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ABSTRACT 

“Stress shadowing”, where the creation of hydraulic fractures affect the stresses in 

certain parts of the reservoir, has the dual effect of assisting and hampering the 

generation of hydraulic fracture stimulation in horizontal wells. In this thesis, the stress 

contrast and pressure profiles around the near wellbore regions of a horizontal wellbore 

are investigated when packers are placed in the wellbore and when hydraulic fractures are 

introduced. The main objective of this thesis was to investigate the stress shadowing 

behaviors observed when pumping multiple fracturing treatments in horizontal wells. 

This was accomplished by using a finite element software package where the numerical 

results of the behavior of the stress envelopes and stress shadowing phenomena could be 

evaluated and different sensitivities analyzed. Additionally, an assessment was made as 

to whether the extent of the stress envelopes, pressures profiles and stress shadowing 

around the wellbore could be successfully modeled using these simulation models.  

From the results obtained, it can be concluded that packers with higher pressure 

ratings will allow for easier fracture initiation as compared to packers with lower pressure 

ratings. Also two packers as compared to one had different stress profiles and hence 

needed lower breakdown pressures. The permeability anisotropy had no impact on the 

stress concentrations but the variations of the anisotropic properties of the ratio of the 

Biot’s constant affected the minimum horizontal stress. 

The stress concentration at or near the wellbore varied along the length of the 

wellbore and there were no distinct pattern as to whether the stresses and pressure 

gradients would increase or decrease from the heel to the toe of the horizontal wellbore 

for the given model parameter. It can be concluded that in areas of high stress 

concentration, the ability to generate hydraulic fractures is reduced as compared to areas 

of low stress concentrations. An increase of the spacing between the fractures induced 

less interference and hence requires less breakdown pressures to initiate a fracture and 

also eliminates the effects of stress shadowing. This thesis also showed that COMSOL 

Multiphysics is a powerful tool which can be used for poroelastic simulations to model 

the wellbore, near wellbore, fractures and reservoir environment.  
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CHAPTER 1. INTRODUCTION 

This chapter introduces the purpose of this thesis, the applicability to horizontal 

wells, the objectives of this thesis and gives a brief outline of the work that are 

highlighted in the following chapters. In terms of applicability, the Barnett shale of Texas 

and the Bakken shale of North Dakota will be used to model the stress profiles and stress 

contrasts around horizontal wells.  

1.1 Purpose of This Thesis 

This thesis investigates the importance of understanding the stress behavior of 

horizontal wells in unconventional reservoirs. The work contained herein looks at the 

pressure profiles and stress contrast around the horizontal wellbore, packers, and 

hydraulic fractures. The drilling and completion of horizontal wells is complicated by the 

stresses that exist within the earth’s formation. By understanding these stresses, better 

well placement and completion practices can be obtained. One of the phenomena that 

exists and is the focal point of this thesis is the effects of in-situ stresses in “stress 

shadowing” of hydraulic fractures. It has been observed that stress shadowing can either 

aid or harm the production capabilities of horizontal wells and directly affect fracture 

generation and well stimulation.  

1.2 Horizontal Wells  

Horizontal wells have been drilled in numerous reservoirs around the world. This 

thesis examines horizontal wells drilled in unconventional reservoirs. Section 1.3 outlines 

these types of reservoirs and Figure 1-1 gives examples of the types of wells (horizontal 

and vertical) used to produce the Barnett shale. The concept of horizontal wells has been 

around since the 1920s, when the first U.S. patent was issued (Peng and Yeh, 1995). 

However, due to technology limitations in the area of drilling and completions, few 

horizontal wells were drilled before the 1980s. With improvements in directional drilling, 

the economic viability of horizontal wells has been realized. Today, horizontal wells have 

been used in many reservoir types such as naturally fractured reservoirs and reservoirs 

with gas or water coning problems (Peng and Yeh, 1995).  
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1.3 Unconventional Reservoirs 

Since it is evident that horizontal wells have found prominent use in 

unconventional reservoirs it is important to quantitatively characterize these types of 

reservoirs (Fisher et al., 2004). A definition, published in the “Petroleum Resources 

Management System” SPE-PRMS (2007), states that unconventional resources exist in 

petroleum accumulations that are pervasive throughout a large area and that are not 

significantly affected by hydrodynamic influences.  

Examples of these types of reservoirs include coalbed methane, basin-centered 

gas, shale gas, gas hydrates, natural bitumen, heavy oils, and oil shale deposits. This 

publication also states that accumulations in these reservoirs require specialized 

extraction technologies, and that the extracted petroleum would require significant 

processing prior to sale. The unconventional reservoirs that are examined as part of this 

thesis include the Barnett shale (shale gas) and the Bakken Shale (low permeability oil). 

The properties of these reservoirs will be used to represent the complicated patterns of in-

situ stresses that exist within these reservoirs. 

 

Figure 1-1: Horizontal wells used in the Barnett Shale (horizontaldrilling.org). 
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1.4 Stress Shadowing Phenomenon 

This thesis utilizes the knowledge of in-situ stresses and their underlying 

complications to understand the phenomenon known as “stress shadowing”. Stress 

shadowing, as described in Figure 1-2, occurs when a hydraulic fracture is opened so that 

the compressive stress normal to the fracture faces is increased above the initial in-situ 

stress by an amount equal to the net fracturing pressure (Fisher et al., 2004). This 

elevation in stress is found to be greatest at the fracture face, but the stress perturbation 

radiates out into the reservoir for hundreds of feet. The rate at which this stress 

perturbation declines is a function of the distance moved away from the fracture face and 

is limited by the fracture dimensions of height and length. 
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Figure 1-2: Relationship between the closure stress and the space between the 

fractures. Pnet is the net pressure in the fractures; σc is the closure stress exhibited 

by the matrix; a, is the space between the fractures and H is the theoretical height of 

the fractures (Fisher et al., 2004). 
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By understanding the stress envelopes around the horizontal well laterals it is 

possible to design better perforation spacing arrangements and diversion techniques, 

which will enable better production results to be obtained. Analysis of the stress envelope 

allows for the in-situ stress behavior to be observed and allows for fracture generation 

and orientation to be predicted. The use of seismic and tiltmeter mapping can assist in 

understanding the stress behavior along the horizontal well lateral by giving an idea of 

the geometry patterns around the wellbore. The scope of this project incorporates 

reservoir-specific data to effectively build simulation models with the use of finite 

element modeling to predict the stress shadowing that occurs around the lateral.  

