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ABSTRACT 
 

When a well is drilled, the equilibrium in-situ stress is changed. In order to support the stress 

relief induced by the drilling and to prevent hydrocarbon influx into the cavity, the borehole is 

filled with a fluid. These operations create new stress configurations. The main point in wellbore 

projects is the definition of the drilling fluid density to keep the wellbore stable. The lower 

bound to the fluid density is the collapse stress that is the limit to shearing. The upper bound is 

the fracture stress that limits the tensile failure. The fluid densities between these limits is named 

safe mud weight window. Conventional wellbore stability analysis usually considers the effects 

of shear or tensile failure using failure criteria that are modeled based on the strength of the 

formation. This thesis uses numerical finite element method techniques to simulate cracking 

phenomena that can lead to instability of well configurations within and between shale 

formations that are relevant to oil wells under pressure. The range of critical conditions 

associated with possible crack lengths are established by equating the computed crack driving 

forces to the ranges of published fracture toughness data reported in earlier studies. The ranges of 

pressures associated with upper mud weight drilling pressure are thus established and compared 

with the prediction from empirical theories. 
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CHAPTER ONE 

1.1 Background and Introduction 

Wellbore stability is a serious drilling problem that cost the oil and gas industry over $500 - 

$1000 million each year. It is also reported that shale account for 75% of all formations 

drilled by the oil and gas sector, and 90% of wellbore stability problem occur mainly in the 

shale formations (Lal et al,1999).  

Wellbore instability has become an increasing concern for horizontal and extended reach 

wells, especially with the move towards completely open hole lateral section, and in some 

cases, open hole build-up section through shale cap rocks (Tan et al, 2004). More recent 

drilling innovations such as underbalanced drilling techniques, high pressure jet drilling, re-

entry horizontal wells and multiple laterals from a single vertical or horizontal well often 

give rise to challenging wellbore stability question (Kristiansen, 2004). 

 Over there years model have been developed to solve the problems associated with shale 

instability though limited, the models do not capture the varying mechanical properties over 

the depths of the wells. At present, the mechanical property measurements are made on core 

samples that are expensive to extract and test using convectional mechanical testing 

approach.  Interlaminar fracture in the shale formations is also difficult to model using 

available strength-based models. 

Fracture mechanics approach can be used in determining mechanical properties of rocks such 

as Compressive Strength, Young‟s moduli and fracture toughness using cuttings that are 
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obtain during convectional drilling operations. These approaches give room for measurement 

of rock mechanical properties across layers that are relevant for predicting wellbore stability 

and Interlaminar failure. Results obtained from using this approach can be incorporated into 

modeling software such as ABAQUS CAE 6.12 (teaching Edition) for predicting wellbore 

instability under different drilling conditions.   

This work will focus on mechanical wellbore stability under conditions that result in failure 

in the rock formation due to fracture. Conditions such as mixed mode (axial versus shear) 

loading, mud window weight will be studied to understand their effect on wellbore 

instability. 

1.2 PROBLEM STATEMENT 

Over the years, various models have been developed for tackling the problem of wellbore 

stability, but these models have a number of shortcomings that necessitate this research work. 

Many of the models presently used make the following assumptions that are not necessarily true 

in reality; 

 Rock is a continuous materials, 

 Borehole failure is normally based on single initial failure point. 

 Rock is an homogeneous material 

Many of the models are fanciful and require so many parameters and computation that make 

them less attractive to drillers who are trying to reduce the downtime to the barest minimum. The 
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models depend on data from the core which are usually not real time in tackling the wellbore 

problem. 

1.3 SCOPE of WORK 

This study will focus on mechanical wellbore instability and the following areas will be explore 

1. The effects of mixed mode (axial versus shear) loading conditions that is relevant to 

horizontal and vertical wells. 

2. The effects of notches and cracks will also be explored to provide insights into the 

different types of rock defects that can give rise to wellbore instability. 

3. The SEM image of fractured shales will be studied to get insight the crack propagation of 

the shale materials. 

4. Rock mechanical properties of the shale will be obtained from cuttings rather than core to 

make the analysis near real time for making appropriate drilling and production decision 

on the field. 

5. The results of rock mechanical properties measured will be incorporated into fracture 

mechanics models for prediction of unstable crack growth from notches and cracks that 

can be formed due to hydraulic fracture. 

6. The results of rock mechanical properties measured (Young‟s Moduli, Compressive 

strength and fracture toughness) will also be incorporated into finite element models of 

wellbore structure with horizontal and vertical configuration. The models will be 

developed within a commercial Finite Element Analysis software package, ABAQUS or 

ANSYS to determine the window mud pressure for safe drilling. 
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Over the years, the Rock Mechanics Society has developed various models for predicting 

wellbore instability towards the successful drilling of hydrocarbon wells in oil and gas industry. 

The first model based on rock mechanics was developed by Bradley in 1979. Bradley developed 

borehole failure criteria for the borehole instability problem of inclined wellbores by a semi-

empirical approach. The effect of fluid flow into the formation was not involved in the 

evaluation of stress field on the borehole wall (Hsiao, 1988). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 

 

REFERENCE 

Kristiansen, T.G. (2004): Drilling Wellbore Stability in the Compacting and Subsiding Valhall 

Field,      paper IADC/SPE 87221 presented at the IADC/SPE Drilling Conference, 2-

4 March, Dallas, Texas, U.S.A. 

Lal, M., (1999): Drilling Fluid Interaction and Shale Strength, Paper SPE 62800-MS presented at 

1999 SPE Latin American and Caribbean Petroleum Engineering Conference, 21-23 

April, Carcas, VeneZuela.  

 Tan, C.P., Yaakub, M.A., Chen, X., Willoughby, D.R., Choi, S.K., Wu, B. (2004): Wellbore 

Sability of Extended Reach Wells in an Oil Field in Sarawak Basin, South China Sea, 

paper SPE 88609 presented at the SPE Asia Pacific Oil and Gas Conference and 

Exhibition, 18-20 October, Perth, Australia. 

 

 

 

 

 

 

 

 

 

 

 



6 

 

CHAPTER 2  

2.0 Theoretical Background and Literature Review 

2.1 Wellbore Stability  

Wellbore stability is the term used in the oil and gas industry to describe usable condition of 

the borehole during drilling operations. A usable hole must accommodate logging or any 

open hole evaluation, casing run and any other drilling activities trouble free. Wellbore 

instability occurs when there is either breakout or borehole collapse.  Wellbore is classified 

as either mechanical or chemical depending on the source of the problem. 

2.1.1 Chemical Wellbore Instability 

Chemical wellbore instability, often called shale instability which arise from damaging 

interaction between the rock, generally shale, and the drilling fluid (Martins et al, 1999). 

Flow of water into or out of shales is somewhat similar in mechanism to the flow of water 

through a semi-permeable membrane (osmosis). Osmosis is the flow of solvent (water) from 

a solution containing lower concentration of solute (salinity) into a solution of higher solute 

concentration through a membrane that is permeable to the solvent but not to the solute. The 

pressure required to prevent water from moving through a semi-permeable membrane from a 

solution of low salinity to a solution of high salinity is called osmotic pressure. 

The driving forces involved in solute and solvent transport through a membrane are the 

chemical potential gradients across the membrane. Since these are not measurable quantities, 

driving forces for osmosis are generally related to differences in solute concentration (water 

activities) and pressure across the membrane (Mody et al, 1996).   
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The final equilibrium osmotic pressure, however, not only depends on the difference in the 

activity of the drilling fluid and the shale but also depends on the reflection coefficient. For 

an ideal semi-permeable membrane, the reflection coefficient is equal to unity indicating all 

solute is reflected by the membrane and only water molecules can pass through the 

membrane. When the reflection coefficient is equal to zero, there is no osmotic flow and the 

solute and solvent can flow freely across the membrane.  

