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ABSTRACT 

 

The result of geo-mechanical analysis of wellbore stability prediction is the 

reduction in non-productive time caused by wellbore stability problems such as mud 

loss, loss circulation, breakouts, collapse, tight hole, etc. Wellbore failures are 

grouped into two modes, tensile failure occurs due to very high mud weight greater 

than fracture gradient and compressive failure occurs due to low mud less than the 

shear failure gradient. The main parameters which are used to predict the wellbore 

stability includes the in-situ maximum and minimum horizontal stresses, the in-situ 

overburden stress, pore pressure, and the rock strength and elastic 

parameters(Unconfined compressive strength, friction angle, cohesion, Poisson ratio 

and Young’s Modulus) coupled with a suitable failure criteria which is used in 

estimating the upper limit of the mud weight window(fracture gradient) and lower 

limit of the mud weight window (shear failure gradient). The critical or optimum 

mud weight is obtained within mud weight window. The main objective of this 

project is to apply a geo-mechanical model based on a well data that will 

numerically represent the states of the in-situ stresses, pore pressure and the rock 

strength at subsurface coupled with a suitable failure criteria in order to obtain a safe 

mud weight window and recommend a safe drilling direction for wells which will be 

developed in the future. The Mohr-Coulomb failure criteriais used in this project for 

deriving the failure equations for cases of tensile and compressive failure modes. 

The tangential, radial and the axial stresses (wellbore stresses) are determined as a 

function of change in dimensional radial distance from (r = R) at the wellbore wall 

to (r = 5R) at angle of orientation( ) and ( . The Mat lab software isused 

in this project for writing programming language for the stress equations, obtain 

results and perform analysis.The results from the use of the Mat lab software 

analysis are used to conclude the effect of mud weight, well bore inclination, and 

well bore orientation on effective wellbore stress distribution.Variation of wellbore 

inclination and azimuth are also be used to recommend a safe drilling direction and 

mud weight window. Evaluation of compressive and tensile failure from plot of 

predicted mud weight, pore pressure, shear failure gradient, fracture gradient and 

overburden stress profilesas a function of depth is considered in this analysis. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Project Background 

The compressive and tensile stresses exist in the rock formation prior to wellbore 

drilling. In-situ far-field stresses includes the vertical or overburden stress, 

maximum and minimum horizontal stress. In a normal stressed environment the 

overburden stress is the maximum stress, followed by the maximum and minimum 

horizontal stresses. The hydrostatic mud pressure is used for support by replacing 

the support previously offered by the drilled rock as the stresses are 

redistributed.The redistributed stresses includes the tangential or hoop stress, which 

acts around wellbore circumference,  the radial stress which acts radially for the 

center of the wellbore and the axial stress which acts parallel to the wellbore axis.If 

the redistributed stresses exceed the strength of the rock in either compressive or 

tensile strength, wellbore failures (tensile or compressive) may occur. In order to 

evaluate the potential wellbore stability problems arising from wellbore failures a 

geo-mechanical model must be applied to estimate the stresses around the wellbore, 

and then compared against suitable failure criteria.[1] 

 

1.2 Problem Statement 

Drilling through stratigraphic sections in several fields or basins has experienced a 

lot of non-productive time related to loss circulation, kicks, wellbore breakouts, 

washouts, and induced fracture due to the use of inappropriate mud weight as a 

result of the limited knowledge on the states of the in-situ stresses, rock strength 

properties, pore pressure and the active stress regime present (Normal, Reverse, 



2 

 

Strike) in the sections drilled. This problem has caused the oil and gas industry 

millions of dollars in loss of equipment and valuable natural resources. 

This project is relevant and is appropriate in the oil and gas industry, and with the 

improvement in drilling software, tools and production methods wellbore stability 

problems will be prevented or minimized. Thus, the efficiency of drilling process 

will be increased as well as profit. 

1.3 Objectives 

The main objectives of this project is to apply a geo-mechanical model based on  

well data for the states of in-situ stresses, pore pressure and rock mechanical 

properties(Unconfined compressive strength, frictional angle, Poisson ratio and 

young’s modulus) in order to 

 Solve the governing equations to determine the stress distribution in radial 

direction and around the wellbore. 

 Derivationof failure equations from suitable failure criteria for wellbore. 

 Determine a safe mud weight window and a safe drilling direction depending 

on the Wellbore deviation and azimuth. 

 Develop a programming language from Mat Lab software which will relate 

the parameters for wellbore stability prediction such as in-situ stresses, well  

bore inclination, wellbore direction, rock strength and mud weight effect on 

the stability and instability of well bore 

1.4 Scope of Study 

The scope of study for this project includes the following:- 

 Study about wellbore stability. 

 Study about geo-mechanical model of subsurface rock formation. 

 Study about mud weight window and optimum mud weight that will keep the 

wellbore intact. 

 Mastering the skills of Mat lab programming language for application to 

develop software for wellbore stability prediction. 
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CHAPTER 2  

THEORY AND LITERATURE REVIEW 

 

2.1 Wellbore Stability Prediction 

Predicting the wellbore stability is one of the biggest challenges facing the oil 

industry during drilling operations. An accurate prediction of wellbore stability 

reduces drilling time, risk and cost of operations. Inorder to predict the wellbore 

stability the formation pore pressure must be determined. The main purpose of the 

pore pressure is to be able to design a safe mud weight which is higher than the pore 

pressure but lower than the formation fracture pressure. Failure to determine 

accurate pore pressure will result in wellbore stability problems such as wash-outs, 

kicks, blowout, wellbore breakout, stuck pipe and lost circulation. Effective 

prediction of formation pressure will require the use of seismic data which include 

interval velocity, regional geology and geological structure. Pore pressure, in-situ 

stresses and formation rock properties are integrated to form a geo-mechanical 

model used to predict the stability of the wellbore. To determine the wellbore 

stability problems the geo-mechanical model is calibrated with image and caliper 

logs. The image and caliper logs are used to detect tensile and shear failures which 

indicates the direction of propagation of the maximum horizontal stress. As drilling 

information are obtained in real time the geo-mechanical model is upgraded and 

therefore produce an accurate analysis on wellbore stability.[2] 

2.2 Geo-mechanical Model 

The Geo-mechanical model is a numerical representation of the states of in-situ 

stresses, pore pressure and rock mechanical properties for a specific stratigraphic 

section in a field or a basin (Plumb et al 2000) [3] 

Developing a geo-mechanical model involves the following stages 
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 Develop a model based on geological and mechanical data. 

 Wellbore stability analysis for the model developed. 

 Use the geo-mechanical data obtained to select the maximum or optimum 

mud weight from numerical wellbore stability analysis. 

Applications of Geo-mechanical model includes the following 

 To minimize drilling operation cost and increasing drilling efficiency. 

 Reduction in non-production time which is caused by wellbore stability 

problems such as lost circulation, wellbore breakouts, stuck pipe, mud loss 

kicks etc. 

 Prediction of pore pressure and fracture pressure gradient to design an 

appropriate casing program. 

 Predicts the states of in-situ stresses, pore pressure, and rock strength in 

subsurface. 

 Calculation of total and effective stress distribution around the wellbore. 

 Determination of mud weight window and optimum mud weight based on 

Wellbore inclination and azimuth. 

 

Challenges that are encountered in generating a Geo- mechanical model includes the 

following [4]-: 

 Compiling of data from drilling engineers, exploration geologists, mud 

loggers and reservoir engineers. 

 Organizing and management of data in a computerized form. 

 Interpretation of geo-mechanical parameters. 

 

The parameters used to build up the geo-mechanical model are discussed below 

2.2.1 Rock Strength Characterization 

The rock strength is characterized by the unconfined compressive strength. The rock 

mechanical properties are obtained from compression and shear waves and also 

from bulk density. The sand elastic response is characterized by Young’s modulus 

and Poisson ratio. Core data from laboratory are used to calibrate log based data in 

order to generate an accurate rock strength parameters. The friction angle depends 

on the degree of compaction, grain size distribution and clay content.[5] 
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The Young’s modulus and the Poisson ratio are determined from the equations 

below 

......................Equation 1 

 

 ……………………. Equation 2 

 

whereVs and Vp are the shear and compressive wave velocities, b is the formation 

bulk density. The angle of internal friction is estimated using the Weingerten and 

Perkins equation given below 

………..Equation 3 

 

  Where FA is the frictional angle and φ is the porosity. The unconfined compressive 

strength is determined using the equation below 

 

………Equation 4 

 

Where CCS is the confined compressive strength and DP is the difference between 

mud pressure and formation fluid pressure. [6] 

2.2.2 Pore Pressure 

Pore pressure can be obtained from the relationship between the effective stress and 

the P-wave velocity. In order to model the pore pressure a good knowledge of the 

geological process that results into high or low pore pressure obtained. Pore pressure 

from log readings uses stress porosity relationship. The higher the porosity the more 

under compacted is the formation rock, which is a representation of an overpressure 

zone. Overpressured zones do not indicate porosity effects and therefore useless to 

predict pore pressure. However the velocity- effective stress transformationare used 

in seismic pore pressure prediction models. The velocity of the elastic wave is 

dependent on the stress, porosity, lithology, saturation and the type of pore fluid. 
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The overburden stress and the pore pressure are opposing each other with equal 

effects on the wave velocity. Applying external load on the formation rock increases 

the overburden stress whilst the pore space deforms, but an increase in pore pressure 

will open closed cracks and grain contacts, which reduces the wave velocity. The 

velocity-effective stress relationship is shown in the equation below:- 

…………Equation 5 

 