The models look at various scenarios ranging from a horizontal wellbore only in 

the reservoir; packers in the wellbore; and single and multiple hydraulic fractures. The 

models built use geometry suitable to simulate reservoir conditions in which the 

overburden stress is applied along with reservoir pressure, wellbore pressures, packer 

pressures and net pressures required to obtain hydraulic fractures. 

The evaluation of stress shadows is needed not only to improve production but in 

initially designing and completing these horizontal wells. The hydraulic fracturing 

schedules and stages required for the successful fracturing of horizontal wells also need 

to take stress shadowing into account. 

As discussed, the stress shadow effects are critical in horizontal well completions 

and designing fracture treatment schedules. The importance of understanding stress 

shadowing is highlighted in the two cases described below, which can have profound 

effects on horizontal well productivity. These cases are: 

1. Increased compressive stress near a fracture tends to ‘close-off’ or 

inhibit the initiation of nearby parallel fractures, providing a natural diversion 

mechanism along the wellbore. If perforation clusters or fracture initiation points 

are too close together, stress shadows tend to inhibit fracture growth along the 

mid-section of horizontal wellbores and encourage fracture growth at the heel and 

toe of the wellbores (Fisher et al., 2004). 
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2. Increases in the local minimum stress magnitude tend to encourage 

fracture growth in orthogonal directions. Even in fields where fracture orientation 

in vertical wells is relatively uniform, stress shadow effects often induce 

orthogonal fracture growth when stimulating long intervals in horizontal wells 

(Fisher et al., 2004) (Figure 1-3). 

1.5 Thesis Analysis and Fields under Observation 

The data used for the models draws on actual reservoirs and currently used well 

dimensions from the Bakken Shale. The findings in this thesis will be applied to 

published results from the Barnett Shale to explain the stress shadowing behaviors 

observed. 

1.5.1 The Barnett Shale 

The Barnett shale is a Mississippian-age marine shelf deposit that unconformably 

lies on the Ordovician-age Viola limestone/Ellenburger group and is conformably 

overlain by the Pennsylvanian-age Marble Falls Limestone. The Barnett Shale is located 

in the Forth Worth basin (Figure 1- 4). The permeability of the Barnett Shale ranges from 

0.07 to 5 µd with porosities ranging from 3 to 5% (Ketter et al., 2006). The Barnett was 

determined to be the source rock, reservoir rock and seal, and is abnormally pressured 

with the greatest thickness being 500 ft in the core area. Hydraulic fracture treatments are 

essential for commercial production due to the very low matrix permeability. 

The use of horizontal wells to improve production as well as alleviate other 

problems encountered in the Barnett Shale has served to create an explosion in the 

number of horizontal wells drilled to date. Some of the issues which have been addressed 

include avoiding nearby water bearing intervals; use when surface locations are limited in 

space; improving gas production rates; and lowering development cost per scf. Several 

horizontal completion techniques have recently been utilized, including single and 

multiple stage treatments. These have incorporated multiple perforation clusters in 

uncemented casing and multiple stage treatments performed in cemented, perforated 

casing (Fisher et al., 2004). 
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Figure 1-3: Stress shadow effects on transverse fracture growth. The figure 

illustrates that the fractures are greatest in height at the heel and toe and outlines 

the stress shadowing effects. Stress shadowing tends to inhibit fracture growth at 

the mid-sections and encourages fracture growth in orthogonal directions (Redrawn 

from Fisher et al., 2004). 
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Figure 1-4: Location of the Barnett Shale in the Fort Worth Basin which is present 

in Texas and New Mexico, USA. The Core areas of Wise and Denton Counties and 

shown (Fisher et al., 2004). 

1.5.2 The Bakken Shale 

The Bakken Shale is in the Williston Basin (Figure 1-5), which is located in much 

of North Dakota, eastern Montana, and northwestern South Dakota in the United States, 

and in southern Saskatchewan and Manitoba in Canada. The upper Devonian Lower 

Mississippian Bakken formation underlies the Lodgepole formation and is composed of 

two organic-rich shale members that encase the Middle Member and overlay the 

Sanish/Three Forks formations (Figure 1-6). Dolomite and calcite, dolomite and quartz, 

or calcite and quartz form the major constituents. Oil production from the Bakken 

formations is mainly from natural fractures and is primarily solution-gas driven 

(Kuhlman et al., 1992). Permeabilities range from 0.15 md to 0.55 md and thickness 

ranges are 8-12 ft, 15-30 ft and 6 ft in the Upper, Middle and Lower Bakken, 

respectively. The majority of horizontal wells drilled to date have been in the middle 

member of the Bakken (Mille et al., 2008). Among the completion practices that have 

been employed for these horizontal wells are: transverse to longitudinal horizontal 
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orientation with respect to the minimum and maximum horizontal stress directions; single 

versus multiple laterals; cemented versus uncemented; and open-hole or cased-hole 

laterals (Mille et al., 2008). 

 

 

Figure 1-5: Location of the Williston Basin. The Williston Basin extends through 

three states in the USA (South Dakota, North Dakota, and Montana) and two 

provinces in Canada (Saskatchewan and Manitoba), (Mille et al., 2008). 
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Figure 1-6: Bakken formation type log section taken from Meissner (1978) 

indicating the Middle member which has had increased horizontal well drilling. The 

Bakken is 110 ft and is overlain by the Lodgepole and underlain by the Sanish 

formations (Mille et al., 2008). 

 

1.6 Thesis Objectives 

Following is a discussion of the primary objectives of this thesis. These objectives 

formed the main focus for the literature review, the modeling done and the discussion of 

the results obtained. The conclusions address the objectives and provide 

recommendations for further work. 