Shale is not an ideal semi-permeable membrane to water based solutions because it has a 

range of pore size distribution including wide pore throats which result in significant 

permeability to solute. As the pore size decreases the solute interacts more strongly with the 

pore walls which reduce the permeability of the membrane to the solute. This will result in an 

increase in the reflection coefficient of the shale. 

When the activity of the drilling fluid is lower than the shale activity, an osmotic backflow of 

pore fluid from the formation will reduce the rate of pore pressure increase due to hydraulic 

gradient. If the osmotic backflow is greater than the flow due to hydraulic gradient, there will 

be a net flow of water out of the formation into the wellbore. This will result in the 

dehydration of the formation and lowering of the pore pressure below the in-situ value. The 

associated increase in the formation strength and effective mud support pressure lead to an 

improvement in the stability of the wellbore. However, excessive dehydration of shales can 

cause a decrease in the formation strength which reduces (or may even negate) the wellbore 

stability improvement (Mody et al, 1993). For reflection coefficients of less than unity 

(‟leaky‟ membrane), some solutes are transferred across the membrane system which would 

eventually eliminate the chemical potential/activity imbalance between the drilling fluid and 
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the shale. Hence, osmotic backflow of pore fluid from the formation across a „leaky‟ 

membrane would only provide a temporary mechanism (Chee et al, 1996). 

2.1.2 Mechanical Wellbore Instability 

Mechanical wellbore instability is basically a contest between the strength of the in-situ rock 

and the stresses induced on it while it is being drilled. Key parameters causing mechanical 

instability are orientation and magnitude of in-situ stresses, rock strength and properties and 

drilling practices (Osisanya, 2012). 

Mechanical wellbore instability can be broadly classified as being either tensile or 

compressive. Tensile failure occurs when the pore pressure increases so as to exceed the 

tensile strength of the rock while compressive failure occurs when there is insufficient 

wellbore pressure support. This can lead to sloughing in brittle formation, resulting in 

wellbore enlargement. If the formation behaves plastically, it will flow in the hole resulting 

into hole tightening. Borehole instability problem can therefore be classified into the 

following categories based on the magnitude of the mud weight magnitudes (Lang et al, 

2011). 

     1. Wellbore washout or kicks owing to underbalanced drilling, where the mud weight is 

far less than pore pressure, or a result of drilling in unconsolidated or weak formations. 

     2.       Breakouts or shear failures owing to low mud weight. 

     3.   Losses or lost circulation from high mud weight. 
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     4. Failures or sliding related to pre-existing fractures or drilling-induced formation 

damage. 

 

Mud weight

Mud weight

high

Lost circulationMud lossFunctionalBreakoutCollapse

Mud weight

low

Pore

Pressure

Shear Failure

Gradient

Fracture

Gradient

Tensile

Failure

Safe mud

weight

Splintering/

washout

Shear

failure

In-gauge

Hydraulic fracture  

Figure 2.1: Schematic relationship of mud pressure (mud weight) and wellbore failure (Lang et 

al, 2011). 

 

2.2 Understanding Subsurface Shale 

Shale is a fine-grained sedimentary rock often composed of clay and other minerals.  The 

predominance of clays influences its mechanical properties and typically imparts a strong elastic 

anisotropy. Shales are often rich in organic material called kerogen which acts as a source during 

hydrocarbon generation. Shale formations are interesting to the oil and gas industry because they 

host vast natural gas and oil resources. Gas flows to the wellbore primarily through natural and 
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induced fractures. The natural fractures are caused by tectonic forces, desiccation and 

hydrocarbon generation while the process of hydraulic fracturing stimulates and induces 

fractures. 

 The distinguishing features of shale (of interest to oil industry) are its clay content, low 

permeability (independent of porosity) due to poor pore connectivity through narrow pore throats 

(typical pore diameters range 3 nm-100 nm with largest number of pores having 10 nm 

diameter), and large difference in the coefficient of thermal expansion between water and the 

shale matrix constituents.  

 

Figure 2.2: Sketches Illustrating the Principal Volumetric Components of Shale (Potter et 

al, 1984) 

2.3 Wellbore stresses – model development In Oil Well 

The rock formation is in a state of equilibrium until a wellbore is drilled. The stresses in the earth 

under these conditions are known as the far field stresses (σv, σH, σh) or in-situ stresses (Gaurina, 
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1994). When the well is drilled, the rock stresses in the vicinity of the wellbore are redistributed 

as the support originally offered by the drilled out rock is replaced by the hydraulic pressure of 

the mud. The stresses can be resolved into a vertical or overburden stress, σv, and two horizontal 

stresses, σH (the maximum horizontal in-situ stress), and σh (the minimum horizontal in-situ 

stress), which are generally unequal (Figure 2.3) (McLean et al, 1990). 

 

Figure 2.3: In-situ stresses 

If the redistributed stress state exceeds the rock strength, either in tension or compression, then 

instability may result. Figure 2.4 shows the wellbore stresses after drilling. These are described 

as radial stress σr, tangential stress (circumferential or hoop stress) σt, and axial stress σa. The 

radial stress acts in all directions perpendicular to the wellbore wall, the tangential stress circles 

the borehole and the axial stress act parallel to the wellbore axis (McLean et al, 1990). 
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Figure 2.4: Stress distribution around a wellbore 

 

The models vary from simple elastic models to more elaborated elastic-plastic models. Morita 

(2004) proposed an analytical procedure based on elasticity to evaluate the stress state around the 

borehole. In order to evaluate the potential for wellbore stability a realistic constitutive model 

must be used to compute the stresses and/or strains around the wellbore. The computed stresses 

and strains must then be compared against a given failure criterion. The most used shear failure 

criteria are Drucker-Prager, Morh-Coulomb, Modified Lade criterion (Ewy et al, 1998) or Hoek 

and Brown (Zang et al,2007). Tensile criterion usually consists in the comparison of the 

minimum effective stress to the tensile strength of the rock (Michel et al, 2010). 

  

These models are considered very conservative, since attaining the limit stress in a point around 

the borehole does not necessarily imply instability. Numerical methods based on plasticity 

theory, such as finite difference or finite elements methods present the advantage of showing the 

extent of the damage region, leading to better indicator of instability. These models usually 
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consider two kinds of failure around the wellbore: shear failure and tensile failure. The models 

became more complex, as they incorporated other physical phenomenon associated with 

instability: poroelastic models (Detourney et al, 1993), thermoporoelastic models (Wang et al, 

2003), chemo-thermoplastic model (Yu et al, 2003). 

2.3.1 Orientations of breakouts and induced fractures 

 Schematic cross-section of a wellbore showing the orientation of breakouts and induced 

hydraulic and centerline fractures relative to the borehole perpendicular in-situ earth stress 

components. Broken-out or missing material is shown in dark gray. In most of the world one of 

the three principal stresses is oriented vertically, which requires the other two to be oriented 

horizontally. However, inclined stress fields do occur, especially in tectonically active areas. 

Breakouts form in response to the minimum and maximum stress components that are oriented 

perpendicular to the wellbore. Note that these components may or may not be principal stresses 

depending on the orientation of the wellbore relative to the in-situ stress field. Induced fractures 

tend to form perpendicular to the least principal stress; so that well-developed, borehole-parallel 

induced fractures form when 3 (the minimum principal stress) is oriented perpendicularly to the 

borehole. Hydraulic induced fractures tend to be inclined to the wellbore when 3 is inclined to 

the wellbore, although they may not form perpendicular to 3 in this case. Imagine that Figure 1 

is a cross-section of a vertical well. In a normal faulting stress regime, min = 3 and max 

= 2. In a strike-slip faulting stress regime, min = 3 and max = 1. In a reverse faulting 

stress regime, min = 2 and max = 1. 