Where V and S are the P- wave velocity and effective stress, and A, B and D are 

regressive coefficients. A is the crack free velocity, D is the closure of the crack.[7] 

2.2.3 Overburden Stress 

Is the stress achieved when the load is applied on the rock vertically. It is obtained 

from the density logs. The equation below shows the relationship[5] 

………..Equation 6 

 

Where  is the bulk density and �  is the gravitational force 

2.2.4 Minimum Horizontal Stress 

 It is derived from gravitational loading due to changes in the reservoir pressure, 

tectonic strain and thermal effects. The extended leak off test is also used to generate 

the minimum stress profile. The equation used to calculate the minimum horizontal 

stress magnitude is given below 

………………Equation 7 

 

Where ʋ  is the Poisson ratio, E is the Young’s Modulus, Ppis the Pore pressure and 

 is the Biot’s coefficient, and  and   are the strain along the maximum and 

minimum stress direction.[5] 

The minimum horizontal stress is also estimated from the leak off test. The geo-

mechanical model is important in the interpretation of the leak off test. To update or 
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improve the geo-mechanical model, fracture mechanic model must be developed, 

which is used to determine the mechanical properties and stresses. The fracture 

pressure is the maximum recorded pressure prior to the unstable fracture growth. 

The leak off test involves three methods for the data, which includes visual handling 

recordings, digital recording at surface and down hole. The recording of gauge 

pressure, pit volume and the manual plotting of both parameters are the main 

procedures in achieving the leak off test. After performing the leak off test for 

several cycles the minimum horizontal stress is obtained.[8] 

2.2.5 Maximum Horizontal stress Magnitude and Direction 

The maximum horizontal stress magnitude and direction of occurance can be seen 

through the image and caliper logs.[5] 

The most common method of obtaining the maximum horizontal stress is through 

wellbore breakouts pictured by image and Caliper logs, based on the condition that 

the maximum tangential stress is equal to the uniaxial compressive strength. The 

maximum horizontal stress can be determined from in-situ stresses using the 

following equations.[9] 

…………Equation 8 

 

Where E is the Young’s modulus, H, h, vare the maximum, minimum and 

overburden stresses, ʋ  is the Poisson ratio and is the strain in the minimum 

horizontal direction. Since the strain is very small in the minimum horizontal 

direction it is assumed negligible and the equation becomes 

………………Equation 9 

 

The effective stress in porous media is related to the total stress using the equation 

below 

…………………Equation 10 
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where αB is the Biot’s coefficient and Ppis the pore pressure. Combining both 

equations 9 and 10 the maximum horizontal stress is given by 

……… Equation 11 

Taking αB = 1 

 Three faulting conditions are considered in the estimation of the maximum 

horizontal stress. For normal fault condition, the overburden stress is 

maximum ),for reverse fault (  and for Strike fault ( 

), the maximum horizontal stress is the maximum principal in-situ 

stress. 

From the above conditions the maximum horizontal stress can be obtain from the 

equations below 

………Equation 12 

 

………Equation 13 

 

Where , and φ is the frictional angle. UB is the upper boundary of the 

maximum horizontal stress. 

2.3 Wellbore Failure 

Wellbore failure can be grouped into two main category, tensile failure and 

compressive failure. All rocks have limit to both compressive and tensile strength 

and if both limits are exceeded, wellbore failure may occur. Compressive failure in 

wellbores results wellbore breakouts, stuck pipes, tight holes and wellbore collapse. 

Tensile failure in wellbores results into mud loss, differential sticking, hydraulic 

fracture and loss circulation. Compressive failure occurs as a result of low mud 

weight used there by exceeding the rock compressive strength. The schematics for 

compressive failure is shown below.[10] 
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Figure 1: Compressive Failure 

 

Tensile failure occurs as a result of using a very high mud weight which exceeds the 

rock tensile strength. The schematic for tensile failure is shown in the figure below. 

 

Figure 2: Tensile Failure 
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The maximum mud weight at which compressive failure occurs is known as shear 

failure gradient and the minimum mud at which tensile failure occurs is known as 

fracture gradient. 

 

2.4 Causes of Borehole Failure 

Prior to drilling of a wellbore the underground rock is in the state of equilibrium. 

The stresses present in the virgin formation are called the far-field stresses which 

includes the overburden stress, maximum and minimum horizontal stress. When the 

well is drilled the rock stresses in the range of the wellbore will be redistributed. The 

redistributed stresses willbe converted to well bore stresses,which includes the radial 

stress, the tangential stress acting in the direction of the well bore circumference and 

the axial stress acting parallel to the wellbore axis (Failure of inclined wellbores by 

W.B Bradley1979,BRC-EP 18-74-P)[16]. The mud weight is acting against the 

wellbore stresses in order to keep the wellbore stable and is a function of the radial 

and tangential stresses. When a low mud weight is used the tangential stress around 

the well bore will exceed the radial stress which leads to a compressive failure. On 

the other hand if a higher mud weight is used the radial stress will exceed the 

tangential stress which leads to a tensile failure. 

 

2.5 Stress Distribution around the Wellbore 

Subsurface rock formationare subjected to vertical stress caused by the weight of the 

overlying strata and horizontal stresses due to lateral movement of the rock. Prior to 

drilling a wellbore, these stresses are in the state of equilibrium and if drilling 

operations are conducted the equilibrium will be lost. The load carried by the rock is 

supported by the adjacent rock in order to regain equilibrium. At this stage if there is 

no support pressure for the well being drilled failure in the formation may occur. To 

maintain the wellbore stability and equilibrium of in-situ stresses in the formation a 

hydrostatic mud pressure is used.[11] 
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The in-situ stresses of the virgin formation for a deviated well are given below in 

coordinate system. 

 

……….Equation 14 

 

………..Equation 15 

 

………. Equation 16 

 

………….. Equation 17 

 

……….Equation 18 

 

………Equation 19 

 

 

The total stress distribution around the well bore are given in cylindrical coordinate 

system (r, z , ) and are given by the figure below.[9] 

 

 

 

Figure 3: Stress Transformations in both Cartesian and Polar systems[9] 
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From the above diagram the total stress distribution around the wellbore is obtain by  

transforming Cartesian stress equations  in to polar stress equation which represents 

the wellbore stresses and these are given below.(Hiramatsu and Oka in1968; 

Fairhurst in 1968) :- 

 

................Equation 20 

 

 

………………. ...Equation 21 

 

……..Equation 22 

  

………..Equation 23 

 

……………………..Equation 24 

 

……………………Equation 25 

 

Since failure mainly occurs in the walls of the wellbore (R= r) therefore the above 

total stress distribution equations will be reduced into the effective stresses which 

includes the pore pressure(Pp) at the wellbore wall and these equations are given 

below-: 

…………………………………………Equation 26 

 

………�Equation 27 

 

…………….Equation 28 
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……………………………………………………Equation 29 

 

…………………Equation 30 

 

………………………………………………….Equation 31 

 

Where σr,σzandσɵ are the radial, axial and tangential stresses,  is the orientation of 

stresses around the wellbore circumference and measured from the x-axis. [9] 

 

2.6 Stress Regime 

There are three types of stress regimes occuringin the subsurface. These include the 

normal fault stress regime which is most commonly encountered during drilling 

operations, strike fault stress regime and the reverse fault stress regime.In the normal 

stress regime the overburden stress is greater than the minimum and maximum 

horizontal stresses,and the pore pressure is constant[16]. For the strike and reverse 

fault regime the maximum horizontal stress is greater than the overburden and the 

minimum horizontal stress [9].  

At the boundary or transition between the normal fault and the strike fault regime 

horizontal wellbores are more stable than vertical or deviated wellbores, but the 

optimum drilling direction is  the direction parallel to the minimum horizontal stress 

direction where the maximum horizontal stress(intermediate stress) is nearly equal 

or equal to the overburden stress. At the boundary between the strike fault regime 

and the reverse fault regime the optimum well path for the horizontal well is the 

direction parallel to the maximum horizontal stress where the overburden stress is 

nearly equal or equal to the minimum horizontal stress. In the reverse fault regime 

the optimum drilling inclination varies depending on the applied drilling direction.In 

the direction close to the minimum horizontal stress the vertical wellbores are the 

most stable whilst in the direction close to the maximum horizontal stress, horizontal 

wellbores are the most stable.[20] 

When drilling through a normal fault environment it is better to drill in the direction 

parallel to the minimum horizontal stress due to the fact that the stress difference 
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between the maximum horizontal stress in the far field and the vertical overburden 

stress is small and does not induce large well bore failures, and the collapse pressure 

is only a function of the overburden and maximum horizontal stress and it is 

independent of minimum horizontal stress. On the other hand when drilling in a 

strike or reverse fault environment it is better to drill in the direction parallel to the 

maximum horizontal stress due to the fact that the difference between the vertical 

overburden stress and the minimum horizontal stress is small and does not induce 

large wellbore failure[11].Also for strike fault regime drilling highly inclined 

wellbore is more stable than low inclined wellbore and the opposite is valid for 

normal stress regime[19]. 

