
to 90° and the dip direction 0 to 360° in the vertical wellbore. As shown 
in this Figure, mud weight varies from 1.16 to 1.92 gr/cm3 depending on 
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the dip and dip direction of weak bedding planes. When the dip angle 
of weak bedding planes is zero to about 40°, the mud weight is the same 
and the change in dip direction of weak bedding planes has no effect on 
the minimum drilling mud weight. By comparing the mud weight in 
these slopes with the amount of mud weight for IRFM in the vertical 
wellbore (Figure 7, i = 0,), it can be concluded that on a slope of 0 to 40°, 
layering does not have an effect on stability of the wellbore. The best 
mode in terms of stability is in the dip directions of zero and 180 ̊ and 
the worst mode in terms of stability is at dip angle of 90 ̊. 

 

 
Fig. 7. Variation of wellbore collapse mud weight for IRFM with α=0 to 360̊ and 
inclination angle ( i=0 to 90̊). 

 

 
Fig. 8. Variation of wellbore collapse mud weight for MWBP with α=0 

to 360 ̊ and inclination angle (i=0 to 90 ̊). 
 

 
Fig. 9. Variation of wellbore collapse mud weight for MWBP with 

θdd=0-360° and θdip=0-90° in vertical wellbores. 

6.3. Effects of weak bedding plane on a horizontal wellbore 

Fig. 10 shows the variations of the wellbore collapse mud weight in 
the dip directions zero to 180° and the azimuths zero to 360 ̊ when dip 
angle of bedding planes is 0, 30°, 60° and 90°. This Figure illustrates 
several different scenarios: when dip angle is zero mud weight varies 
from 1.46 to 1.81 gr/cm3, when dip angle is 30 ̊ mud weight varies from 
1.42 to 1.94 gr/cm3; when dip angle is 60 ̊ mud weight varies from 1.13 to 
1.84 gr/cm3 (the most variations), and when dip angle is 90 ̊ mud weight 
varies from 1.13 to 1.59 gr/cm3. The best mode in terms of stability is at 
dip angle of 90°whereas the lowest stability is at dip angle of 30 ̊. At dip 
angles of zero and 30°in different azimuths, the change in dip direction 
does not have a significant effect on the stability of the wellbore, but at 
dip angles of 60 ̊ and 90° at different wellbore azimuths, changing the dip 
direction of weak bedding plane the mud weight fluctuates. When dip 
angle of bedding planes is zero and 30°, the optimum drilling azimuth is 
in the direction of maximum horizontal stress (less mud weight) and 
the worst mode in terms of stability is in direction of minimum 
horizontal stress (more mud weight). When dip angle of bedding planes 
is 60° and 90°, the best drilling azimuth varies according to the dip 
direction of bedding planes. 

Fig. 11 shows the variation of wellbore collapse mud weight for 
MWBP with α=0 to 360° and θdd=0 to 90° in the horizontal wellbores 
when a: θdip=0, b: θdip=30°, c: θdip=60° and d: θdip=90°. The optimum 
drilling azimuth in the dip direction of zero for all dip angles is in 
direction of maximum horizontal stress. In the dip directions of 30°, 60° 
and 90° degrees, when dip direction is 0 to about 60°, the best drilling 
azimuth is in direction of maximum horizontal stress and in another dip 
angles depending on dip direction of weak bedding plane, the optimum 
drilling azimuth is different. For example, in dip direction of 90°when 
dip angle is 60° to 90°, the best drilling azimuth is in direction of 
minimum horizontal stress. 