The main objective is to investigate the stress shadowing behaviors observed 

when pumping multiple fracturing treatments in horizontal wells. In order to meet this 

objective, the models developed need to adequately map the pressure and stress profiles 

in the reservoir. The stress envelopes and pressures profiles are monitored first in the 

reservoir via a base model without a horizontal wellbore. This base model is used to 

validate all the assumptions made and prove that the numerical and calculated results are 

in agreement. Next, the focus shifts to the pressure profiles and in-situ stresses around a 

horizontal wellbore when the pore pressure is applied to the reservoir. The application of 

packers and hydraulic fractures concludes the numerical observations of this thesis. It is 

by using these later models that the stress shadowing behavior is observed. 
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Second, in order to build these simulation models, a key component of this thesis 

is to use the COMSOL Multiphysics 3.5 software package. The software allows the 

specific geometries to be built and necessary physics in terms of the subdomain settings 

and boundary condition, to be applied. Specifically, COMSOL Multiphysics 3.5’s Earth 

Science Module is used to model the stress envelopes and pressure profiles which are 

then used to observe the stress shadowing phenomenon that exists around the horizontal 

wellbore lateral. The Earth Science Module contains a poroelastic sub-module which 

combines Darcy’s law (pressure analysis) and the solid, stress-strain found in the 

Structural Mechanics Module. It is by using these modules that the numerical results of 

the behavior of the stress envelopes and stress shadowing phenomena are evaluated and 

different sensitivities analyzed. 

Third, an assessment is made as to whether the extent of the stress envelopes, 

pressures profiles and stress shadowing around the wellbore can be successfully predicted 

using these simulation models. A key observation is also whether the sensitivities 

analyzed give an indication of whether these parameters can be controlled and what 

remedial actions can be taken to improve production and design better drilling and 

stimulation techniques. 

1.7 Thesis Outline 

This introduction chapter provides an overview of horizontal wells and their 

application in unconventional reservoirs. This chapter also introduces the phenomenon 

known as stress shadowing and discussed the thesis objectives. Chapter 2 addresses the 

previous work that has been done in investigating the effects of in-situ stresses in drilling 

and completions, and also highlights work that has been done in the Barnett and Bakken 

shale systems. Chapter 3 explains how COMSOL Multiphysics 3.5 is used to model the 

stress contrast, stress profiles and pressure envelopes around the wellbore and in the 

reservoir. The particular models used in this thesis are summarized in Chapter 3 as well. 

 The results and discussion from the modeling process are explained in detail in 

Chapter 4. The conclusions that have been drawn due to the work done in this thesis are 

presented in Chapter 5 along with recommendations for further work.  
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CHAPTER 2: LITERATURE REVIEW 

Stress shadowing is a relatively new concept, with limited information available 

that directly addresses it. The bulk of information that has been published in the fields of 

petroleum engineering, geology and geophysics have dealt mainly with in-situ stresses 

near wellbore and the effects they have on wellbores. The information contained in this 

section consists of a summary of the wellbore parameters that are affected by in-situ 

stresses and the corresponding works that have been done to understand the effects in-situ 

stresses can have on wellbore stability, stimulation and productivity. This literature 

review begins with an analysis of stress shadowing as applicable to horizontal wells and 

then looks specifically at this phenomenon in the Barnett Shale and work published for 

the Bakken shale. 

2.1 Stress Shadowing as Applicable to Horizontal Wells 

This project focuses on stimulation in horizontal wells dealing specifically with 

hydraulic fracturing. Stimulation of horizontal wells has found prominence since 

horizontal wells have been increasingly used in conventional and unconventional 

petroleum systems. It is by understanding the stress behavior around the horizontal lateral 

that certain problems encountered during stimulation and production can be minimized. 

The modeling of this stress behavior can also provide vital insight into design parameters 

that can be employed in well drilling and completion. With a better understanding of the 

stress behavior around the horizontal well lateral, stimulation schedules can be designed 

to maximize hydraulic fracture generation.  

This thesis seeks to model the stress envelopes that result due to the directional in-

situ stresses and flow properties within the reservoir. By understanding the in-situ stress 

and effective rock strength in hydrocarbon reservoirs problems associated with borehole 

stability, sand production, hydrocarbon migration and hydraulic fracturing can be 

corrected (Zoback and Peska, 1995).  

2.2 Effects of In-Situ Stresses on Wellbores 

One of the major influences of in-situ stresses is on wellbore stability. Borehole 

stability failures are of two types, borehole collapse and fracturing of the boreholes 

(Aadnoy and Chenevert, 1987). Borehole collapses were seen as a combination of tensile 
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and shear failures and for deviated wells in highly stressed areas such as areas of tectonic 

plate movements, the stability of the wellbores can be improved by aligning the borehole 

parallel to the least in-situ stress. By understanding these stress accumulations around the 

borehole the fracturing of deviated boreholes can be avoided. This failure of the borehole 

was determined to be solely due to tensile failure and was dependent on the fracturing 

gradient. One point of interest is that at shallow depths, horizontal fractures were caused 

by the horizontal stresses being greater than the stress due to the overburden (Aadnoy and 

Chenevert, 1987). These observations are detailed in Figures 2-1 and 2-2. 

 

 

 

 

Figure 2-1: This figure illustrates some of the common problems encountered 

around the borehole. The scenarios presented include events at high and low 

wellbore pressures and a case of borehole enlargement and collapse (Aadnoy and 

Chenevert, 1987). 
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Figure 2-2: Borehole failures are attributed to (a) horizontal fractures in shallow 

wells, (b) vertical fractures in deep wells, and (c) borehole collapse caused by shear 

with tensile radial stresses (Aadnoy and Chenevert, 1987). 