 

Figure 2.5: Direction of the maximum and minimum horizontal stresses 
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2.4 Prior Work on Wellbore Instability Modeling 

Ong S. H. and J.C. Roegiers (1993) presented an anisotropic model for calculating the stress 

around wellbore. They concluded that the borehole collapse is a manifestation of shear failure, 

which in a horizontal wellbore, is significantly affected by high degrees of rock anisotropy, high 

in-situ stress anisotropy, and excessive cooling of the wellbore. According to Ong S. H. et al, 

pore pressure and porous elastic constant also affect the shear failure but the effect is less 

pronounced. 

Morita and Ross (1993) suggested acquiring cores from vertical wells for the purpose of 

borehole stability analysis before drilling a highly inclined well or horizontal well. However, 

acquiring cores from shale intervals from a wide depth range for the purpose of borehole stability 

analysis could be very expensive. The application of nano-technology to drilled cutting provides 

a more cost effective approach to solve the problem of borehole stability while drilling. 

Wong S.W., et al (1994) proposed Thick-Walled-Cylinder Strength Tests (TWC) that involved 

taking cores. Their method was used in deriving the necessary mechanical data used in borehole 

stability analysis for drilling horizontal well in North Sea. Based on their study, the elastic/brittle 

model prediction is unrealistically conservative. Nevertheless, the model qualitatively indicates 

the solution‟s sensitivity to different field input parameters. According to the authors, the TWC 

empirical approach is a new, simple method that provides a quick, qualitative borehole stability 

assessment. Elastoplastic analysis gives a realistic mud weight prediction, but it is the most 

expensive test to perform. 
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In 1991, lost time (Lowrey and Ottesen, 1995) due to stuck pipe related drilling problems 

accounted for approximately 18 % of total drilling time in Mobil Producing Nigeria (MPN) 

offshore operations. The primary cause of stuck pipe was identified as mechanical wellbore 

instability. In order to solve this problem, MPN has to carry out borehole stability study and the 

result was productive. Data acquisition involved taking conventional cores in the zone of interest 

which could make the cost of borehole stability study unattractive. 

Marisela, et al (1996) used borehole stability 2-D model to analyse the borehole condition under 

open hole completion in Venezuela. A 2-D finite element model was developed with a 

generalized plasticity constitutive equation. A safe drawdown to prevent failure was determined 

and the well was completed open hole without any production liner. The well produced above 

the estimated potential without any sanding or stability problems. Cui L. and Abousleiman Y. 

developed 3-D model that coupled the pore fluid flow with the rock matrix. This model can be 

used to analyse borehole stability condition under production. 

Fung L. S. K. et al (1996) also developed a finite element elasto-plastic model that can perform 

effective stress analysis of the near wellbore tensile and shear failure. Their model is capable of 

handling extremely low confining stresses in unconsolidated formation. As plastic yielding 

occurs at relatively low deviatoric confining stress condition, it is not a good indication of 

wellbore failure in terms of loss of service. They, therefore, developed a more realistic criterion 

based on the accumulated plastic strain. The model was successfully used to analyze the stability 

of two horizontal wells with open-hole completion in unconsolidated oil sand. 

For modeling naturally fractured reservoirs (Zhang J. and J-C. Roegiers, 2000), the dual porosity 

poroelastic model is effective and accurate to characterize stresses as well as flow fields. They 
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developed a generalized plane strain and dual porosity finite element solution for analyzing 

horizontal borehole stability. Their results show that horizontal borehole stability depends 

strongly on the in-situ stress state, the borehole orientation, time, drilling fluid pressure and 

fracture characteristics. 

Finkbeiner T. et al (2000) presented a case study of drilling and completing horizontal well in the 

shallow unconsolidated oil field of California. The evaluation of rock strength and the tectonic 

stress revealed that the maximum horizontal stress is greater than the overburden stress. 

Maximum horizontal compression is oriented N60
o
E. The borehole stability of the horizontal 

well is predominantly controlled by the extremely weak reservoir rock. Through, the borehole 

stability, they predicted borehole collapse during production for open hole completion. The 

borehole stability analysis was also used to select the type of completion (60 mesh slotted liner) 

and the horizontal well produced successfully without sand problems. 

Morita N. et al (2004) presented their study on “Well Orientation Effect on Borehole Stability”. 

They came up with the following conclusions: Actual rocks are not linear elastic materials. 

Before a borehole collapses, the non-linearity of the rock deformation becomes significant; The 

significant nonlinearity reduces the stress concentration induced by directional in-situ stresses; In 

addition, an oriented borehole has a non-uniform stress or stress gradient around a borehole. The 

stress gradient reduces the stress concentration area, and the smaller size of stress concentrated 

region is less liable to failure due to the size effect. Wellbore remains stable after significant 

borehole breakouts are induced. Well stability is dominantly controlled by the maximum radial 

stress after local failures rather than the ratio of radial principal stresses. 
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Depending (Simangunsong R. A. et al, 2006) on the source of the problem, wellbore instability is 

classified as either mechanical or chemical. Chemical wellbore instability, often called shale 

instability, is most commonly associated with water adsorption in shaly formations where the 

water phase is present and can cause borehole collapse. In contrast, mechanical wellbore 

instability is caused by applying mud of insufficient weight, which will create higher hoop 

stresses around the hole-wall. Hoop stresses around the hole-wall are often excessively high and 

result in rock failure. The most rapid remedy for this instability is to increase the mud weight 

and/or adjust the well trajectory for high-angle wells. The mechanical instability occurs as soon 

as the new formation is drilled, but chemical instability is time dependent because shales are 

subject to strength alteration once exposed to different drilling fluids. A series of experimental 

studies led to the conclusion that shale strength decreases with time when the shale is exposed to 

most drilling fluids. Despite the tendency of shale to experience chemical instability, it can also 

experience mechanical instability simultaneously, which can lead to a more complex problem. 

Mody F. K. et al, (2007) presented the need for a sustainable deployment of geomechanics 

technology to reducing well construction costs. The major hurdles in borehole stability studies 

currently are often due to, but not limited to, the following factors: 

1. The majority of easily accessible oil and gas reservoirs have already been exploited. The trend 

in hydrocarbon exploration is steadily moving to deeper and more complex environments (e. g., 

in deep water, sub-salt HPHT and other challenging environments). 

2. Data regarding rock mechanical properties, in-situ stress states and geological structures 

cannot be accurately defined and are often provided with large uncertainties. 
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3. Well engineers, petro physicists and drillers who are directly involved in well delivery may 

not have adequate time and training in identifying and managing borehole (in) stability issues. 

4. Due to lack of resources and time constraints, well operations After Action Reviews typically 

gets lower priority and as a consequence these learning‟s may not be well documented. 

Mody F. K. et al, (2007) also stated that borehole stability related downtime associated with well 

construction is typically 10-15 % of the total well cost and about 50 % of total non-productive 

time. 

Drilling horizontal wells, single and multilateral, is a common practice for Saudi Aramco (Rba‟a 

A. S. et al, 2007). For effective drilling and reservoir management, a borehole stability study was 

carried out to identify optimum mud weight and well azimuth to place long reach horizontal 

wells, so as to minimize the risk of stress-induced borehole breakouts, optimize drilling mud 

weights aid in making informed decision about adequate completion design, and ensure 

sustainable production under depletion mode. They concluded that under undepleted conditions, 

horizontal wells should be drilled with oil-based mud parallel to the field-derived maximum 

principal horizontal stress azimuth in order to maximize borehole stability and minimize required 

mud weights during drilling and completion. 