Wellbore stability studies of deviated well bores under different stress conditions 

were done by various researchers.Zhou(1996) concluded that the ratio of the 

maximum to the minimum horizontal principal stresses is the most stable deviation 

angle and the higher the ratio the greater the deviation angle for reducing well bore 

breakout. For a strike slip stress regime, Zhou et al(1996) pointed out that drilling in 

the horizontal direction may be the most stable direction with respect to breakout. 

Zhou et al also concluded from their research that the optimal wellbore inclination 

and azimuth can be improved from well bore stability studies. Morita(2004) 

concluded from his research that there is significant difference between wellbore 

onset breakout and total collapse. The onset breakouts is a small failure that can still 

allow the wellbore to function in good manner whilst total collapse will put the well 

out of use.Al-Ajmi et al.(2009) also concluded from their research that the selection 

of optimal wellbore trajectory is mainly dependent on the principal in-situ stresses( 

magnitude and direction).[12] 

 

2.7 Rock Failure Criteria 

After the calculation of the in-situ stresses, rock strength parameters, pore pressure 

and the near wellbore stresses,a suitable rockfailurecriteria should be developed in 

order to determine the mud weight window and the optimum mud weight. The most 

common failure criteria includes Mohr-Coulomb, Modified lade, and 

DruckerPrager.[13] 
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The Mohr- Coulomb failure criterion is the most linear and conservative of the 

failure criteria because it does not take into consideration of the intermediate 

wellbore stress in generating failure equations, it only considers the influence of 

themaximum and minimum wellbore stresses. The Modified Lade and the 

DruckerPrager criteria takes into consideration the influence of the radial, tangential 

and axial stresses on the rock strength in the generation of failure equations.[14] 

The two main failures that are commonly encountered by the formation rock are the 

tensile and compressive shear failure.[10]. The hydrostatic mud weight is a function 

of the radial stress and the tangential stress. When a higher mud weight is used the 

radial stress will tend to increase rapidly and overcomes the tangential stress 

resulting into tensile failure. On the other hand when the mud weight is low the 

tangential stress tends to increase gradually and then exceeds the radial stress which 

will result into a compressive failure. 

Since the failure of the wellbore occurs mainly at the well bore walls the equations 

26 to 31should be used to generate the failure equation for different cases of failure. 

The Mohr-Coulomb failure criterion in terms of principal normal stresses given 

below[18] 

 

………Equation 32 

 

nd  are the maximum and minimum  normal principal  stresses, UCS is the 

Unconfined compressive strength and is given by the equation below 

 

…………….Equation 33 

 

and q is given by the equation below  

 

  ……………… Equation 34 

 

        Where c is the cohesion and φ is the frictional angle    

 

 The diagram for the Mohr-Coulomb failure envelope is given below 
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Figure 4: Mohr- Coulomb Representation of Failure 

 

In the diagram above the vertical axis represents the shear stress and the horizontal 

axis represent the normal stress. The point at which the failure line cuts the vertical 

axis is called the cohesion and the angle it makes with the horizontal axis is the 

frictional angle. When the stress at a point is great enough that the circle touches the 

failure envelope, then failure will occur. Therefore all stresses that fall  on the right  

side of the failure envelope are stable and the stresses on the left  side of the failure 

are unstable( W.B Bradley1979, BRC-EP 18-74-P)[16].The diameter of the Mohr 

circle depends on stress and mud pressure. The higher the stress the larger the circle  

whilst the higher the mud pressure the smaller the circle.[15] 

 

For tensile failure to occur  the radial stress should be greater than the tangential 

stress, and by considering the axial stress three cases of failure criteria can be 

obtained and are given in the table below[20] 
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Table 1: Cases of Tensile failure 

Cases                   

1  

2  

3  

 

For compressive failure to occur the tangential stress should be greater than the 

radial stress, and by considering the axial stress, three cases of failure criteria can be 

obtained and are given in the table below[20] 

 

Table 2: Cases of Compressive Failure 

 

 

2.8 Mud Weight Window 

The mud weight window has an upper and lower limit for which wellbore failure 

will occur if these limits are exceeded. The upper limit is known as the fracture 

pressure and the lower limit is the shear failure gradient or collapse pressure. There 

is a third part of the mud weight window called the optimum mud weight 

(intermediate limit), which keeps the wellbore intact. The upper and lower limits of 

the mud weight window are obtained from equation of both tensile and compressive 

failure criteria.[11]. The safe mud weight window is dependent on the well bore 

angle and the azimuth. It varies with the well bore azimuth and inclination and can 

be expressed in terms of polar chart.[10].Polar chart can be used to in well path 

optimization in order to keep the well bore stable. The figure below is a Polar chart 

for mud weight analysis to optimize drilling direction. 

Case   

    1  

    2  

    3  
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Figure 5: Polar Chart for Mud Weight Analysis of Optimized Drilling[15] 

 

The lower limit of the mud weight window can also be represented by the pore 

pressure, if the pore pressure is greater than the shear failure gradient. The mud 

weight window is the density that ranges from the pore pressure to the fracture 

pressure, including the critical or optimum mud weight. The mud pressure must 

always be higher than the pore pressure and lower than the fracture pressure in order 

to avoid kick and mud loss. In a homogeneous formation in which the maximum 

horizontal stress is greater than the minimum horizontal stress, fracture will be 

generated in the direction parallel to the maximum horizontal stress. The fracture 

pressure is the sum of the minimum horizontal stress and the rock tensile strength 

for most rocks but in shale tensile strength is absent and therefore the minimum 

horizontal stress is equal to the fracture gradient.[15]The upper and lower limit of 

the mud weight for a vertical wellconsidering the tensile and compressive strength 

of the formation rock given the equations below 

 

……………………….Equation 35 

…………………………..Equation 36 
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Where UCS is the unconfined compressive strength,T is the tensile strength and 

Pmudis the hydrostatic mud pressure at specific depth.[3]. 
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CHAPTER 3  

METHODOLOGY 

 

3.1 Compressive shear failure 

Compressive failure occurs when the tangential stress overcomes the radial stress 

due to low Mud pressure, and considering the axial stress three cases of shear failure 

criteria can be obtained with their equations derived from Mohr-Coulomb failure 

equation are given in the table below. 

 

Table 3: Cases and Equations for Compressive Failure 

 

Case  Wellbore failure will occur if 

 from the following equations 

    1.                   
 

    2.                    

    3.                   
 

 

 

Where   

 

 

A and B are constant and are given by the following equations below 
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3.2 Tensile failure 

Occurs when the radial stress overcomes the tangential stressdue to high mud 

pressure and considering the axial stress three cases of tensile failure can be 

obtainedwith their equations derived from Mohr- Coulomb failure equation are 

given by the table below  

 

Table 4: Cases and Equations for Tensile Failure 

 

Cases             Wellbore failure will occur if  

from the following equations 

1.  
 

2.   

3.  
 

 

 

Where   

 

 

D and E are constants and are given by the equations below 

 

 

 

The highest mud pressure amongst the three cases of the compressive failure will be 

represented as the shear failure gradient(lower limit of mud weight window) and the 

lowest mud pressure at which tensile failure occurs will be represented as the 

fracture gradient(Upper limit of mud weight window). The optimum mud weight 

will be obtained within the range of the mud weight window. The mud weight 

window will be plotted against change in wellbore inclination and also wellbore 

azimuth. 
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3.3 Effective Stress Distribution in the Radial Direction 

To determine the effective stress distribution in radial direction I vary the mud 

weight in an increasing order at 0 degrees orientation then do the same at 90 degrees 

orientation. I also consider the effect of wellbore inclination on effective stress 

distribution by keeping all the parameters in the effective stress equations and vary 

the wellbore inclination both at 0 degrees orientation and also at 90 degrees 

orientation. Plots of effective stresses versus dimensional radial distance are used to 

represent the nature of the stresses in the radial direction. 

 

3.4 Effective Stress Distribution around the Wellbore 

To determine the effective stress distribution around the wellbore I consider the   

dimensionless radial distance from the center of the wellbore to be equal to the 

radius of the wellbore to give a constant radial stress around the wellbore. I used 

mud weight in increasing order to study the nature of the effective stress. Plots of 

effective stress versus wellbore orientation are used to represent the nature of stress 

around the wellbore. 

 

Mat lab programing language is used to perform all the procedures in the different 

sections of the methodology. 
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3.5 Work flow 

The Methodology workflow for this entire project shown described below 
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CHAPTER 4  

RESULTS AND DISCUSSION 

 

This chapter will discuss the resultsobtained from programming equations for 

predicting wellbore stability from Mat lab software. The resultsincludes mud weight 

window from failure criteria equations, Mud weight Window as a function depth 

and as a function of both well bore inclination and azimuth.  Effective well bore 

stress calculationsas a function of wellbore inclination, Mud weight, change in 

dimensionless radial distance from well bore wall and also taken into consideration  

isthe orientation of the stresses around the wellbore circumference measured from 

both maximum and minimum horizontal directions. Prediction of wellbore 

failures(compressive or tensile) will also be discussed in this chapter by plotting 

Predicted Mud weight, Pore pressure, Fracture gradient, Shearfailure gradient, and 

Overburden stress profiles as a function of depth. 