 The stability of horizontal wells depends on the relative magnitudes of the three 

principal stresses and the orientation of the wellbore with respect to the minimum 

horizontal stress (Soliman et al., 1990). In order to determine the magnitude and direction 

of the least principal stress (σ min) the methods usually employed are the use of 

microfractures, long spaced sonic logging and strain relaxation (Daneshy, 1986). Inside 

the created fractures surrounding the horizontal wellbore, there would be a higher 

pressure drop than would be observed in a vertical well intersecting a vertical fracture 

with the same conductivity (Soliman et al., 1990). This is due to the increased pressure 

drop required to produce a well if the wellbore radius increases and infinite conductivity 

may exist inside a fracture for a predefined dimensionless wellbore radius. This leads to 

the observation that with varying in-situ stresses within the pay zone, optimum placement 

of the horizontal wellbore can be determined by considering the fracture height that 

would be created. 
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The major factors that result in casing failure are due to changes in in-situ stresses 

resulting from reduction in reservoir pressure, off-balance fracture growth, formation 

layering, etc. The resulting differential reservoir compaction induces shear stresses along 

the interfaces (Daneshy, 2005). 

2.3 Geological Factors and Perforations Influencing the State of the In-Situ Stresses 

Cased horizontal wells have to be perforated; these perforations ideally penetrate 

the casing, cement, and several inches of formation. The near wellbore stresses that exist 

around these perforations are integral in the examination of fracture initiation (Daneshy, 

1973). Fracturing through perforations causes an increase in the breakdown pressure, 

which is dependent on the arrangement and number of perforations. This increase is due 

mainly to the altering of stresses by the casing, perforations and leakoff. Helical and/or 

random arrangements of perforations would be more effective than line perforations due 

to the helical arrangement being more likely to conduct fluids in the plane of the 

generated fracture (Daneshy, 1973). Shorter perforations will have a lower breakdown 

pressure due to the closer stress concentrations around the borehole and 

borehole/perforation interface. In this thesis the models will not have perforations but 

knowledge of this would be beneficial for cased-hole horizontal wells. 

Most engineering and geological evaluations depend on the rock mechanical 

properties, fracture strike, and the principal in-situ stress magnitude and direction. 

Knowledge of these parameters and their interaction with natural fractures aids in 

efficient wellbore design and eliminates wellbore failures (Skopec, 1993).  

2.4 Influence of In-Situ Stresses  

Unconventional reservoirs pose significant differences in terms of elastic moduli, 

Poisson’s ratios, permeabilities, anisotropy effects and pore pressure effects. Data 

retrieved from conventional reservoirs (e.g. core measurements and laboratory analysis) 

and then applied to unconventional reservoirs can produce significant errors. This can in 

turn affect the accuracy of modeling the stress profiles around these unconventional 

reservoirs. The vertical and horizontal components of Biot’s constant were assumed to be 

0.85 and 1, respectively (Barree et al., 2009). These constants were used in Equation 2-1 
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to validate the values obtained from the modeling done to verify the minimum horizontal 

stress as described in Chapter 4: 

extreshresvvh PP σαασ
ν

ν
σ ++−

−
= ][

)1(min
                                                       (2-1) 

Where, 

           minhσ  = minimum horizontal stress, psi 

ν       = Poisson’s Ratio 

vσ     = overburden stress, psi 

vα     = vertical Biot’s poroelastic constant 

Pres    = reservoir pressure, psi 

hα    = horizontal Biot’s poroelastic constant 

extσ  = externally generated stress, psi 

The vertical and horizontal Biot’s coefficient are not equal (Warpinski et al., 

1998) for isotropic materials but have values that do differ (Barree et al., 2009). 

In tectonically inactive areas, the maximum horizontal stress can be assumed to 

be equal to the minimum principal stress: 
minhσ  ~ 

maxhσ  < vσ  (Breckels and van 

Eekelen, 1982). Breckels and van Eekelen postulated a relationship for the in-situ stresses 

with respect to depth as shown in Equations 2-2 and 2-3 

minhσ  = 0.197 d1.145 + 0.46 (Pres – Pcn) for d < 11, 500 ft                     (2-2) 

            
minhσ = 1.167d – 4,596 + 0.46 (Pres – Pcn) for d > 11,500 ft                 (2-3) 

Where, 

minhσ  = minimum horizontal stress, psi 

d = depth of investigation, ft 



16 

 

Pres  = Reservoir pressure, psi 

Pcn = pressure corresponding to a gradient of 0.465 psi/ft 

The assumption that these relationships could be used for any field around the 

world was incorrect and hence cannot be used to determine the minimum horizontal 

stress in this thesis. The relationships in Equations 2-2 and 2-3 are field/reservoir specific 

(Breckels and van Eekelen, 1982). 

Changes in the local reservoir stress field can be brought about by extreme 

reservoir pressure gradients, along with reservoir compaction as are experienced in 

waterflooding (Wright et al, 1995). These local stress perturbations can result in 

reorientation of hydraulic fractures on infill wells and cause wellbore casing failure, as 

well as an increase in pore pressure will increase the total reservoir stress and decrease 

the matrix ‘effective’ stress. This resulting decrease in the effective stress exerts a stress 

on the surrounding matrix. The total stress in the direction radially outward from the 

increased pore pressure region is therefore increased. Table 2-1 outlines the effects of 

pore pressure on local stresses. 

Table 2-1: Effect of Pore Pressure on Local Stresses (From Wright et al., 1995) 

Region Matrix Matrix Effects Fracture Direction 

Low Pressure Compresses Induces Tensile 

Stress 

Tangent to Low 

Pressure Region 

High Pressure Expands Induces 

Compressive Stress 

Towards High 

Pressure Region 

 

The resulting effect is that since the fractures propagate in the direction of the 

maximum stress, the fractures tend to propagate towards any region of high pore 

pressure, i.e. high pore pressure regions act as fracture attractors. Regions of low pore 

pressure will decrease the total stress in the radial direction, so that fractures will tend to 

propagate tangentially to regions of low pore pressures (Figure 2-3). 
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The in-situ stresses acting on a formation are classed into three principal 

compressive stresses: two horizontal stresses which are not equal and the vertical stress 

caused by the overburden weight acting on the top of the formation (Hopkins, 1997). The 

horizontal stresses are the result of the poroelastic deformation of the rocks and 

externally applied tectonic forces. The parameters that affect the magnitude of the in-situ 

stresses include the overburden weight, fluid pore pressure, porosity, natural fractures, 

rock mechanical properties (Young’s modulus, Poisson’s ratio) and tectonic activity. 