Sinha B. K. et al (2008) presented an algorithm on how to estimate the rock stresses from 

borehole sonic data. Their work is only for sand reservoirs. It should be noted that most of the 

borehole stability problems occur in shale. 

Nguyen and Abousleiman (2009) developed an analytical poro-chemo-thermo-elastic solution 

for an inclined wellbore that coupled transient chemical and thermal effects on shale stability. 
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The shale is modeled as an imperfect semi-permeable membrane which can allows partial 

transport of solutes. In addition to chemical osmosis, both solute transport and thermal effects are 

taken into account to realistically model field condition. 

Furui K. et al (2009) used borehole stability analysis approach to investigate the causes of 

production liner deformation for inclined/horizontal wells completed in a highly compacting 

chalk formation. Based on the review of historical caliper survey data, they ascertain that the 

axial compression collapse is a major liner deformation mechanism in the reservoir zones. Axial 

compression collapse has been found in both low-angle wells (also build up sections horizontal 

wells) and horizontal laterals. The casing deformation in low-angle section are due to reservoir 

compaction (i.e., change in the vertical formation strain) while the deformation in horizontal 

sections are primarily induced by increased axial loading due to cavity deformation. The 

completion practice using cluster perforations and high volume acid treatments causes vertically 

enlarged cavities resulting in poor radial constraint. 

Soreide O. K. et al (2009) study the effect of anisotropy on shale borehole stability in high 

pressure and high temperature well. They concluded that the effect of anisotropy is most 

pronounced when drilling at high inclination angles near parallel to the bedding. A mixture of 

failure modes may then appear. 

Li S. and Purdy C. (2010) in their study on how to estimate maximum horizontal stress proposed 

two methods. The first method is based on a generalized Hooke‟s law with coupling the 

equilibrium of three in-situ stress components and pore pressure. They believed that this new 

technique can reduce the uncertainty of in-situ stress prediction by narrowing the area of the 
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conventional polygon of the in-situ stresses. The second method involves the analysis of drilling-

induced near-wellbore stresses and breakouts by using Mohr-Coulomb failure criterion. 

Lang J. et al (2011) concluded that the work flow for wellbore stability modeling should consider 

bedding planes, rock anisotropy and pressure depletion. With the consideration of these factors, 

the wellbore model enables the calculation of wellbore failures along borehole trajectories with 

various drilling orientations versus bedding directions. 

2.5 Introduction to the Theory of Fracture Mechanics 

Fracture mechanics is the field of solid mechanics that deals with the behaviour of cracked 

bodies subjected to stresses and strains. These can arise from primary applied loads or secondary 

self-equilibrating stress fields (e.g. residual stresses). The power of fracture mechanics really lies 

in the fact that local crack tip phenomena can, to a first order, be characterized by relatively 

easily measured global parameters, e.g. crack length and nominal global stress (calculated in the 

absence of the crack), together with finite geometry correction factors (Mustapha, 2010). 

Concepts in the field of fracture mechanics can be used in the failure analysis in wellbore by 

incorporating rock mechanical properties in to fracture mechanics models.  

Fracture mechanics can be divided into linear elastic fracture mechanics (LEFM) and elastic-

plastic fracture mechanics (EPFM). LEFM is applies when the nonlinear deformation of the 

material is confined to a small region near the crack tip (http://www.efunda.com). It assumes that 

the material is isotropic and linear elastic. Based on this assumption, the stress field near the 

crack tip is calculated using the theory of elasticity. When the stresses near the crack tip exceed 

the material fracture toughness, the crack will grow. For brittle materials such as rocks, it 

accurately establishes the criteria for catastrophic failure. In the presence of inelastic 

http://www.efunda.com/
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deformation, LEFM is valid only when the size of such deformation is small compared to the 

size of the crack (i.e., when small scale yielding occurs) (Soboyejo, 2008).  

EPFM is employed when large zone of plastic deformation develops before the crack propagates, 

as experienced in ductile materials. It assumes isotropic and elastic-plastic materials. Based on 

this assumption, the strain energy fields or opening displacement near the crack tips are 

calculated. When the energy or opening exceeds the critical value, the crack will grow. It should 

be noted that although the term elastic-plastic is commonly used in this approach, the material is 

merely nonlinear- elastic (http://www.efunda.com). In other words, the unloading curve of the so 

called elastic-plastic material in EPFM follows the original curve, instead of a parallel line to the 

linear loading part, which is normally the case for true elastic-plastic materials. This is illustrated 

figures below 

     

Fig 2.6: Sketches of Stress versus Strain in LEFM and EPFM (http://www.efunda.com) 

 

2.5.1 Fracture and Modes of Fracture     

Instability modeling can be considered from the point of crack propagation in the rock formation. 

Fracture in materials including rocks occurs in three different modes depending on the direction 

of failure. These are illustrated schematically in Figure. 5. Mode I [Fig. 5(a)] is generally 

referred to as the crack opening mode. It is often the most damaging of all the loading modes. 

Mode II [Fig. 5(b)] is the in-plane shear mode, while Mode III [Fig. 5(c)] corresponds to the out-

http://www.efunda.com/
http://www.efunda.com/
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of-plane shear mode. Each of the modes may occur separately or simultaneously. Combinations 

of modes are referred to as mixed-mode loading (Soboyejo, 2008). 

 

Figure 2.7: Modes of crack growth: (a) Mode I; (b) Mode II; (c) Mode III. 

 

2.5.2 FRACTURE TOUGHNESS 

During the application of fracture mechanical principles, an expression which relates the critical 

stress  during crack propagation to the crack length (a) was developed. This expression is 

written as: 

 ------------------------------------------------------------------------ 2.0 

The above expression, Kc is known as the fracture toughness or the stress intensity factor. It is a 

property that is a measure of a material‟s (rock) resistance to fracture when a crack is present. It 

also provides a numerical value, which quantifies the magnitude of the effect of the stress 

singularity at the crack tip. Fracture toughness has an unusual unit of MPa  or Psi  for oil 

field data (Callister, 2007). 
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Y is a function of the crack length (a), and width, (W). It is a dimensionless parameter that 

depends on the size and geometry of the specimen. It also depends on the manner in which the 

load is applied. This function is also known as geometry function. Geometry functions for 

various fracture mechanics can be found in fracture mechanics handbooks. 

Since the stability of well bore structures can be determined by the growth of crack in rocks, or 

by the growth of interfacial crack in shale structures, a special effort will be made to study the 

depth dependence of rock fracture toughness and interfacial fracture toughness (Soboyejo et al 

2008). The fracture toughness measurement will be performed on Chevron notched and Brazil 

disk specimen geometries. The Chevron notched and Brazil disk specimens will be used to 

measure the mode I fracture toughness levels, while the Brazil disk specimen geometry will be 

used to measure the mode mixity dependence on fracture toughness between pure mode I and 

pure mode II (Shetty D. K,1989). 

Furthermore, since  the International Society for Rock Mechanics (ISRM) has proposed the use 

of Chevron notched specimens for testing of rock fracture toughness for the core-based 

specimens, chevron notched specimens will be tested as controls under mode I conditions. In any 

case, the depth dependence of rock fracture toughness and interfacial fracture toughness will be 

measured for horizontal and vertical wells that are representative of those found in the Niger 

Delta.  
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                       a                                                                          b 

Figure 2.80: Schematic description of the Brazilian disk   Figure 2.81: U and V 

displacement fields for mode I (0°) loading. 