 

The offset well data for the geo-mechanical model used in the analysis of well bore 

stability prediction are shown in the table below: 
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Table 5: Data for wellbore Stability Analysis 

 

Formation Type Sandstone 

Depth of investigation 10940ft 

Overburden pressure gradient 0.8494psi/ft 

Pore pressure gradient 0.4330psi/ft 

Minimum horizontal stress 0.6297psi/ft 

Maximum horizontal stress 0.8464psi/ft 

Well inclination 30 degrees 

Well azimuth 113 degrees 

Poisson’s Ratio 0.2506 

Young’s modulus 41.12Mpsi 

Friction angle 30 degrees 

Shale content 35.19% 

Cohesion 1134psi 

 

4.1 Mud weight window 

The Mud weight window is obtained from the failure criteria equations derived from 

Mohr-Coulomb failure equation. The shear failure gradient which is the lower limit 

of the mud weight window is 0.484psi/ft or 9.31ppg and it is obtained from case one 

of the compressive failure cases in the methodology. The fracture gradient which is 

the upper limit of the mud weight window is 0.689psi/ft or 13.25ppg and it is 

obtained from case one of the tensile failure cases also in the methodology 

chapter.The optimum mud weight is calculated by summing of the fracture gradient 

and the shear failure gradient divided by 2. The optimum mud weight is 0.587psi/ft 

or 11.29ppg.The mud weight window as a function of depth shows that mud weight 

window increases with increase in depth and it is shown in the figure below. 
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Figure 6 : Mud weight window versus Depth 

 

The depth of investigation is 10940ft. 

 

The Mat lab coded equations from which result figure 6 is obtained is given in 

Appendix A 

 

4.2 Mud weight window,Well bore Inclination and Azimuth 

This section show plot of mud weight window as it varies with well bore inclination 

and azimuth. The inclination and azimuth from the offset well in study are 30 

degrees and 113 degrees. The figure for Mud weight window as a function of 

change in wellbore inclination at an azimuth of 113 degrees is shown below 
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Figure 7: Mud weight window versus Well bore inclination at Azimuth 113 

degrees 

 

In the above figure the maximum fracture gradient is 22ppg at an inclination angle 

of 90 degrees. The shear failure gradient is about 9.0ppg at 0 degrees inclination and 

it is the highestmud weight at which compressive failure may occur. The fracture 

gradient at 30 degrees inclination is 15ppg and the shear failure gradient is 8.5ppg. 

The fracture gradient is increasing with increase in well bore inclination, while the 

shear failure gradient is decreasingwith an increase in well bore inclination..  

Vertical wells are less stable and require more mud weight to maintain the stability 

of the well bore than horizontal wells in a stress regime between normal and strike 

fault regime since the difference between the overburden stress and the maximum 

horizontal stress is very small and can be considered equal.[Al-Ajmi 2006] 

 

The plot of Mud weight against change in azimuth is shown below 
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Figure 8: Mud weight window versus Azimuth at 30 degrees Inclination 

 

 The maximum mud weight at which shear failure will occur is at 9ppg and at an 

azimuth of 120 and 300 degrees. At an azimuth of 113 degrees the fracture gradient 

is about 16.5ppg. The least mud weight window is 9ppg and 14ppg and is found in 

both azimuth 120 and 300 degrees. At azimuth 0 and 360 degrees the mud weight 

window is the same and is between 8.5ppg and 22ppg.The largest mud weight 

window is between 8.5ppg and 22.5ppg, and are found it azimuth 60 and 240 

degrees. This shows that drilling a wellbore of 30 degrees inclination require an  

optimum safe mud window at 60 degrees and 240 degrees azimuth and the mud 

window at 113 degrees is to small for safe drilling. 

The vertical overburden stress, minimum and maximum horizontal stress from the 

offset well data used in this project are 0.8494psi/ft, 0.6297psi/ft and 0.8464psi/ft, 

respectively which represents a stress regime between normal and strike fault stress 

regime. It is safer to drill a deviated well bore of 30 degrees inclination at a well 

bore azimuth of 113 degrees parallel to the minimum horizontal stress direction 

because the resultant stress due to the far field stresses difference between the 

vertical overburden stress and the maximum horizontal stress is only 0.0030psi/ft, 

which is too small to induce large well bore breakouts compared to a resultant stress 
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of 0.2197psi/ft due to the far field stress difference between the vertical overburden 

stress and the minimum horizontal stress which is large enough to cause large well 

bore breakouts, when drilling in the maximum horizontal stress direction in normal 

stress regimes. 

 

The Mat lab coded equations from which Figures 7 and 8 are obtained is given in 

appendix B. 

4.3 Effective Stress Distribution in Radial Direction 

In this section of result and discussion, the effective radial, tangential and axial 

stressdistributions will be presented in radial direction. In the radial direction the 

effective stress calculation will be based on change in the dimensionless radial 

distance(r/R) which ranges from r = R at the well bore wall to r = 5R, as a function 

of change in the hydrostatic mud pressure or Mud weight(Pw) and also change in the 

orientation of stresses around the wellbore circumference with respect to both the 

minimum horizontal direction(0 degrees) and the maximum horizontal stress (90 

degrees).  The effect of well bore inclination on the stress distribution radial 

direction will also be discussed in this section. The depth of investigation is 6000ft. 

 

4.3.1 Effect of Mud weight and wellbore Orientation on Stress Distribution 

This section will discuss the effective stress distribution based on change in mud 

weight and well bore orientation. The mud weight is directly proportional to the 

radial stress and inversely proportional to the tangential stress, and therefore an 

increase in the mud weight will lead to an increase in the radial stress and a decrease 

in the tangential stress. 
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Figure 9: 0 degrees Orientation, Pw= 0.575psi/ft, Inclination=30 degrees 

 

In the above figure at a dimensionless radial distance of 1 (at the well bore wall) the 

axial stress is greatest but at distance of about 1.5 the tangential stress is the greatest. 

Since the tangential stress is greater than the radial stress throughout the radial 

distance only compressive failure (breakouts) may occur. 

 

 

Figure 10: 90 degrees Orientation, Pw= 0.575psi/ft, Inclination= 30 degrees 

 

In the above figure the axial stress is the greatest up to a radial distance of about 4.5 

and merged with the radial stress. Since the radial stress is greater than the tangential 

stress tensile failure(fracturing and mud loss) may occur. 
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Figure 11: 0 degrees Orientation, Pw= 0.663psi/ft, Inclination=30 degrees 

 

In the figure above the radial stress is greater than the tangential stress up to a radial 

distance of 1.25 which indicates an early tensile failure (fracturing) may occur and 

for the rest of the radial distance the tangential stress is greatest therefore 

compressive failure(breakouts) may occur. 

 

 

Figure 12: 90 degrees Orientation, Pw= 0.663psi/ft, Inclination= 30 degrees 

 

In the figure above the radial stress is greater than the tangential stress and merges 

with the axial stress at a radial distance of 4.3.Tensile failure(mud loss) may occur 

across the entire radial distance. 
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Figure 13: 0 degrees Orientation, Pw= 0.747psi/ft, Inclination= 30 degrees 

 

In the figure above between the radial distance of 1 and 1.5 tensile failure( 

fracturing) may occur since the radial stress is greater than the tangential stress, and 

compressive failure (breakouts) will occur from 1.5 to the maximum radial distance 

due to the tangential stress becoming greater than the radial stress. 

 

 

Figure 14: 90 degrees Orientation, Pw= 0.747psi/ft, Inclination= 30 degrees 

 

In the figure above the radial stress is greater than the tangential stress indicating 

tensile failure may occur (mud loss). At the well bore wall the radial and axial 
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stresses are equal, and at radial distance between 3.4 and 4.8 they remain constant at 

0.370psi/ft. 

 

 

Figure 15: 0 degrees Orientation, Pw= 0.856psi/ft, Inclination= 30 degrees 

 

In the figure above the between a radial distance of 1.0 and 1.7 the radial stress is 

greater than the tangential stress which indicates tensile failure may occur (mud 

loss) and from 1.8 to the maximum radial distance the tangential stress is greater 

than the radial stress indicating that compressive failure (breakouts) may occur. 

 

 

Figure 16: 90 degrees Orientation, Pw= 0.856psi/ft, Inclination= 30 degrees 
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From the above figure the radial stress is the maximum principal stress from the well 

bore wall to a radial distance of 1.65 and then merged with the axial stress with a 

constant stress magnitude of 0.39psi/ft. Tensile failure( loss circulation) may occur 

from well bore wall to the maximum dimensional radial distance. 

 

 

Figure 17: 0 degrees Orientation, Pw= 0.957psi/ft, Inclination= 30 degrees 

In the above figure the radial stress is maximum principal stress between the well 

bore wall and a radial distance of 1.6 indicating tensile failure may occur (mud loss). 