 

Figure 2-3: The effects of high and low pore pressure regions on local stresses 

(Redrawn from Wright et al., 1995). 
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During drilling, in-situ stresses may affect the mud and cement densities required 

to prevent unwanted fracturing. For wells that will be stimulated at high pressures, casing 

design must account for the maximum anticipated stresses. Wellbore stability 

calculations, particularly for horizontal wells, require knowledge of in-situ stress 

magnitude and direction. For hydraulic fracture treatment applications, the in-situ stresses 

control fracture azimuth and orientation (vertical and horizontal), fracture-height growth, 

fracture width, treatment pressures, and fracture conductivity (Figure 2-4).  

 

 

Figure 2-4: This figure outlines the importance of in-situ stresses to hydraulic 

fracturing parameters (Hopkins, 1997). 

Fracture height growth and fracture width affect propped-fracture half-length for a 

given treatment size; hence, stress is a critical parameter in fracture treatment modeling, 

design, and optimization. In-situ stresses also influence the conductivity of the proppant 

pack. Under high stress conditions (> 4000 psi), 20/40 mesh Ottawa sand will be crushed 

and begin losing conductivity, hence a stronger proppant such as an intermediate ceramic 

would be required. In order to obtain accurate stress profiles, multiple measurements of 

in-situ stresses from stress tests are required. These measurements are then used to 
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calibrate log-based values to obtain continuous vertical estimation of in-situ stress for 

fracture modeling purposes (Hopkins, 1997). 

Stress and modulus contrasts in adjacent formations do not stop the fracture 

height growth by themselves, but rather change the fracture width and conductivity 

(Daneshy, 2009; Figure 2-5). Shear failure (slippage), on the other hand, results in 

blunting of the fracture tip and completely stops its local growth. This has implications 

for the length and width of the fracture; the former becoming shorter and the latter wider. 

The contrast between the Young’s moduli and stresses of the boundary layers may be 

enough to reduce local fracture growth. The reasons for these stress contrasts were 

changes in regional tectonic stresses with time, which result in material deformation. The 

rock, which is strongly, bonded together, the impact of total or partial deformation all 

results in local changes in stress (Daneshy, 2009).  

  

Figure 2-5: Stress in adjacent formations and their effects on fracture widths and 

connectivity. Figure (a) shows the assumed stress state and Figure (b) shows the 

actual stress state in adjacent formations (Daneshy, 2009). 

On a large scale the in-situ stresses have a preferred orientation, but on a smaller 

scale there would be significant differences in their magnitudes and orientations. If the 

inhomogenity consists of a plane of weakness, (such as natural fractures), the induced 

(a) (b) 
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fracture may deviate from its existing path and grow in shear mode along the natural 

fracture plane. This state of stress near an interface is due to changes in the regional 

stresses during geologic times (Daneshy, 2009).  

2.5 Influence of In-situ Stresses on Fracture Growth and Orientation 

There has been wide-spread research regarding the effects that in-situ stresses 

have had on fracture growth and orientation. Fracture growth was due to a reduction in 

permeability around the horizontal well caused by particle deposition from the injection 

fluids, reduction in the horizontal stress and injection of polymer fluids (Suri and Sharma, 

2009). The rate of fracture growth depends on the injection rate, water quality, well 

length, reservoir thickness and permeability, temperature, and fluid mobility, as well as 

the mechanical properties of the rock. The main dependent variable for the injectivity was 

the in-situ stresses.  

In the analysis of stress reorientation around horizontal wells the maximum stress 

trajectories tend to align along injection wells and across production wells (Singh et al., 

2008). The degree of this stress reorientation is dependent on the injection rates, reservoir 

pressure, production rates, in-situ stress contrast, distance between wells and the 

orientation of the wells with respect to the in-situ maximum/minimum stress. In-situ 

stresses around the wellbore are altered because of poroelastic stresses caused by pressure 

gradients in the reservoir. This has a direct consequence on the fracture propagation 

direction resulting from the reorientation of the maximum and minimum horizontal stress 

directions. 

The pore pressure depletion, due to production, changes the stress distribution in 

the reservoir (Siebrits et al., 2000). From results obtained using numerical simulations, 

the total horizontal stress component parallel to the initial fracture reduces quicker than 

the orthogonal one as a function of time, at locations along the line of the proposed 

refracture direction. If the induced stress changes are large enough to overcome the effect 

of the initial horizontal deviatoric stress, then the direction of the minimum horizontal 

stress becomes the maximum within an elliptical region around the wellbore and the 

initial fracture.  
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As shown in Figure 2-6, a fracture will be generated at 90 degrees to the initial 

fracture azimuth, until it reaches the limit of the elliptical stress reversal region. The 

boundary of this region is defined by isotropic points; i.e., points with equal horizontal 

stress. The distance to the isotropic point depends on the magnitude of the initial 

horizontal stress contrast, initial fracture penetration, production rate, reservoir 

permeability, and the elastic moduli contrast between the pay and barrier zones (Siebrits 

et al., 2000). 

The nature of the reservoir heterogeneity affects the transient growth of the stress 

reversal region. When the permeability in the direction parallel to the fracture is smaller 

than in the orthogonal direction, it is observed that stress reversal decreases faster 

(Roussel and Sharma 2009). The permeability in the vertical direction does not affect 

stress reorientation at any time. Hence, permeability anisotropy does not affect the extent 

and dimensionless timing of the maximum stress reversal region.  

 

Figure 2-6: This figure outlines the regions surrounding the initial fracture and 

stress reversal. It indicates the point at which fracture reorientation can be initiated 

with respect to the initial fracture direction (Siebrits et al., 2000). 
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The stress reversal can occur in fractured production wells, and that the area of 

stress reversal occurs immediately around the well. The magnitude and timing of the 

stress reversal depends on the stress deviator (resultant vector from the hydrostatic and 

stress tensors), the thickness of the reservoir, and the shear modulus of the reservoir and 

the bounding layers (Roussel and Sharma 2009). Reservoirs with small stress contrast, a 

large pressure drawdown, relatively weak bounding layers, and a thick pay zone 

experience a large stress reorientation and are therefore primary targets for refracturing. 