The Brazil disk specimen Figure 6a was developed originally in 1947 to determine the fracture 

toughness of rocks. Early versions of the specimen were approximately 2 inches in diameter and 

a thickness equal to the radius. Subsequent researchers developed a “flattened” center crack disk 

type specimen. This newly developed specimen which was much thinner and had a pre-existing 

crack at the center proved to have many advantages and soon became a very popular testing tool 

in fracture mechanics. Since the specimen provides a wide range of mode mixity, considerable 

material property information can be obtained from one specimen geometry, over a range of 

stress states that are relevant to horizontal and vertical wells. 

 

2.6 Nano-indentation Measurement of Mechanical Properties 

Nano-indentation testing (NIT) has been developed over the past two decades. It employs high 

resolution electronic instrument to control and monitor loads and displacement of an indenter as 

it is driven into a specimen (Hay and Pharr, 2000). In this technique, small loads and tip sizes are 

used so indention area can be as small as few micrometers to a few nanometers. Mechanical 
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properties like, Young‟s modulus and hardness, Fracture toughness can be derived directly from 

load and measurements without imaging impressions (Oliver and Pharr, 2004). 

 

Nano-indentation will be utilized initially for the measurement of the Young‟s moduli of rock 

samples that will be obtained from different depths in selected horizontal, vertical and inclined 

wells in the Niger Delta. The technique (Jorge Ramirez, 2010) involves the use of an indenter 

tip, of known geometry, in the indentation of spectra sites within a material. After loading and 

holding at a present maximum load, the load is reduced until complete relaxation occurs. The 

procedures for instrumented indentation are summarized in ASTM E2546 and ISO 14577   

[www.astm.org/Standards/E2546.html]. The technique has been used to measure the elastic-

plastic properties of a wide range of materials over the past few decades. Contact mechanics 

models have also been developed to interpret measured load-displacement data. During 

indentation, the load is applied by a piezo-actuator and measured in a controlled loop with a high 

sensitivity load cell. The position of the indenter relative to the sample surface is also precisely 

monitored with high precision capacitive sensor. The resulting load/displacement curves provide 

data specific to the deformation response of the material under examination. Established models 

[Jorge Ramirez, 2010] are then used to calculate hardness and modulus values for such data. 

 

The Berkovich indenter will be utilized for Young Moduli and Rock‟s Hardness measurement. 

Multiple nano-indentations will be obtained at different depths in an effort to study the possible 

variations in rock mechanical properties of the oil well formation. 
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2.6.1 Theory of Nano-Indentation 

Nano-indentation test involves indenting a specimen by a very small load using a high precision 

instrument, which records the load and displacement continuously. The mechanical properties of  

thin films coatings and  substrates can be derived from the measure load-displacement 

loading/unloading curve through appropriate data analysis. These tests are based on new 

technologies that allow precise measurement and control of the indenting forces and precise 

measurement of the indentation depths (Agilent Technology, 2009). 

In nano-indentation, a prescribed load is applied to a pyramidal or spherical indenter or other 

shapes in contact with the specimen surface. As load is applied to the indenter, the depth of 

penetration into the specimen is measured. A nano-indentation test instrument provides 

experimental results in the form of a load-displacement curve for the loading and the unloading  

parts of the indentation process as shown in Figure 2.1. An analysis of the unloading data 

provides a value for the depth of the circle of contact at full load.  The area of contact at full load 

is determined from the known angle or radius of the indenter. The hardness is derived by 

dividing the load by the area of contact. The slope of the unloading curve provides a measure of 

elastic moduli (Ahmadov et al, 2009). To make accurate measurements by indentation 

experiments, the contact areas of the indentations must be precisely known. 

 

2.6.2 Description of Indentation Process (Oliver and Pharr Method) 

Force is applied on pyramidal shaped diamond indenter (Berkovich indenter) and indenter is 

forced into the specimen (Figure 2.7). This causes both elastic and plastic distortion according to 

the geometry of the indenter to the contact depth hc as shown in (Figure 2.10). Topography of an 

indentation on fused silica is shown in Figure 2.8. When force is retracted, only elastic 
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component of the displacement is regained; using this 15 elastic recovery, one can calculate 

elastic properties, like Young‟s modulus and hardness of material. This technique can be applied 

to different types of indenter tips with axisymmetric geometries including spheres, conical and 

conical indenter (Oliver and Pharr, 2004). Berkovich indenter has been used in this study. 

 

 

Figure 2.90: Indentation on specimen. Force in the range of mN used for the indentation. 

 

 
Figure 2.91: Survey scanning image of an impression on fused silica generated by nano-

indenter. Radius of impression is 14 microns (Vickas, 2012) 
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Steps to Calculate Young’s Modulus and Hardness 

 

1. The first step in the calculation involves the generation of continuous loading and unloading 

data as shown in Figure 2.6. Some important parameters in the Figure 2.6 are the maximum load 

and displacement, Pmax and hmax, the residual depth after unloading, hf.  

 

Figure 2.92: Load displacement curve during indentation process. Loading denotes the 

portion of increasing force on specimen, while, unloading denotes portion of decreasing 

force (Oliver and Pharr, 2004). 

2. The second step involves approximation of unloading data by power law relationship:  

 

--------------------------------------------------------------- 2.1 
 

Where and m are power fitting constants, P is the applied load and h is the resulting penetration 

depth. The power law exponent (m) lies in the range of 1.2≤m≤1.6. Generally, upper 25% of 

unloading data is used to determine the equation (2.1). 
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3. The contact stiffness, S, is determined by analytically differentiating equation (2.1) at 

maximum depth of penetration h = hmax and given by equation  

------------------------------------------2.2 

4. Fourth step involves determination of depth over which indenter remains in contact with 

specimen. This contact depth, hc, is different from total penetration depth hmax as shown in Figure 2.6. 

Berkovich indenter can be modeled using conical indenter with half angle,  . This 

calculation does not take into account the pile up of material occurring at the periphery of elastic- 

plastic matter. Assuming, pileup to be negligible, the amount of sink-in, hs, is given by  

 ----------------------------------------------------------------- 2.3 

Where is a constant and depends on the geometry of the indenter, Pmax = maximum applied load, 

.  for Berkovich indenter (Oliver and Pharr, 2004). 

Using the equation (2.3) in Figure 10, the depth of contact, hc, between indenter and specimen is 

given by  

 ---------------------------------------------------- 2.4 

 

Figure 2.93: Front view of indenter impression during maximum load application and after 

load removal. hf is the residual depth after unloading, h is the total depth at maximum load 

and  is the indenter half angle. (Oliver and Pharr, 2004) 



30 

 

5. After calculation of contact depth hc, projected area of contact is determined by an empirically 

calculated area function at the depth hc.  

 ---------------------------------------------------------------------2.5 

This area function is also called indenter shape function, which should be carefully calibrated so 

that departure from non-ideal geometry can be taken into consideration. These departures can be 

significant near the Berkovich indenter tip, where rounding happens due to grinding process 

during indentations after some time (Oliver and Pharr, 2004). 

6. After calculation of the contact area, the hardness is calculated using following equation. 

  ---------------------------------------------------------------------------------- 2.6 

 

7. Finally, measurement of the elastic modulus is done using the relationship between the contact 

areas and unloading stiffness using equations 2.5 and 2.7  

 --------------------------------------------------- 2.7 

Where  is the effective elastic modulus 

Equation 2.7 is a general equation applicable to any type of symmetric indenter. Originally, was 

taken as unity; however it was shown later that even for axisymmetric rigid cone cone indenter, 

it can deviate significantly from unity (Oliver and Pharr, 2004). 

= 1.034 for the Berkovich indenter. Now calculated E* is used in equation 2.8 to calculate Young‟s 

modulus, Ei, of specimen. 