At a radial distance of 1.7 the axial and tangential stresses becomes larger than 

radial stress for which compressive failure (breakouts) may occur. 

 

 

Figure 18: 90 degrees Orientation, Pw= 0.957pi/ft, Inclination= 30 degrees 
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In the figure above the radial stress is the maximum principal stress before it merges 

with the axial stress at a radial distance of about 4.4. The tangential stress is the 

minimum principal stress indicating tensile failure(mud loss) may occur from well 

bore wall to the maximum dimensionless radial distance. 

 

In summary the effect of mud weight on stress distribution in the radial direction is 

influenced by the orientation of the well bore stresses. At 0 degrees orientation the 

tangential stress is the maximum principal stress for a greater section of the 

dimensionless radial distance and the axial or radial stresses may become maximum 

at early radial distances from the well bore wall as mud weight increases. At 90 

degrees orientation the tangential stress becomes the minimum principal stress as the 

axial or radial stresses becomes maximum principal depending how high or low is 

the mud weight. 

 

4.3.2 Effect of Wellbore Inclination on Effective Stress Distribution 

This section will consider the change in well bore inclination whilst all the other 

parameters remain constant. 

 

 

Figure 19: 0 degrees Orientation, Pw= 0.575psi/ft, Inclination= 0 degrees 
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In the above figure at 0 degrees inclination the radial stress is maximum for a radial 

distance of about 1.1 from the wellbore wall. At the well bore wall the radial stress 

is greater than the tangential stress, for which tensile failure(fracture) may occur. At 

a radial distance of 1.1 the tangential stress exceeds the radial stress and increasing 

up to the maximum dimensionless radial distance for which compressive failure 

breakouts) may occur. The radial stress at maximum radial distance is 0.25psi/ft. 

 

 

Figure 20: 0 degrees orientation, Pw= 0.575psi/ft, Inclination= 30 degree 

 

The above figure shows that the axial stress is reducing from almost 0.5 psi/ft at 0 

degrees inclination from figure 20 to nearly 0.4psi/ft at 30 degrees inclination. The 

tangential stress is greater the axial stress at a radial distance of about 1.5, and 

continues to increase till it reaches the maximum radial distance. Compressive 

failure mayoccur throughout the dimensionless radial distance. The radial stress at 

maximum radial distance is 0.28psi/ft 
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Figure 21: 0 degrees Orientation, Pw= 0.575psi/ft, Inclination= 45 degrees 

 

At 45 degrees inclination the radial stress is reduced to 0.35psi/ft at the well bore 

wall and continues to decrease with radial distance.  The tangential stress increased 

to 0.22 psi/ft at the wellbore walls and continues to increase till the maximum 

dimensionless radial distance at 0.68psi/ft. The radial stress is the least principal 

stress and therefore compressive failure may occur. The radial stress at maximum 

dimensionless radial distance is 0.32psi/ft. 

 

 

Figure 22: 0 degrees Orientation, Pw= 0.575psi/ft, Inclination 90 degrees 

 

At 90 degrees inclination the tangential stress is the maximum principal stress 

ranging from 0.31psi/ft at the well bore and 0.82psi/ft at maximum dimensionless 

radial distance. Compressive failure (breakouts)may occur. The axial stress is 
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reduced to 0.21psi/ft at the well bore wall and 0.22psi/ft. At a radial distance of 1.3 

the radial stress exceeds the axial stress and at maximum dimensionless radial 

distance it is 0.40psi/ft. 

 

In summaryincreasing the well bore inclination from 0 to 90 degrees with an 

orientation of 0 degrees will results to an increase in the radial and tangential stress 

and decrease in axial stress. 

 

 

 

Figure 23: 90 degrees Orientation, Pw= 0.575psi/ft, Inclination= 0 degrees 

 

In the above figure at 0 degrees inclination the axial stress is the maximum principal 

stress with a magnitude of 0.35psi/ft at the well bore wall. The magnitude of the 

radial and tangential stresses at the well bore wall are 0.15psi/ft and -0.4psi/ft. 

Tensile failure (mud loss) may occur since the radial stress is greater than the 

tangential stress. 
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Figure 24: 90 degrees Orientation, Pw= 0.575psi/ft, Inclination= 30 degrees 

 

At 30 degrees inclination the magnitude of the axial stress has reduced from 

0.35psi/ft at 0 degrees inclination to 0.32psi/ft at the well bore wall. The radial stress 

remains constant at the well bore wall but has merged with the axial stress at 

dimensionless maximum radial distance. The tangential stress has decreased from -

0.40psi/ft at 0 degrees inclination to -0.42psi/ft at 30 degrees inclination which 

indicates that tensile failure (mud loss) may occur. 

 

 

Figure 25: 90 degrees Orientation, Pw= 0.575psi/ft, Inclination= 45 degrees 

 

At an inclination of 45 degrees the magnitudes of the radial stress is the same as it is 

for 0 and 30 degrees inclination. The axial stress decreased to 0.29 psi/ft at the well 
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bore wall and it is exceeded by the radial stress at a radial distance of about 2.1. The 

tangential stress has decreased from -0.42psi/ft at 30 degrees inclination to 0.49psi/ft 

at 45 degrees inclination.Tensile failure(mud loss) may occur. 

 

 

Figure 26: 90 degrees Orientation, Pw= 0.575psi/ft, Inclination 90 degrees 

 

At 90 degrees inclination shown in the figure above the axial stress has reduced to 

0.25psi/ft at the well bore wall and due to this decrease the radial stress has 

exceeded the axial stress to be the maximum principal stress at a radial distance of 

1.25. The tangential stress has decreased from -0.49psi/ft at 45 degrees inclination to 

-0.59psi/ft at 90 degrees inclination. 

 

In summary at 90 degrees orientation an increase in the well bore inclination(0-90 

degrees) shows a decrease in both tangential and axial stress and a constant trend for 

the radial stress. The effect of hole inclination on well bore pressures and stresses 

depends strongly on the far- field stress magnitudes (overburden stress, minimum 

and maximum horizontal stresses). 

 

The coded equations for the stress distribution in the radial direction are in 

Appendix C 
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4.4 Effective Stress Distribution around the Wellbore Wall 

The section will discuss the effective stress distribution around the wall based on the 

mud weight for drilling the wellbore. The wellbore stress orientation is ranging from 

0 to 360, and the dimensional radial distance is kept constant 1, where r = R, the 

radius of the well bore (0.492ft). 

 

 

 

Figure27: Stress Distribution around the wellbore at Pw=0.142psi/ft 

Inclination= 30 degrees 

 

In the above figure at a very low mud weight of 0.142psi/ft the tangential stress is 

maximum at 135 degrees and 315 degrees. Since the mud gradient is very low the 

radial stress is the minimum principal stress and compressive failure(well bore 

breakouts) may occur. The axial stress is the maximum principal stress between 10 

and 110 degrees, and also between 190 and 290 degrees.  
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Figure28: Stress Distribution around the wellbore at Pw=0.450psi/ft, 

Inclination= 30 degrees 

 

In the above diagram the radial stress is greater than the tangential stress between 20 

degrees and 110 degrees and also between 190 degrees and 280 degrees indicating 

that tensile failure may occur in those ranges. For the ranges 0 to 20 degrees, 110 to 

190 degrees, and 280 to 360 degrees the tangential stress is greater than the radial 

stress indicating that compressive failure may occur. The maximum magnitude of 

the tangential stress at which compressive failure will occur is 0.55psi/ft. 

 

Figure 29: Stress Distribution around the wellbore at Pw= 0.735psi/ft, 

Inclination= 30 degrees 
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In the figure above the radial stress is greater than the tangential stress all around the 

well bore wall which indicates tensile failure(fracture or mud loss) may occur 

around the wellbore wall. The maximum principal stress is the axial, but it is equal 

the radial stress between 40 to 70 degrees and between 225 to 240 degrees.  

 

 

Figure 30: Stress Distribution around the well bore at Pw= 0.957psi/ft, 

Inclination= 30 degrees 

 

The figure above shows the stress distribution around the well bore wall when the 

well is drill with a mud gradient of 0.957psi/ft. The radial stress is the maximum 

principal stress with a magnitude of 0.55psi/ft. The tangential stress is the minimum  

principal stress and its magnitude ranges from -1.09psi/ft to slightly above zero due 

to high mud gradient used. Tensile failure(loss circulation) may occur all around the 

well bore wall. 

 

In summary increase in the mud weight used for drilling results in the increase in 

radial stress and decrease in the tangential stress around the well bore wall. 

 

The coded equations for effective stress distribution around the well bore are in 

appendix D. 

 



44 

 

4.5 Evaluation of Wellbore Stability Problem using Mud Weight prediction 

The section of results and discussion will focus on the possible wellbore problems 

that may occur when a prediction on mud weight used for drilling,given a pore 

pressure, fracture gradient, shear failure gradient and overburden stress profiles as a 

function of depth. 