 Stress reorientation and fracture reorientation depends on the pattern of injectors 

and producers. This enabled the efficiency of water injection projects to be improved 

when closely spaced fractured wells are considered. It was observed that the poroelastic 

effects resulted in increased stress magnitudes in some layers and decreased stress in 

others, which had a profound impact on fracture dimensions such as height, length and 

width (Minner et al., 2002). 

Altered-stress fracturing is a concept whereby a hydraulic fracture in one well is 

reoriented by another hydraulic fracture in a nearby location. In some reservoirs, the 

unfavorable stress distribution can affect well stimulation (Warpinski and Branagan, 

1989). By understanding these stress distributions, we can eliminate inefficiently oriented 

hydraulic fractures with respect to the wellbores, permeability anisotropy, and fracture 

height growth into low stress zones. These factors can allow changes in the well drilling 

process as well as in well stimulation and production improvements. However, the main 

concept was altering the stress fields in magnitude and direction. This is possible because 

the high pressures needed for fracture dilation and the large surface area created allows 

the induced hydraulic fracture to alter the stress field (Warpinski and Branagan, 1989). 

The placement of optimum fractures depends on rock properties (e.g. 

permeability) and fluid properties (such as stress and leakoff coefficient) that are 

independent of the reservoir properties used to optimize fracture geometry (such as length 

and conductivity).This difficult process is prevalent in very-low permeability rocks, in 

which long fracture half-lengths are required for efficient flow and drainage (Mukherjee, 

1999). Understanding the stress profiles around the wellbore aides in efficient fracture 
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placement and hence increases the productivity of the wells that have been hydraulically 

fractured. 

Fracture initiation is seen as greatly affected by high degrees of formation 

anisotropy which are particularly critical in horizontal wellbores (Ong and Roegiers, 

1996). The instability is compounded further when borehole azimuths are oriented in the 

directions parallel to the maximum horizontal principal stress directions. This indicated 

that neglecting anisotropic factors in fracture-initiation analyses can result in erroneous 

conclusions, as was indicated by Aadnoy (1987; 1988). The effects of bedding plane 

inclination in anisotropic formations in horizontal wells should not be ignored. This is of 

paramount importance when estimating the fracture initiation pressure when the well is 

positioned in the maximum horizontal stress direction (Ong and Roegiers, 1996). The 

factors that affect borehole stability were difficult to generalize, since borehole 

orientation, rock properties and in-situ stress magnitude and direction all have to be 

accounted for in any analysis.  

The dimensions and orientation of a hydraulic fracture are determined by factors 

such as natural fractures, permeability variations, in-situ stresses, faults etc. By 

understanding the effect that these parameters can have on the hydraulic fractures, we can 

predict a well’s productivity and resulting drainage area. Some of the methods used to 

predict fracture growth include computer modeling, treatment pressure analysis and well 

testing (Willis et al., 2005). For vertical fractures, they propagate in the direction of least 

resistance (in the direction of the maximum horizontal stress where the fracture opens 

against the minimum horizontal stress). It has been shown that fracture growth upwards 

or downwards is due to variations in stress between different lithologies in vertical 

sequences. Near wellbore pressure effects (tortuosity), can result from the fracture 

changing the direction it is propagating. This can be due to the perforations not being 

aligned with the least principal stress. 

In multi-stage horizontal well treatments and single stage vertical well treatments, 

fracture pattern complexity was controlled by the magnitude of the hydraulic fracture net 

pressure relative to the in-situ horizontal differential stress coupled with the geometry of 

the natural fractures. The neartip stress field around a hydraulic fracture indicated that 
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induced stresses may be large enough to debond sealed natural fractures before the 

hydraulic fractures meet the natural fractures (Olsen and Dahi-Taleghani, 2009). 

2.6 Stress Shadowing in the Barnett Shale 

The effects of stress shadowing have been observed and recorded around 

horizontal wellbores in the Barnett Shale. Fracture heights are generally much smaller 

than fracture lengths in the Barnett Shale hence; the fracture height controls the stress 

shadowing impact. It was also found that in the Barnett Shale, the stress shadow becomes 

very small at a distance of 1.5 times the fracture height. For typical fracture heights of 

300 to 400 feet in the Barnett Shale, stress shadows would be expected to dissipate 

around 500 feet from the fracture opening (Fisher et al., 2004). 

 As mentioned previously, stress shadowing encourages fracture growth in 

orthogonal directions. These have been observed even in vertical wells in the Barnett 

Shale, partly due to the low in-situ horizontal deviatoric stress. This is further 

compounded by the presence of natural fractures which are orthogonal to the maximum 

stress direction which occurs in the NE-SW direction. One important conclusion is that 

simultaneously growing and competing fractures initiated along a horizontal wellbore 

tend to further enhance fracture growth in the orthogonal direction. The resulting effects 

of this behavior are seen in increased productivity due to the resulting increases of 

reservoir contact area and network density (Fisher et al., 2004). 

The creation of a hydraulic fracture could alter the stress field in its surroundings 

and thus potentially affect the other hydraulic fractures created from nearby wells. This 

effect will be more pronounced in horizontal wells which have multiple transverse 

fractures and which depending on the fracture dimensions; distances between existing 

fractures will exhibit higher treating pressures and will cause changes in stress 

orientations (Soliman et al., 2004). In the Barnett Shale horizontal wells cannot be 

assumed to be located in a homogenous stress environment. Instantaneous shut-in 

pressures (ISIP’s) taken at multiple points in the lateral have shown variances in fracture 

gradients, with no trend in the magnitude of ISIP from the heel to the toe of the wellbore 

(Ketter et al., 2006; Figure 2-7). 
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By selectively locating perforation clusters, inefficient fracture initiation can be 

avoided. In order to locate these perforation clusters, the horizontal stress anisotropy 

should be detailed before perforating. The directions of this horizontal stress could be 

shown by using image logs to map these behaviors. Reducing the number of clusters per 

stage reduces the stress interference, which leads to a reduction of improper fracture 

propagation (Ketter et al., 2006). In effect, this significantly reduces the stress shadow 

effects. It is based on these recommendations that the modeling dimensions used in this 

thesis were chosen. 