 ---------------------------------------------------------------- 2.8 

The effective elastic modulus considers the fact that displacement takes place in both the 

specimen, with Young‟s modulus  and poisson‟s ratio  , and the indenter, with elastic 

constants and  for diamond, = 1141GPa and  = 0.07 .  
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While it may seem counterintuitive to use Poisson‟s ratio to compute elastic modulus, even a 

rough estimate of Poisson‟s ratio produces little uncertainty in the elastic moduli of the most 

materials.  

Although the nano-indenter can accommodate any indenter type, the Berkovich geometry is 

generally preferred for hardness and Young‟s modulus measurement. The Berkovich indenter is 

preferred because plasticity is produced at low load; it has good manufactured quality and 

minimizes the influence of friction. 

The use of nanoindentation for determination of mechanical properties of shale was carried out 

by Vikas Kumar. Indentation was used to determine the mechanical properties of different shale 

cutting. 

 

Shale Play  Average Ei  Average H  

Woodford 41 12 1.4 1.3 

Barnett 50 10 1.4 0.5 

Haynesville 47 15 1.1 0.6 

Eagle Ford 41 9 0.8 0.3 

Ordovician 49 4.5 1.2 0.2 

Kimmeridge 7.4 3 0.3 0.04 

 

Table 2.0.0: Summary of average indentation Young’s Modulus and average hardness with 

standard deviation ( for different shale plays (Vikas, 2012) 
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2.7 Finite Element Analysis 

The measurements of Young‟s Moduli, compressive strength and fracture toughness will be 

incorporated into finite element models of wellbore structures. The models, which will be 

developed within commercial software package ABAQUS CAE 6.12 (teaching edition), will 

include formation layers within actual properties obtained from the indentation and fracture 

toughness experiments. The initial simulation will explore the effect of hydrostatic pressure due 

to drilling operations. The underlying rock stress distributions and crack driving forces will be 

computed for the layered structure under well controlled hydrostatic stress conditions. The 

program will then apply conventional Mohr-Coulomb criteria and fracture mechanics approaches 

to the determination of critical conditions for well bore instability and hence the drilling fluid 

window for optimal drilling and production operations. The insights from these simulations will 

be used to develop guidelines for the use of indentation and fracture mechanics properties in the 

design of well bore stability in horizontal and vertical wells in the Niger Delta.  
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Chapter 3 

3.0 Analytical and Computational Modelling of Wellbore 

3.1 Introduction 

Oil wells are made of shale formation of varying composition that occurs in layers has one go 

down the well. In order to understand the failure mechanism during drilling, concepts from 

fracture mechanics provide insight into the underlying cause of failure during drilling. In this 

chapter, wellbore stability problem during drilling was modeled analytically with consideration 

of cracks within a formation and between the shale formations. The Critical conditions for 

unstable crack growth are determined by equating numerical finite elements of crack driving 

forces to the published fracture toughness data for shale cracks. The predicted upper mud 

weights pressures are also compared with results are elucidated for the determination of the 

upper pressure ranges during drilling operations.  

3.2 Crack Modeling within a Formation Layer 

For Crack within a layer of shale formation can be described mathematically by considering a 

crack of length 2a in the region of a nominal far field stress of. The mode I stress intensity factor 

is given by (Swamy, 1979): 

   --------------------------------------- 3.0 

Where Y is a non-dimensional function depending on the size and geometry of the crack 

If an oil well is loaded to failure stress  , then the value of the nominal far field stress at the 

onset of failure can be associated with the critical fracture toughness, , for cracks within the 
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shale. Hence, for simple crack formations within the shale structure  can be obtained by 

rearranging equation 3.0 to give:  

   -------------------------------------------- 3.1 

The critical stress intensity factor, , unstable crack growth may also be expressed in terms of 

the energy release rate, G (Bocca et al, 1991 ). These are related through the following expression 

(Barsom et al, 1987).   

  --------------------------------------------- 3.2 

 = E (for plane stress condition) -----------------3.3a 

  (for plane strain condition)------------3.3b 

Furthermore, in general for mixed mode loading conditions, the energy release rate is a scalar 

quantity. Hence, for combined modes I, II and III, the energy release rate and stress intensity 

factors are given by: 

------------3.4 

 

3.3 Interfacial Crack Modeling In Shale Formation 

In brittle materials such as shale formations in oil wells, and crack growth is controlled by the 

crack driving forces and mode mixity levels (cottrel and Rice, 1980; Evans et al, 1999). Fracture 

at the interface is more complex, since crack-tip fields exhibit an oscillating singularity 

(Soboyejo, 2008). Nevertheless the crack driving forces and mode mixity levels can be computed 
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using basic principles in interfacial fracture mechanics. For interfacial crack in a half space, the 

amplitude of the normal and shear stresses at a distance, x, ahead of a plane strain interfacial 

crack are characterized by two stress intensity factors, KI and KII  (Soboyejo, 2008). These are 

given by 

 ----------------------------------------------- 3.5a 

  ---------------------------------------------- 3.5b 

can be calculated using Finite Element Method However, in this case the crack-tip 

field exhibits an oscillating singularity. Furthermore, the crack driving forces can be computed 

using the path dependent J integral, which may be obtained from finite element analyses in 

which the paths are selected to be outside the region of oscillating singularity (Soboyejo,2008). 

Furthermore, for the interfacial crack, the critical cracking condition and the crack paths are both 

affected by the mode mixity, , which defined as 

Ѱ = ----------------------------------------------3.6a 

The mode mixity can also be expressed in terms of the energy release rate G, given by 

Ѱ = ---------------------------------------------3.6b 

In any case, the conditions for interfacial failure in shale formations will correspond to the 

conditions at which the combined energy release rate at the particular mode mixity. 

In the case of interfacial crack, the effective G is given by the average of GI and GII 

 ------------------------------------------3.7 
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 -------------------------------3.8 

 

-----------------------------3.9 

Where the subscripts I and II denotes modes I and II and the subscript 1 and 2 denotes the two 

dissimilar rock formations and   is the critical J-integral.  

3.4. Finite Element Simulation 

Finite Element Analysis (FEA) provides a reliable numerical technique for analyzing 

engineering designs. The process starts with the creation of a geometric model. Then, the 

program subdivides the model into small pieces of simple shapes called elements connected at 

common points called nodes. The process of subdividing the model into small pieces is called 

meshing. Finite element analysis programs look at the model as a network of interconnected 

elements. 

3.4.0. Boundary Condition and Symmetry 

The model consist of a single layer of shale layer for crack within a layer as shown in fig. below 

and two layers of for interfacial crack.  Due to symmetry of geometry of crack within a layer, 

one fourth of the wellbore was modeled as shown in fig. below. The model was constrained in 

the x and y axes to capture the true nature of an oil well. For the purpose of simplicity, 

longitudinal section of an oil well was modeled for interfacial crack as shown in the fig. below. 

Due to symmetry, half of the geometry was modeled as shown in fig.3.0.0 – 3.0.1. The model 

was constrained in the x and y axis respectively. 



42 

 

 

Figure. 3.0.0: Transverse section of well model showing symmetry 

 

Figure. 3.0.1: Transverse section showing one fourth of the wellbore 
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Figure 3.0.2: Longitudinal section of oil well showing the interface between two layers 

 

Figure 3.0.3: Longitudinal section of one half the well for interfacial crack 
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3.4.1 Meshing and Type of Mesh Used 

Meshing is done in stages as a step-by-step development. The region where crack was applied 

was meshed more finely and the mesh was biased towards the tip of the crack for the purpose of 

accuracy during analysis. Quad structured 4-noded solid element was used for meshing. The 

model was analyzed using plane strain conditions. 