In order to analyze the effects of dip and dip direction of weak 
bedding plane on wellbore stability, Fig. 12 illustrates the variation of 
wellbore collapse mud weight for MWBP with θdd (0 to 360°) and θdip (0 
to 90°) in the horizontal wellbores at different condition; a: α=0, b: α 
=30°, c: α =60° and d: α =90°. The lowest mode in terms of stability is in 
the azimuth zero degree and the worst mode in terms of stability in the 
azimuth is 90° relative to the horizontal stress. In a horizontal wellbore, 
when the wellbore trajectory is perpendicular to the dip direction of 
bedding plane, the wellbore is unstable, and when the wellbore 
trajectory is parallel to dip direction of weak bedding plane, the wellbore 
is more stable. When the wellbore trajectory is perpendicular to the dip 
direction of weak bedding plane, the maximum stability at dip angles is 
greater than 55°. 

7. Conclusion 

In this study, the effect of weak bedding plane on the stability of 
wellbore was reviewed. Based on the investigation of the stresses around 
the wellbore and study of the geometric relations of weak bedding plane, 
new equations are proposed to obtain attack angle (β) and a new 
wellbore stability analytical model with considering weak bedding 
planes were presented. A code in MATLAB was written based on the 
analytical model and the effect of dip and dip direction of weak bedding 
plane was be considered and used to calculate the amount of drilling 
mud weight. Using field data, the stability of the wellbore in the strike-
slip fault regime was studied by considering the weak bedding plane and 
also, regardless of the weak bedding plane. A sensitivity analysis was 
performed on the effective parameters in vertical and horizontal 
wellbores. The results showed that the presence of weak bedding planes 
leads to more instability of the wellbore, and the wellbores in the up-dip 
drillings are more stable than down-dip and cross-dip drillings. Also, the 
dip and dip direction of the weak bedding plane and the direction of the 
wellbore has a great effect on the stability of the wellbore. In the vertical 
wellbore, when dip direction is zero or 180° and the dip angle is less than 
40°, wellbore is more stable. In a horizontal wellbore, when the wellbore 
trajectory is parallel to the dip direction of weak bedding plane relative  
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Fig. 10. Variation of wellbore collapse mud weight for MWBP with α=0 to 360̊ and θdd=0 to 90̊ in the horizontal wellbores when a: θdip=0, b: θdip=30̊, c: θdip=60̊ and d: 
θdip=90̊. 

 

 
Fig. 11. Variation of wellbore collapse mud weight for MWBP with α=0 to 360° and θdip=0 to 90° in horizontal wellbores, a: θdd=0, b: θdd=30°, c: θdd=60° and d: θdd=90°. 
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Fig. 3. Variation of wellbore collapse mud weight for MWBP with θdd =0 to 360̊ and θdip=0 to 90̊ in horizontal wellbores, a: α =0, b: α =30̊, c: α =60̊ and d: α =90̊. 

 

to the maximum horizontal stress wellbore is more stable. By applying 
the code geomechanical engineers could calculate the amount of drilling 
mud weight based on the dip and dip direction of weak bedding plane. 

REFERENCES 

[1] Lal, M., Shale stability: drilling fluid interaction and shale 
strength. in SPE Asia Pacific Oil and Gas Conference and 
Exhibition. 1999. Society of Petroleum Engineers. 

[2] Bradley, W., Failure of inclined boreholes. ASME J. Energy 
Resour. Technol, 1979. 101(4): p. 232-239. 

[3] Aadnoy, B.S. Modelling of the stability of highly inclined 
boreholes in anisotropic rock formations. in Offshore Europe. 
1987. Society of Petroleum Engineers. 

[4] McLamore, R. and K. Gray, The mechanical behavior of 
anisotropic sedimentary rocks. Journal of Engineering for 
Industry, 1967. 89(1): p. 62-73. 

[5] Hoek, E. and E.T. Brown, Underground excavations in rock. 
1980, Pub. by CRC press. 

[6] Ramamurthy, T., Strength and modulus responses of 
anisotropic rocks. Comprehensive rock engineering, 1993 Pub. 
by Pergaman press, 1(13): p. 313-329. 

[7] Nova, R., The failure of transversely isotropic rocks in triaxial 
compression. in International Journal of Rock Mechanics and 
Mining Sciences & Geomechanics Abstracts. 1980. Elsevier. 