 

 

Figure 31: Predicted Mud weight, Overburden stress, Pore pressure, Fracture 

gradient, shear failure gradient as a function of depth 

 

In the figure above at hole section 430ft-1476ft the predicted mud weight is between 

fracture gradient and the shear failure gradient, which indicates that the hole section 

is safe from tensile or compressive failure. Between 1804ft and 3181ft the predicted 

mud weight has reduced rapidly below the shear failure gradient and the which may 

lead to the occurance of compressive failure (breakouts). At hole section 3181ft- 

5108ft the predicted mud weight has increasedand falls between the shear failure 

gradient and the fracture gradient, though very close to the shear failure gradient 

keeping it safe from failure. The hole section 5108- 5480 shows that the predicted 

mud weight is below the shear failure gradient and therefore tensile failure may 
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occur (breakouts).At hole section 5480ft-5801ft the predicted mud weight has 

increased and falls in between the fracture gradient and the shear failure gradient. At 

hole section 5801ft-7798ft the predicted mud weight has increased rapidly 

exceeding the fracture gradient which may result in tensile failure (fracturing and 

mud loss). Reduction in the predicted mud weight is seen at hole section 7798ft- 

8281ft between the fracture gradient and the shear failure gradient. At hole section 

8281ft-10254ft the predicted mud weight is below the shear failure gradient, which 

may result into compressive failure (breakouts). At hole  section 10254ft-10753ft the 

well bore is intact and from 10753ft the predicted mud weight is exceeded by the 

pore pressure and shear failure gradient onto a total depth of 10940ft.Well bore 

breakouts, kick and collapse may occur at hole section 10753ft- 10940ft. 

In summary the drilling willing be successful in hole sections where breakouts 

occurred because breakout is not a severe compressive failure, but for the hole 

sections the experienced collapse and mud loss the failures will be severe and cause 

non- productive time. 

The data for plotting figure 31 is given in Appendix E 
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CHAPTER 5  

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

The conclusions for the results and analysis for well bore stability predictionin the 

previous chapter includes the following-: 

 

1. At a wellbore inclination of 30 degrees the maximum safe mud weight 

window is found at azimuth 60 degrees and 240 degrees, which ranges from 

8.5ppg to 22.5ppg. The least mud weight windows are found at azimuth120 

degrees and 300 degrees and it ranges from 9ppg to 14ppg.At 30 degrees 

inclination the mud weight window ranges from 8.5ppg to 15ppg with an 

azimuth of 113 degrees. 

2. Drilling in the minimum horizontal stress direction is the safest drilling 

direction in normal fault regime since the resultant stress difference between 

the overburden stress and the maximum horizontal stress is too small to 

induce large breakouts compared to the resultant stress difference between 

the overburden stress and the minimum horizontal stress. 

3. At a well bore orientation of 0 degrees the tangential stress is the maximum 

principal stress for a greater section of the dimensionless radial distance, 

whilst at 90 degrees orientation the radial or axial stress is maximum 

depending on high or low is the hydrostatic mud pressure. 

4. An increase in the hydrostatic mud weight shows an increase in the radial 

stress and a decrease in the tangential stress, it is also affected by the 

orientation of the well bore stresses. 

5. The effect of the well bore inclination on well bore stresses is influenced by 

the orientation of the wellbore stresses. At 0 degrees orientation, as 

inclination increases the radial and tangential stress increases whilst the axial 

stress decreases. At 90 degrees orientation the radial stress remains 

constant.as the tangential and axial decreases with increase in well bore 

inclination. 
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5.2 Recommendations 

This study only consider the use of a geo-mechanical model based on offset well 

data from a normal stressed environment(normal fault) to determine the state of 

wellbore stress, obtain a safe  mud weight window and a safe drilling direction 

based on well bore inclination, azimuth and failure criteria derived from the 

conservative Mohr- Coulomb failure criterion. I therefore recommend the following 

for any future work on well bore stability prediction. 

1. Since the Mohr-Coulomb failure criterion is conservative and does not take 

into consideration the influence of the intermediate stress in generating 

failure equations for the upper and lower limits of the mud weight window, 

Mogi-Coulomb failure criteria or Modified Lade failure criteria should be 

used in order to generate a more accurate mud weight window considering 

the influence of the intermediate stress on the rock strength. 

2. Well bore stability prediction for tectonically stress environment(Strike and 

Reverse fault regimes) and trajectory design through such environment 

should be looked into for future research workand compared with normal 

stressed environment. 
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APPENDICES 

 

 

Appendix A:   Mud weight window as a function of Depth 

 

R=0.492; pi=180; phi=30; % R is the radius of wellbore, phi is the 

friction angle 
%% Equations 
teta=(pi/4)+(phi/2); % is the Orientation of the stress around the 

wellbore circumference measured from the x-axis 

 
TD=10940; 
depth=500:200:TD; 
alpha=113; a=30 ; poissonratio=0.2506; % alpha is the drilling 

direction with repect to sigmaHmax 

 
sigmaHmax=0.8464.*depth; sigmahmin=0.6297*depth; sigmav=0.8494; 
sigmaxmax=(sigmaHmax.*cos(alpha)^2+sigmahmin.*sin(alpha)^2)*cosd(a)^

2+sigmav.*sind(a).^2; 
sigmaymax=sigmaHmax.*sin(alpha)^2+sigmahmin.*cos(alpha).^2; 
sigmazmax=(sigmaHmax.*cos(alpha).^2+sigmahmin.*sin(alpha).^2)*sind(a

).^2+sigmav.*cosd(a).^2; 
tauxy=0.5.*(sigmahmin-sigmaHmax).*sin(2*alpha).*cosd(a); 
tauyz=0.5*(sigmahmin-sigmaHmax).*sin(2*alpha).*sind(a); 
tauxz=0.5*(sigmaHmax.*cos(alpha)^2+sigmahmin.*sin(alpha).^2-

sigmav).*sind(2*a); 

 

 
Pp=0.433  ;% Pp is the pore pressure 

 
%     sigmar=Pw-Pp; 
%     sigmateta=sigmaxmax+sigmaymax-2*(sigmaxmax-

sigmaymax)*cos(2*teta)-4*tauxy*sin(2*teta)-Pw-Pp; 
%     sigmaz=sigmazmax-poissonratio*(2*(sigmaxmax-

sigmaymax)*cos(2*teta)+4*tauxy*sin(2*teta))-Pp; 
%     taurteta=0; 
%     tautetaz=2*(-tauxz*sin(teta)+tauyz*cos(teta)); 
%     taurz=0; 

 
%% Failure Criteria Analysis 

 
% New Model Compressive Stress 
A=sigmaxmax+sigmaymax+2.*(sigmaxmax-sigmaymax).*cos(2*teta)-

4.*tauxy*sin(2.*teta); 
B=sigmazmax+poissonratio.*(2.*(sigmaxmax-

sigmaymax).*cos(2.*teta)+4.*tauxy.*sin(2.*teta)); 
%     sigmateta(Pw)=A-Pw-Pp; 
%     sigmar=Pw-Pp; 
%     sigmaz=B-Pp; 
% New Model Tensile Stress 

 
D=sigmaxmax+sigmaymax-2.*(sigmaxmax-sigmaymax).*cos(2.*teta)-

4.*tauxy.*sin(2.*teta); 
E=sigmazmax-poissonratio.*(2.*(sigmaxmax-

sigmaymax).*cos(2.*teta)+4.*tauxy.*sin(2.*teta)); 
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%     sigmateta=D-Pw-Pp; 
%     sigmar=Pw-Pp; 
%     sigmaz=E-Pp; 

 
% Tensile Failure equations 

 
q=(1+sind(phi))/(1-sind(phi)); C=0.1037; 
ucs=(2*C*cosd(phi))/(1-sind(phi)); 
Pwf1=(ucs+q*D+Pp.*depth.*(1-q))/(1+q); 
Pwf2=(ucs+q*E+Pp*(1-q)); 
Pwf3=(1/q)*((ucs-E+Pp*(1-q)))+D; 
Pwf=[Pwf1 Pwf2 Pwf3]; 

 
% Compressive Failure equattions 
Pwb1=((B-Pp.*depth.*(1-q))-ucs)/q; 
Pwb2=(A-ucs-Pp*(1-q))-B*q; 

Pwb3=((A-Pp*(1-q))-ucs)/(1+q); 

Pwb=[Pwb1 Pwb2 Pwb3]; 
% Optimum Mud Weight 

Opt_Mud=(Pwf1+Pwb1)./2; 
n=plot(Pwf1,depth,'r') 
holdon 
k=plot(Pwb1,depth,'y') 
holdon 
m=plot(Opt_Mud,depth,'b') 
axis([10 15000 500 13000 ]) 
set(gca,'YDir','rev') 
set(gca,'xaxislocation','top'); 
set(k,'LineWidth',2); 
set(m,'LineWidth',2); 
set(n,'LineWidth',2); 
ylabel('Depth (ft)') 
xlabel('Mud Pressure (Psi)') 
k=legend('Fracture Gradient', 'Shear Failure Gradient', 'Optimum Mud 

Weight') 
set(gcf,'paperpos',[0 0 3 2.25]); 
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Appendix B:  Mud weight window versus Wellbore Inclination and Azimuth 

 