 

3.5 Model Validation Using Strength Based Failure Criterion  

For idealization in which the effects of cracking are not considered, tensile failure occurs when 

the stress imposed by drilling mud exceeds the tensile strength of the formation. The extremely 

excessive weight of drilling mud can create hydraulic fracture, which triggers massive 

circulation loss and matrix deformation. The mud weight generated using fracture mechanics 

model presented above will be compared to value predicted by with a simple tensile failure 

criterion (Simangunsong et al., 2006; Zhang et al, 2006). This gives: 

--------------------------------------------- 3.10 

Where the minimum horizontal is stress and   is the pore pressure. These can both be 

obtained from field data. However, in the case of the minimum horizontal stress, it can also be 

estimated from finite element simulations or by idealization of the wall with a thick walled 

cylinder model (Wong et al, 1994). 
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3.6 Lame’s Model for a Thick Wall Cylinder  

  

 

Figure.3.0.4: Thick walled cylinder with open ends  

The pressure loading of a wellbore can be idealized by the classical Lame problem for a thick 

walled cylinder (figure 3.0.0 and 3.0.1). This gives the hoop and radial stresses respectively are 

expressed in terms of the internal and external radius respectively. 

 

Figure.3.0.5: Cross section of thick walled cylinder loaded by internal pressure  
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Where  is the inner radius,  is the outer radius,  is the pressure on the inner face and  is the 

pressure on the outer surface. 

-------------------------3.11a 

--------------------------3.11b 

For the idealization of pressure loading of a wellbore, the external pressure is zero. Under this 

condition, the stress equations are reduced to: 

-----------------------------3.2a 

-------------------------------3.2b 

------------------------------------------3.2c 

Where  is the circumferential or tangential stress ( a positive value is a tensile stress),  is the 

radial stress ( a positive value is a compressive stress) and  is the axial stress and is assumed to 

be zero for easy computation. 
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Chapter 4 

4.0 Results and Discussion 

4.1 ABAQUS Simulation of Crack Within a Layer of Shale 

 

The rock mechanical properties of shale of an oil well obtained from the Niger Delta region of 

Nigeria was incorporated into  (teaching edition). The wellbore stability of 

the well was simulated using Young‟s Modulus of 1.24Psi and internal wellbore diameter of 

9.5in as reported in an oil field data in 2011. The external diameter was 60in for near wellbore 

analysis. The analysis was carried out at crack lengths of 0.2, 0.4, 0.6 and 0.8in respectively. The 

fracture toughness of the shale formation used was 818.89Psi-in*1/2 (Fisher, 1994) with a 

Poisson ratio of 0.25 (oil field data, 2011). 

 

Figure 4.0.0: Wellbore Model before deformation within formation layer 

 



49 

 

 

Figure 4.0.1: Wellbore Model showing point of pressure application for drilling 

 

 

Figure. 4.0.2: Wellbore model after deformation 
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4.2 Stress Intensity Factor Estimate 

The stress intensity factor of the layer of different crack lengths was obtained from Finite 

Element Simulation using  6.12 (teaching version). Table.4.0 summarizes the stress 

intensity factors of the rock formation at different crack lengths.  

 

Table 4.0.0 : Fracture toughness-Pressure data at different crack length 

Pressure (Psi) K1 at 0.2in Crack 

length 

K1 at 0.4in Crack 

length 

K1 at 0.6in Crack 

length 

K1 at 0.8in Crack 

length 

6205.36 223.154 416.365 1017.6 3629.54 

6458.64 455.416 849.724 2076.73 7407.22 

6711.92 696.787 1300.08 3177.4 11333 

6965.2 947.266 1767.43 4319.6 15407 

7218.48 1206.85 2753.11 5503.34 19629.1 

7471.76 1475.55 3271.44 6728.61 23999.4 

7725.04 1753.35 3806.76 7995.41 28517.8 

7978.32 2040.27 3806.76 9303.75 33184.3 

8231.6 2336.29 4376.08 10653.6 37999 

8484.88 2641.42 4928.4 12045 42961.8 

 

4.3 Determination of Upper Bound Mud Weight Pressure for Drilling 

The pressure of the mud for drilling is an important parameter that Petroleum Engineers are 

concern about during drilling. The choice of the drilling pressure determines to a large extent the 

stability of the wellbore during drilling and production. Data generated from the finite element 

modeling the oil well and considering crack in a layer of shale allows for the optimum drilling 
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pressure at different crack lengths. Plots of stress intensity factor against pressure follow by 

interpolation at the fracture toughness value of the shale formation gives the corresponding 

pressure for drilling. Above this pressure the formation fails by fracture. Table 4.0.1 gives the 

drilling pressure at different crack length for a given oil well in the Niger Delta region.  

Also, a plot of stress intensity factors against pressure was generated, as shown in figure 4.0. 

This implies that the stress distribution around the crack region is increases as the crack in the 

layer grows. It becomes important to consider the crack length during simulation to determine 

the upper bound mud weight drilling pressure.  

 

 

Figure 4.0.3 : Plot of Stress Intensity Factor Versus  Pressure (Obtained for Different 

Crack Lengths) 



52 

 

4.4 Effect of Increase in Crack Length on the Drilling Pressure 

The critical drilling pressures obtained by equating the crack driving force to the fracture 

toughness, KIC, presented in the Fig.4.0.4. As the crack length increases, the critical drilling 

pressure reduces. This implies that the failure stress becomes lower and the formation can fail 

easily. Table 4.0.1 and fig.4.0.4 show the relationship between the critical drilling pressure and 

the cracklength, for cracks within the shale structure. In the case of interfacial cracks, the critical 

crack lengths were estimated by equating the energy release rate to the critical rate, GC. The 

results are shown in fig.4.0.9 and table 4.0.4. 

Table 4.0.1: Upper Bound Mud Weight Drilling Pressure - Crack Length Data 

             Upper Bound Mud Weigth Drilling  

Pressure (Psi) 

Crack Length  

(in) 

6819.56 0.2 

6418.00 0.4 

6217.69 0.6 

6096.33 0.8 
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Figure 4.0.4: Plot of Drilling Pressure against Crack Length  

 

4.5 Interfacial Crack Modeling and Simulation 

Interfacial crack was modelled between two layers of shale of different materials properties. The 

mechanical poperties of the shale layers is shown the table below: 

Table 4.0.2: Materials Properties of ShaleI and ShaleII 

Materials Property Shale I Shale II 

Young‟s Modulus (Psi) 432937.65 595670 

Poisson Ratio 0.25 0.25 

KIC (Psi-in*1/2) 

KIIC (Psi-in*1/2)     

818.89 

2-3 of KIC 

818.89 

2-3 of KIC 
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Figure4.0.5: Undeformed Shale Layer with Crack 

 

 

 

Figure4.0.6: Meshed Oil Well Model 

 

Interfacial Crack 
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Figure 4.0.7: Well Model Showing Point of Pressure application and Boundary Conditions 

 

 

 

Figure 4.0.8: Model Showing Point of Fracture after Pressure application 

Point of Fracture in the Formation 
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4.6 J Integral for Interfacial Crack 

Finite Element Method was used to obtain the J- integrals and the analytical solution presented in 

chapter 3, the effective stress intensity factor was obtained as presented in Table 4.0.3. The J-

integral changes as a function of time, pressure and crack length. During simulation, J-integral 

values were generated at a time step of 0.05 seconds in steps of 20 to capture the field conditions 

under which pressure is applied. 

Fracture at the interface occurs under mode-mixity with the occurrence of a critical value of J. 