[8] Tien, Y.M., M.C. Kuo, and C.H. Juang, An experimental 
investigation of the failure mechanism of simulated 

transversely isotropic rocks. International Journal of Rock 
Mechanics and Mining Sciences, 2006. 43(8): p. 1163-1181. 

[9] Ong, S.H. and J. Roegiers, Horizontal wellbore collapse in an 
anisotropic formation. in SPE Production Operations 
Symposium. 1993. Society of Petroleum Engineers. 

[10] McLellan, P. and K. Cormier, Borehole instability in fissile, 
dipping shales, Northeastern British Columbia. in SPE Gas 
Technology Symposium. 1996. Society of Petroleum Engineers. 

[11] Okland, D. and J. Cook, Bedding-related borehole instability in 
high-angle wells. in SPE/ISRM rock mechanics in petroleum 
engineering. 1998. Society of Petroleum Engineers. 

[12] Aadnoy, B., et al., Borehole failure related to bedding plane. in 
43rd US Rock Mechanics Symposium & 4th US-Canada Rock 
Mechanics Symposium. 2009. American Rock Mechanics 
Association. 

[13] Dokhani, V., M. Yu, and S. Miska, The effect of bedding plane 
orientation on pore pressure in shale formations: Laboratory 
testing and mathematical modeling. in 47th US Rock 
Mechanics/Geomechanics Symposium. 2013. American Rock 
Mechanics Association. 

[14] Lu, Y., et al., Influence of porous flow on wellbore stability for 
an inclined well with weak plane formation. Petroleum Science 
and Technology, 2013. 31(6): p. 616-624. 

[15] Lee, H., S.H. Ong, M. Azeemuddin, and H. Goodman, A 
wellbore stability model for formations with anisotropic rock 
strengths. Journal of Petroleum Science and Engineering, 2012. 
96: p. 109-119. 

349 



344 A. Ayeneh et al.,  / Int. J. Min. & Geo-Eng. (IJMGE), 57-3 (2023) 343-350 

 

 [16] Zhou J., He S., Tang M, Huang Z., Chen Y., Chi J., Zhu Y. and 
Yuan P., Analysis of wellbore stability considering the effects of 
bedding planes and anisotropic seepage during drilling 
horizontal wells in the laminated formation. Journal of 
Petroleum Science and Engineering, 2018. 170: p. 507-524. 

[17] Ding, Y., X. Liu, and P. Luo, The analytical model for horizontal 
wellbore stability in anisotropic shale reservoir. Geotechnical 
and Geological Engineering, 2020. 38: p. 5109-5126. 

[18] Hung N. V. and Luong, H.L., Analysing the effect of bedding 
plane orientation on the wellbore failure. Petrovietnam 
Journal, 2022. 10: p. 28-34. 

[19] Al-Ajmi, A.M. and R.W. Zimmerman, A new well path 
optimization model for increased mechanical borehole 
stability. Journal of Petroleum Science and Engineering, 2009. 
69(1): p. 53-62. 

[20] Jaeger, J.C., N.G. Cook, and R. Zimmerman, Fundamentals of 
rock mechanics. 2009, Pub. by John Wiley & Sons. 

[21] Last, N., et al. An integrated approach to evaluating and 
managing wellbore instability in the Cusiana field, Colombia, 
South America. in SPE Annual Technical Conference and 
Exhibition. 1995. Society of Petroleum Engineers. 

[22] Skelton, J., T. Hogg, R. Cross, and L. Verheggen, Case history of 
directional drilling in the Cusiana Field in Colombia. in 
SPE/IADC Drilling Conference. 1995. Society of Petroleum 
Engineers. 

[23] Willson, S., N. Last, M. Zoback, and D. Moos, Drilling in South 
America: A wellbore stability approach for complex geologic 
conditions. in Latin American and Caribbean petroleum 
engineering conference. 1999. Society of Petroleum Engineers. 

350 