 

 

 

 

 

 

 

 

 

Figure 2-7: Variation of ISIPs along the horizontal wellbore lateral at TMD = 

10,495 feet. As observed, there is not a clear trend in the pressure gradients from the 

heel to the toe of the horizontal wellbore (Redrawn from Ketter et al., 2006). 

 

2.7. Near-Wellbore Stress Effects in the Bakken Shale 

Recently, a finite element model was presented in which the near-wellbore stress 

effects on a horizontal wellbore were considered and the stresses required to initiate 

fractures in the Bakken Shale (Roundtree et al., 2009). This model simulated longitudinal 

fracture initiation by placing the horizontal wellbore perpendicular to the principal stress. 

The results obtained alluded to the fact that the selection of the boundary conditions can 

0.72 psi/ft 0.70 psi/ft 0.75 psi/ft 0.63 psi/ft 
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significantly affect the results and incorporated constant stress and zero strain results into 

the analysis. One key point was that a wellbore placed in the direction of the minimum 

horizontal stress will result in transverse fractures. Longitudinal fractures are also 

possible and the main driving factor to fracture initiation at the wellbore is determined by 

the axial and tangential stress distributions that exist around the wellbore. 

Varying the tangential stress around the wellbore circumference will result in 

hydraulic fractures initiating longitudinally from the wellbore. This would be due to the 

minimum compressive stress occurring at the top and bottom of the wellbore in a 

normally stressed environment. Also, pre-existing, cohesionless transverse fractures can 

be extended at a pressure below the longitudinal fracture-initiation pressure if they are 

intersected by the horizontal well (Roundtree et al., 2009). 
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CHAPTER 3: MODELING PROCESS 

In order to observe the stress envelopes and pressures profiles and use these to 

analyze the stress shadowing phenomenon, simulation models had to be devised which 

represent an actual reservoir. The properties of the reservoirs, including the wellbore 

parameters, the fluid properties and the mechanical properties of the rock were obtained 

and applied using COMSOL’s interface physics settings. Using the plane strain equation 

(Equation 2-1) and the validity of previous work, as described in the literature review, the 

accuracy of the numerical results were verified. This chapter gives an overview of the 

software package employed and how the actual modeling process was performed. The 

last section concludes with a summary of the models used and outlines the sensitivities 

that were analyzed. 

3.1 Introduction of Software and Modules Used 

The software package used for this thesis was COMSOL Multiphysics 3.5. 

COMSOL Multiphysics is a powerful interactive environment used to model scientific 

and engineering problems using partial differential equations. The built-in physics modes 

allow the user to couple different modules to solve multiphysics problems. The ease with 

which this software allows the user to manipulate the key functions was the main factor 

in the decision to use this software as opposed to other finite element software packages. 

The key functions consist of 1) combining or coupling two or more modules using the 

Multiphysics mode; 2) defining and drawing a custom geometry; 3) applying the physics 

to the subdomain and boundaries by filling in the required material properties that are 

assigned to each module; 4) choosing the mesh size, which is dependent on the size of the 

geometry and degrees of freedom and accuracies required; and 5) selecting a solver based 

on the physics and mesh chosen or selecting a solver to handle greater degrees of 

freedom and use less memory in solving the problem. The sixth key function, and the one 

that is most user-friendly, is the post-processing mode in which different plots, graphs 

and figures are created to display the results. 

The two modules used in this thesis are the Structural Mechanics and Earth 

Science Modules. These COMSOL Multiphysics modules allowed for the necessary 

physics, such as the boundary settings and constraints, to be applied for the subject 

research. The boundary settings can be set to specific values such as the pressure in the 
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reservoir, or constraints can be used to fix a particular boundary from displacing along 

one of the major axes (x, y and z). By constraining one side and applying a load or 

pressures to the remaining boundary, the effect of this applied force or pressure can be 

modeled, observations can be made, and appropriate conclusions can be drawn.  

These physics can be applied to the geometries (user-drawn shapes or edges to 

represent the model or conditions under investigation) or directly to solid domains such 

as boundaries (physical faces of the user drawn objects), edges (corners of the objects) or 

points (intersections points where two or more boundaries or edges intersect). In this 

thesis, a rectangular block is drawn to represent the reservoir, while a cylindrical pipe is 

used to represent the wellbore. Once the rectangular block is drawn, the software 

automatically assigns it a domain number; e.g., 1. If there are more than one shape in the 

models; i.e. such as in this thesis with a rectangular block as the reservoir and a 

cylindrical pipe as the wellbore, then two subdomains exist. In order to keep the problem 

simple and not complicate the solving process, one subdomain is preferred. In order to 

obtain one subdomain throughout the model when multiple components are included, a 

“composite object” can be created. A composite object simply combines the different 

components in the model into one object, hence resulting in one subdomain.  

The software allows for varying degrees of mesh sizes to be used, which range 

from coarse to fine (Figure 3-1). The mesh type should be chosen so that minimum 

memory is used in solving the problem, while the greatest degree of accuracy is obtained. 

There is also a function which allows for mesh refinement; i.e., the movement of the 

mesh while the problem solves.  

After the geometry is meshed, COMSOL Multiphysics internally compiles a set 

of Partial Differential Equations (PDEs) representing the entire model. For this thesis, the 

Poroelasticity Module under the Earth Science module allowed the combination of 

Structural Mechanics (solid, stress-strain) and Earth Science (Darcy’s Law, pressure 

analysis) to be easily combined into one multiphysics system. The solver parameters can 

be manipulated by the user to allow for faster solving, but with an increased error due to 

the use of coarser meshes. From observations made in this thesis during initial modeling, 

this error can range from 10-50 % depending on the geometry used, size of mesh and 

solver chosen. For this thesis, in order to reduce the error, meshes around the wellbore, 
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packers and hydraulic fractures used an extra fine mesh while the reservoir was meshed 

using a coarse mesh. This enabled solving to be done quickly without compromising the 

accuracy of the results, and significantly reducing the 10-50 % error to less than 0-5%, in 

most cases. 