R=0.492; pi=180; phi=30; % R is the radius of wellbore, phi is the 

friction angle 
% Equations 
teta=(pi/4)+(phi/2); % is the Orientation of the stress around the 

wellbore circumference measured from the x-axis 

 
TD=10940; 
depth=500:200:TD; 
alpha=113; a=0:10:90 ; poissonratio=0.2506; % alpha is the drilling 

direction with repect to sigmaHmax 

 
sigmaHmax=0.8464; sigmahmin=0.6297; sigmav=0.8494; 
sigmaxmax=(sigmaHmax.*cosd(alpha)^2+sigmahmin.*sind(alpha)^2).*cosd(

a).^2+sigmav.*sind(a).^2; 
sigmaymax=sigmaHmax.*sind(alpha)^2+sigmahmin.*cosd(alpha).^2; 
sigmazmax=(sigmaHmax.*cosd(alpha).^2+sigmahmin.*sind(alpha).^2).*sin

d(a).^2+sigmav.*cosd(a).^2; 
tauxy=0.5.*(sigmahmin-sigmaHmax).*sind(2*alpha).*cosd(a); 
tauyz=0.5*(sigmahmin-sigmaHmax).*sind(2*alpha).*sind(a); 
tauxz=0.5*(sigmaHmax.*cosd(alpha)^2+sigmahmin.*sind(alpha).^2-

sigmav).*sind(2.*a); 

 

 
Pp=0.433  ;% Pp is the pore pressure 

 
%     sigmar=Pw-Pp; 
%     sigmateta=sigmaxmax+sigmaymax-2*(sigmaxmax-

sigmaymax)*cosd(2*teta)-4*tauxy*sind(2*teta)-Pw-Pp; 
%     sigmaz=sigmazmax-poissonratio*(2*(sigmaxmax-

sigmaymax)*cosd(2*teta)+4*tauxy*sind(2*teta))-Pp; 
%     taurteta=0; 
%     tautetaz=2*(-tauxz*sind(teta)+tauyz*cosd(teta)); 
%     taurz=0; 

 
% Failure Criteria Analysis 

 

% New Model Compressive Stress 
A=sigmaxmax+sigmaymax+2.*(sigmaxmax-sigmaymax).*cosd(2*teta)-

4.*tauxy*sind(2.*teta); 
B=sigmazmax+poissonratio.*(2.*(sigmaxmax-

sigmaymax).*cosd(2.*teta)+4.*tauxy.*sind(2.*teta)); 
%     sigmateta(Pw)=A-Pw-Pp; 
%     sigmar=Pw-Pp; 
%     sigmaz=B-Pp; 
% New Model Tensile Stress 

 
D=sigmaxmax+sigmaymax-2.*(sigmaxmax-sigmaymax).*cosd(2.*teta)-

4.*tauxy.*sind(2.*teta); 
E=sigmazmax-poissonratio.*(2.*(sigmaxmax-

sigmaymax).*cosd(2.*teta)+4.*tauxy.*sind(2.*teta)); 
%     sigmateta=D-Pw-Pp; 
%     sigmar=Pw-Pp; 
%     sigmaz=E-Pp; 

 
% Tensile Failure equations 
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q=(1+sind(phi))/(1-sind(phi)); C=0.1037; 
ucs=(2*C*cosd(phi))/(1-sind(phi)); 
Pwf1=(ucs+q*D+Pp.*(1-q))/(1+q); 
Pwf2=(ucs+q*E+Pp*(1-q)); 
Pwf3=(1/q)*((ucs-E+Pp*(1-q)))+D; 
Pwf=[Pwf1 Pwf2 Pwf3]; 
Pwf=Pwf1./0.052 
% Compressive Failure equattions 
Pwb1=((B-Pp.*(1-q))-ucs)/q; 
Pwb2=(A-ucs-Pp*(1-q))-B*q; 
Pwb3=((A-Pp.*(1-q))-ucs)/(1+q); 
Pwb=[Pwb1 Pwb2 Pwb3]; 

 
% Optimum Mud Weight 

 

 
Pwb=Pwb1./0.052 
Opt_Mud=(Pwf+Pwb)./2; 
figure(1) 
n= plot(a,Pwf, 'y') 
holdon 
m= plot(a, Pwb, 'r') 
holdon 
k=plot(a,Opt_Mud, 'b') 
xlabel('Inclination (Deg)') 
ylabel('Mud Weight (ppg)') 
gridon 
set(k,'LineWidth',2); 
set(m,'LineWidth',2); 
set(n,'LineWidth',2); 
title('Mud Weight Versus Inclination @ Constant Azimuth') 
axis([0 90 0 30]) 
legend('Fracture Gradient', 'Shear Failure Gradient', 'Optimum Mud 

Weight') 
set(gcf,'paperpos',[0 0 3 2.25]) 

 

 

alpha=0:60:360; a=30; poissonratio=0.2506; % alpha is the drilling 

direction  

 
sigmaHmax=0.8464; sigmahmin=0.6297; sigmav=0.8494; 
sigmaxmax=(sigmaHmax.*cosd(alpha).^2+sigmahmin.*sind(alpha).^2).*cos

d(a).^2+sigmav.*sind(a).^2; 
sigmaymax=sigmaHmax.*sind(alpha).^2+sigmahmin.*cosd(alpha).^2; 
sigmazmax=(sigmaHmax.*cosd(alpha).^2+sigmahmin.*sind(alpha).^2).*sin

d(a).^2+sigmav.*cosd(a).^2; 
tauxy=0.5.*(sigmahmin-sigmaHmax).*sind(2.*alpha).*cosd(a); 
tauyz=0.5*(sigmahmin-sigmaHmax).*sind(2.*alpha).*sind(a); 
tauxz=0.5*(sigmaHmax.*cosd(alpha).^2+sigmahmin.*sind(alpha).^2-

sigmav).*sind(2.*a); 

 

 

Pp=0.433; % Pp is the pore pressure 

 
%     sigmar=Pw-Pp; 
%     sigmateta=sigmaxmax+sigmaymax-2*(sigmaxmax-

sigmaymax)*cosd(2*teta)-4*tauxy*sind(2*teta)-Pw-Pp; 
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%     sigmaz=sigmazmax-poissonratio*(2*(sigmaxmax-

sigmaymax)*cosd(2*teta)+4*tauxy*sind(2*teta))-Pp; 
%     taurteta=0; 
%     tautetaz=2*(-tauxz*sind(teta)+tauyz*cosd(teta)); 
%     taurz=0; 

 

 
alpha=0:60:360; a=30; poissonratio=0.2506; 
% New Model Compressive Stress 
AA=sigmaxmax+sigmaymax+2.*(sigmaxmax-sigmaymax).*cosd(2*teta)-

4.*tauxy*sind(2.*teta); 
BB=sigmazmax+poissonratio.*(2.*(sigmaxmax-

sigmaymax).*cosd(2.*teta)+4.*tauxy.*sind(2.*teta)); 
DD=sigmaxmax+sigmaymax-2.*(sigmaxmax-sigmaymax).*cosd(2.*teta)-

4.*tauxy.*sind(2.*teta); 
EE=sigmazmax-poissonratio.*(2.*(sigmaxmax-

sigmaymax).*cosd(2.*teta)+4.*tauxy.*sind(2.*teta)); 

 
% Tensile Failure equations 

 
q=(1+sind(phi))./(1-sind(phi)); C=0.1037; 
ucs=(2.*C.*cosd(phi))./(1-sind(phi)); 
Pwf1=(ucs+q.*DD+Pp.*(1-q))./(1+q); 
Pwf=Pwf1./0.052; 
%     Pwf2=(ucs+q.*EE+Pp.*(1-q)); 
%     Pwf3=(1./q).*((ucs-EE+Pp.*(1-q)))+D; 
%     Pwff=[Pwf1 Pwf2 Pwf3]; 

 
% Compressive Failure equattions 
Pwb1=((BB-Pp.*(1-q))-ucs)./q; 
Pwb=Pwb1./0.052; 
%     Pwb2=(AA-ucs-Pp.*(1-q))-BB.*q; 
%     Pwb3=((AA-Pp.*(1-q))-ucs)./(1+q); 
%     Pwbb=[Pwb1 Pwb2 Pwb3]; 

 
% Optimum Mud Weight 
Opt_Mud=(Pwf+Pwb)./2; 

 
figure(2) 
n=plot(alpha,Pwf, 'y') 
holdon 
m=plot(alpha, Pwb, 'r') 
holdon 
k=plot(alpha,Opt_Mud, 'b') 
xlabel('Azimuth (Deg)') 
ylabel('Mud Weight (ppg)') 
gridon 
set(k,'LineWidth',2); 
set(m,'LineWidth',2); 
set(n,'LineWidth',2); 
title('Mud Weight Versus Azimuth @ constant Inclination') 
legend('Fracture Gradient', 'Shear Failure Gradient', 'Optimum Mud 

Weight') 

 
axis([0 360 0 34]) 
set(gcf,'paperpos',[0 0 3 2.25]) 
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Appendix C: Effective Stress Distribution in Radial Direction 

 