The J- integrals computed are summarized in Table 4.0.3 below: 

Table 4.0.3: J Integral for Interfacial Cracks 

Pressure  

(Psi) 

J Integral at 

Crack Length 

of 0.5 in 

J Integral at 

Crack Length 

of 1.0 in 

J Integral at 

Crack Length 

of 1.5 in 

J Integral at 

Crack Length 

of 2.0 in 

J Integral  at 

Crack Length 

of 2.5 in 

3000 

3500 

4000 

4500 

5000 

5500 

6000 

6500 

7000 

7500 

2.2862 

3.1118 

4.0644 

5.1439 

6.3505 

7.6842 

9.1448 

10.7324 

12.4471 

14.2887 

4.6875 

6.3800 

8.3333 

10.5468 

13.0207 

15.7551 

18.7498 

22.0050 

25.5206 

29.2966 

5.0039 

6.8109 

8.8959 

11.2589 

13.8998 

16.8188 

20.0157 

23.4907 

27.2436 

31.2746 

7.8670 

10.7078 

13.9857 

17.7006 

21.8526 

26.4417 

31.4678 

36.9310 

42.8312 

49.1684 

10.7389 

14.6168 

19.0913 

24.1625 

29.8302 

36.0945 

42.9555 

50.4130 

58.4672 

67.1179 
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Figure 4.0.9 : Plot of J Integral  at different crack lengths against Pressure 

 

4.7 Variation of Upper Bound Drilling Pressure as Crack Length Changes  

The upper bound pressure was determined by interpolation on the stress intensity factor-pressure 

plot. The pressure corresponding to J critical 9.09 lbf/in at a given crack length is the upper 

drilling pressure. Table 4.0.4 shows the change in pressure at different crack length.  

Table 4.0.4: Upper Bound Mud Weight Drilling Pressure - Crack Length Data 

       Upper Mud Weigth Drilling Pressure  

(Psi) 

Crack Length 

 (in) 

 5832.21  0.5 

4105.16 1.0 

4005.18 1.5 

3441.61 

3184.37 

2.0 

2.5 
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Figure 4.1.0: Plot of Drilling Pressure against Crack Length  

 

4.8. Implications for Wellbore Stability Modeling 

The result obtaining from the Finite Element Analysis as shown in results above implies a strong 

relationship between pressure and the stress intensity factor.  This gives insight into how crack 

affect instability of well. This model can be incorporated into the design of mud weight pressure 

for safe drilling in the Niger Delta region. 
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Chapter 5 

5.0 Conclusion and Future Work 

 

5.1 Summary 

This work involve the use of mechanical properties of shale from oil field data and 

literature to predict the upper bound drilling pressure by incorporating the properties into 

an  CAE 6.12 (teaching edition) software for numerical analysis.  

 

5.2 Conclusion 

The results from the Finite Element Analysis show that drilling pressure decreases as 

cracks in the wellbore propagate and also stress intensity factor increase as the drilling 

pressure increases.  

 

5.3 Suggestion for Future Work 

This work has been done with limited amount of oil field data. It is suggested that in the 

near future more data should be used so that analytical validation can be done using 

empirical theories. 

It is also suggested that other physical phenomena such as chemical interactions and 

temperature should be factor into the model development. This will make the model more 

robust and relevant to the oil and gas industry. 
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APPENDIX:  Oil Field Data 

 

 

 

* E1000 Shale parameters were used for interfacial crack modeling 

 

 

 

 

      Shale/ 

Sand 

Name 

Bottom 

Shale/ 

Sand 

Depth 

SHALE/ 

SAND 

THICKNESS 

Top Shale/ 

Sand 

Depth 

PRESSURE 

GRADIENT UCS 

YOUNG'S 

MODULUS 

POISSON 

RATIO COHESION 

FRICTION 

ANGLE VERT MAX MIN 

  fttvd     psi/ft   Mpa   Mpa degrees psi/ft psi/ft psi/ft 

C4200 8240 250 8490 0.45 19.36 1936 0.25 6.1 25.38 0.908 0.838 0.788 

C5000 8710 20 8730 0.45 29.85 2985 0.25 9.2 26.67 0.913 0.843 0.793 

shale 9283 300 9583 0.45 15.35 1535 0.25 4.9 24.89 0.919 0.850 0.800 

D1000 

Shale 9753 200 9953 0.45 19.15 1915 0.25 6.1 25.36 0.923 0.856 0.806 

D2000 
Shale 10043 60 10103 0.45 19.15 1915 0.25 6.1 25.36 0.926 0.861 0.811 

D6000 

Shale 10347 380 10727 0.45 19.36 1936 0.25 6.1 25.38 0.929 0.865 0.815 

D7000 
Shale 10917 461 11378 0.45 26.13 2613 0.25 8.1 26.21 0.934 0.874 0.824 

E1000 

Shale 12584 80 12664 0.49 29.85 2985 0.25 9.2 26.67 0.947 0.903 0.853 

E2000 
Shale 13204 247 13451 0.49 41.07 4107 0.25 12.3 28.05 0.951 0.914 0.864 

E3000 

Shale 13614 100 13714 0.49 34.21 3421 0.25 10.4 27.21 0.954 0.922 0.872 

E6000 
Shale 14368 100 14468 0.49 54.28 5428 0.25 15.8 29.68 0.959 0.937 0.887 

E7000 

Shale 14498 72 14570 0.49 54.33 5433 0.25 15.8 29.68 0.960 0.939 0.889 

E8000 
Shale 14800 270 15070 0.49 41.08 4108 0.25 12.3 28.05 0.962 0.945 0.895 

F1 

Shale 15391 135 15526 0.765 41.69 4169 0.25 12.5 28.13 0.966 0.957 0.907 

XF200 
Shale 16152 16 16168 0.86 34.30 3430 0.25 10.5 27.22 0.970 0.973 0.923 

XF3000 

Shale 16296 578 16874 0.905 28.28 2828 0.25 8.8 26.48 0.971 0.976 0.926 

XF4000 
Shale 17002 75 17077 0.887 30.45 3045 0.25 9.4 26.75 0.975 0.990 0.940 

TD 17077   17077 0.877 31.64 3164 0.25 9.7 26.89 0.976 0.992 0.942 
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Depth, 

ft Water 

Depth, 

ft 

Cohesion, 

psig 

Friction 

Angle, 

deg 

Poisson 

Ratio 

Young's 

Modulus, 

Mpsi 

Hole 

Diameter, 

in 

Bit 

Diameter, 

in 

OBG, 

psi/ft 

Min 

Hor 

Stress, 

psi/ft 

10000 6000 765 30 0.21 1.24E-06 8.5 9.875 0.96 0.72 

12000 6000 765 30 0.22 1.24E-06 8.7 9.875 0.96 0.72 

14000 6000 765 30 0.23 1.24E-06 8.9 9.875 0.96 0.72 

16000 6000 765 30 0.24 1.24E-06 9.1 9.875 0.96 0.72 

18000 6000 765 30 0.25 1.24E-06 9.3 9.875 0.96 0.72 

20000 6000 765 30 0.26 1.24E-06 9.5 9.875 0.96 0.72 

22000 6000 765 30 0.27 1.24E-06 9.7 9.875 0.96 0.72 

24000 6000 765 30 0.28 1.24E-06 9.9 9.875 0.96 0.72 

26000 6000 765 30 0.284 1.24E-06 10.1 9.875 0.96 0.72 

28000 6000 765 30 0.286 1.24E-06 10.3 9.875 0.96 0.72 

30000 6000 765 30 0.3 1.24E-06 10.5 9.875 0.96 0.72 

 

 Shale parameters in the table above were used for modeling crack within a layer 

 

 

 

 

 