R=0.492; pi=180; phi=30 
%% Equations 
%  teta=(pi/4)+(phi/2) 

 
alpha=113;  ; poissonratio=0.2506; a=90; 

 
sigmaHmax=0.8464; sigmahmin=0.6297; sigmav=0.8494 
        

sigmaxmax=(sigmaHmax.*cosd(alpha)^2+sigmahmin*sind(alpha)^2).*cosd(a

)^2+sigmav*sind(a)^2 
sigmaymax=sigmaHmax*sind(alpha)^2+sigmahmin*cosd(alpha)^2 
        

sigmazmax=(sigmaHmax*cosd(alpha)^2+sigmahmin*sind(alpha)^2)*sind(a)^

2+sigmav*cosd(a)^2 
tauxy=0.5*(sigmahmin-sigmaHmax)*sind(2*alpha)*cosd(a) 
tauyz=0.5*(sigmahmin-sigmaHmax)*sind(2*alpha)*sind(a) 
tauxz=0.5*(sigmaHmax*cosd(alpha)^2+sigmahmin*sind(alpha)^2-

sigmav)*sind(2*a); 

 
 Pw=0.575; 
%% Equations 
R=0.492; r=R:0.12:5*R; 
requation=R./r; 
rplot=r./R; 

 
teta=90; 
Pp=0.433; 

 

 

sigmar=((sigmaxmax+sigmaymax-2*Pp)/2).*(1-(R.^2./r.^2))+((sigmaxmax-

sigmaymax)./2).*(1-((4.*R.^2)./r.^2)+... 
    ((3.*R.^4)./r.^4)).*cosd(2.*teta)+tauxy.*(1-

((4.*R.^2)./r.^2)+((3.*R.^4)./r.^4)).*sind(2.*teta)+(Pw-

Pp).*(R.^2./r.^2); 

 
sigmateta=((sigmaxmax+sigmaymax-2*Pp)/2).*(1-

(R^2./r.^2))+((sigmaxmax-sigmaymax/2))*(1-(3*R^4./r.^4)+... 
    (3*R^4./r.^4)).*cosd(2.*teta)+tauxy*(1-

(3*R^2./r.^4)+(3*R^4./r.^4)).*sind(2.*teta)-(Pw-Pp).*(R^2./r.^2); 
sigmaz=sigmazmax-Pp-2*poissonratio*(sigmaxmax-

sigmaymax)*(R^2./r.^2).*cosd(2.*teta)-

4*poissonratio*tauxy*(R^2./r.^2).*sind(2.*teta); 
taurteta=((((sigmaxmax-

sigmaymax)/2)).*sind(2.*teta)+tauxy.*cosd(2.*teta)).*(1+(2*R^2./r.^2

)-(3*R^4./r.^4)); 
taurz=(tauyz.*sind(teta)+tauxz.*cosd(teta)).*(1-(R^2./r.^2)); 
tautetaz=(-tauxz.*sind(teta)+tauyz.*cosd(teta)).*(1+(R^2./r.^2)); 

 
figure 
n=plot(rplot,sigmar,rplot,sigmateta,rplot,sigmaz) 
xlabel('r/R hole') 
ylabel('Effective Stress (psi/ft)') 
title('Stress Distribution in Radial Direction 

(teta=90,inclination=90,Pw=0.575') 
legend('Radial Stress','TangentialStress','Axial stress') 
set(n,'LineWidth',2); 
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% ylabel('Depth (ft)') 
set(gcf,'paperpos',[0 0 3 2.25]) 
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Appendix D: Effective Stress Distribution around the Well bore 

 

R=0.492; pi=180; phi=30 
%% Equations 
%  teta=(pi/4)+(phi/2) 

 
alpha=113;  ; poissonratio=0.2506; a=30; 

 
sigmaHmax=0.8464; sigmahmin=0.6297; sigmav=0.8494 
        

sigmaxmax=(sigmaHmax.*cosd(alpha)^2+sigmahmin*sind(alpha)^2).*cosd(a

)^2+sigmav*sind(a)^2 
sigmaymax=sigmaHmax*sind(alpha)^2+sigmahmin*cosd(alpha)^2 
        

sigmazmax=(sigmaHmax*cosd(alpha)^2+sigmahmin*sind(alpha)^2)*sind(a)^

2+sigmav*cosd(a)^2 
tauxy=0.5*(sigmahmin-sigmaHmax)*sind(2*alpha)*cosd(a) 
tauyz=0.5*(sigmahmin-sigmaHmax)*sind(2*alpha)*sind(a) 
tauxz=0.5*(sigmaHmax*cosd(alpha)^2+sigmahmin*sind(alpha)^2-

sigmav)*sind(2*a); 

 
R=0.492;  
% r=R:0.12:5*R; 
%   requation=R./r; 
%   rplot=r./R; 
r=0.492; 
r/R; 
teta=0:45:360; 
Pp=0.433; 
Pw=0.957;       

 

sigmar=((sigmaxmax+sigmaymax-2*Pp)/2).*(1-(R.^2./r.^2))+((sigmaxmax-

sigmaymax)./2).*(1-((4.*R.^2)./r.^2)+... 
    ((3.*R.^4)./r.^4)).*cosd(2.*teta)+tauxy.*(1-

((4.*R.^2)./r.^2)+((3.*R.^4)./r.^4)).*sind(2.*teta)+(Pw-

Pp).*(R.^2./r.^2); 

 
sigmateta=((sigmaxmax+sigmaymax-2*Pp)/2).*(1-

(R^2./r.^2))+((sigmaxmax-sigmaymax/2))*(1-(3*R^4./r.^4)+... 
    (3*R^4./r.^4)).*cosd(2.*teta)+tauxy*(1-

(3*R^2./r.^4)+(3*R^4./r.^4)).*sind(2.*teta)-(Pw-Pp).*(R^2./r.^2); 
sigmaz=sigmazmax-Pp-2*poissonratio*(sigmaxmax-

sigmaymax)*(R^2./r.^2).*cosd(2.*teta)-

4*poissonratio*tauxy*(R^2./r.^2).*sind(2.*teta); 
taurteta=((((sigmaxmax-

sigmaymax)/2)).*sind(2.*teta)+tauxy.*cosd(2.*teta)).*(1+(2*R^2./r.^2

)-(3*R^4./r.^4)); 
taurz=(tauyz.*sind(teta)+tauxz.*cosd(teta)).*(1-(R^2./r.^2)); 
tautetaz=(-tauxz.*sind(teta)+tauyz.*cosd(teta)).*(1+(R^2./r.^2)); 

 
figure 
n=plot(teta,sigmar,teta,sigmateta,teta,sigmaz) 
gridon 
xlabel('teta') 
ylabel('Effective Stress (psi/ft)') 
title('Stress Distribution around the wellbore 

(r=0.492,inclination=30,Pw=0.957') 
legend('Radial Stress','TangentialStress','Axial Stress') 
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set(n,'LineWidth',2); 
% ylabel('Depth (ft)') 
set(gcf,'paperpos',[0 0 3 2.25]); 
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Appendix E:  Table 6:Data for plotting Figure31- Wellbore Failures from 

Predicted Mud weight 

 

Pore 

pressure(ppg) 

Fracture 

pressure(ppg) 

Overburden 

Stress(ppg) 

Shear failure 

gradient(ppg) 

Predicted 

Mud weight 

(ppg) 

Depth (ft) 

6.37 

8.21 

8.35 

8.41 

8.49 

8.81 

8.82 

8.82 

8.87 

8.92 

9.29 

9.57 

9.69 

9.78 

10.00 

10.34 

9.27 

9.29 

9.60 

10.20 

10.79 

10.99 

11.29 

11.58 

9.86 

10.00 

14.63 

13.69 
 

9.60 

11.24 

11.40 

11.56 

11.90 

12.30 

12.45 

12.60 

12.75 

12.95 

13.25 

13.42 

13.51 

13.85 

14.19 

14.53 

13.22 

13.24 

13.47 

13.90 

14.41 

14.46 

14.67 

14.88 

16.50 

16.50 

16.20 

16.00 
 

15.60 

15.86 

15.94 

15.98 

16.06 

16.25 

16.27 

16.28 

16.37 

16.51 

16.53 

16.55 

16.62 

16.66 

16.69 

16.72 

16.74 

16.85 

16.99 

17.05 

17.12 

17.18 

17.25 

17.31 

17.37 

17.40 

17.42 

17.44 
 

7.32 

9.44 

9.60 

9.67 

9.76 

10.13 

10.14 

10.14 

10.20 

10.26 

10.68 

11.00 

11.14 

11.24 

11.50 

11.89 

10.66 

10.68 

11.04 

11.73 

12.41 

12.64 

12.98 

13.32 

11.34 

11.50 

16.82 

15.74 
 

9.00 

10.20 

9.34 

9.00 

9.25 

9.35 

9.84 

10.00 

10.50 

11.25 

11.45 

11.65 

11.56 

10.50 

11.00 

11.50 

12.88 

13.62 

14.00 

13.50 

12.00 

12.00 

12.34 

12.75 

13.00 

13.25 

13.00 

13.32 
 

430 

1476 

1804 

1969 

2297 

3181 

3279 

3344 

3764 

4505 

4624 

4712 

5108 

5344 

5480 

5680 

5801 

6475 

7355 

7798 

8281 

8767 

9259 

9756 

10254 

10504 

10753 

10940 
 

 

 