 

  

 

Figure 3-1: Comparison of the different mesh sizes that can be used to solve the 

different models. The figure on the left is a “coarse” mesh while the figure on the 

right is a “fine” mesh. 

 

The application mode that was chosen for the modeling process was the 

stationary/static and transient analysis. These were chosen due to the importance of 

observing the stress profiles at different times at close to steady state conditions and for 

the hydraulic fractures at transient conditions since this would be regarded as a dynamic 

process. 
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The final step in using the COMSOL Multiphysics software involves the 

postprocessing stage, which allows the results obtained to be presented in a variety of 

displays. Displays include slice plots, subdomain plots, boundary plots, arrow plots, 

streamline plots, and others. Another unique feature that is available is the use of 

animated movies to display the results, as well as cross sectional and graphical plots. 

3.2 Coupling of Earth Science and Structural Mechanics Modules 

As mentioned, the two modules used in this thesis are the Earth Science and 

Structural Mechanics modules, which were combined in the Poroelasticity module. 

Poroelastic models enable simulation of the interaction between the fluids in the reservoir 

and the resulting deformation of the reservoir due to the pressure increase (due to 

hydraulic fracturing) or depletion (due to production). The Earth Science Module allows 

for different application modes, including: 

1. Solute transport in saturated and variably saturated porous media; 

2. Richard’s equation including nonlinear material properties using van 

Genuchten, Brooks and Carey, or user-defined parameters; 

3. Heat transfer by conduction and convection in porous media with one mobile 

fluid, one immobile, and up to five solids; 

4. Darcy’s law for hydraulic head, pressure head, and pressure; 

5. Brinkman equations; and 

6. Incompressible Navier-Stokes equations. 

The Earth Science Module was used to apply Darcy’s law by way of using a 

pressure analysis. The pressure analysis enables the user to apply a pressure at the 

reservoir boundary and within the reservoir (pore pressure) and use Darcy’s law to 

observe the effects this applied pressure would have on the flow patterns and stress 

profiles within the reservoir and in and around the wellbore. The properties that were 

applied using this module included the density and viscosity of the fluid in the reservoir, 

permeability of the reservoir, reservoir pressure, pressure of the wellbore, and the 

pressures exerted by the packers and the hydraulic fractures. 

The Structural Mechanics module solves problems in structural mechanics and 

solid mechanics. Some of the available application modes are: 
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1. Plane strain, Plain stress; 

2. Axisymmetry, stress-strain; 

3. Piezoelectric modeling; 

4. 2D beams, Euler theory;  

5. Thick plates, Mindlin theory; 

6. 3D beams, Euler theory; and, 

7. 3D solids and Shells. 

In this thesis, the application mode selected was the Plane stress, Plane strain. 

This mode was selected because it enables the material properties of Young’s modulus 

and Poisson’s ratio to be applied to a solid block (matrix) to simulate the reservoir rock 

properties. The stress-strain component allows the induced stress (overburden stress) to 

be applied and the resulting stresses (minimum and maximum horizontal stresses and 

axial strains) to be observed and calculated. The mechanical properties of the reservoir 

were applied to the models using this module. The properties applied were Young’s 

modulus, Poisson’s ratio, bulk density of the solid (reservoir), and the constraints to the 

reservoir faces. The overburden stress was also applied using this module. 

3.3 Design/Development of the Models 

These two modules were combined in the Multiphysics interface in a 3D setting. 

The geometry was drawn using a rectangular block to represent the reservoir and a 

horizontal cylinder to represent the horizontal wellbore as shown in Figure 3-2. Section 

3.4 gives a detailed overview of all the models (Models 1 to 5) used in this thesis. The 

horizontal wellbore appears in Models 3 to 5 only. In order to simulate the wellbore with 

packers, separate cylinders were drawn to represent the wellbore and packers, 

respectively, and used in Model 4 only. In Model 5, rectangular blocks (Figure 3-3) are 

used to represent hydraulic fractures. The rectangular shape was chosen, since this 

mimicked the shape of the reservoir and allowed the drawing, meshing and solving in 

Model 5 to be done more easily. It should be noted that the use of ellipses and ellipsoids 

were attempted, but these proved to be highly complex, and the resulting models did not 

mesh and could not be solved. 



32 

 

 

Figure 3-2: Geometry used in Models 3 through 5, in which the rectangular block 

represents the reservoir and the horizontal cylinder represents the horizontal 

wellbore. 

 

Figure 3-3: Geometry used in Model 4, in which a cylinder is used to represent a 

packer. Model 4a has two packers while Model 4b has two. 

 

Packer 
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Figure 3-4: Geometry used for Model 5. The rectangular blocks with dimensions of 

x = 0.1 ft, y = 40 ft and z = 60 ft were used to represent the hydraulic fractures. 

The composite function, as explained earlier, was used in Models 3 through 5. 

The subdomain and boundary settings for each module were then applied. The following 

figures show screen-shots for the different modules (Structural Mechanics and Earth 

Science) and show the properties that are entered for each subdomain setting and 

boundary condition. Figure 3-5 shows that for the subdomain settings in the Solid, Stress-

Strain sub-module, the Young’s modulus, Poisson’s ratio and the density (solid or matrix) 

are entered. The material model was kept in isotropic conditions and no initial stress or 

strain was entered. The subdomain settings shown in Figure 3-5 were used for all models. 

Hydraulic 

fractures 
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Figure 3-5: Subdomain settings for the Solid, Stress-Strain sub-module. In this 

subdomain setting, the material properties of Young’s Modulus, Poisson’s ratio and 

the density of the matrix (bulk) were entered. 

Figure 3-6 shows the boundary setting for the Solid, Stress-Strain sub-module. 

Under these settings, the five faces of the reservoir (all excluding the top surface) were 

constrained. The top surface was assigned a load (under the load tab) equal to the 

overburden stress which depended on the modeled reservoir depth. 
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Figure 3-6: Boundary settings for the Solid, Stress-Strain sub-module. In this 

setting, the five reservoir faces were constrained and an overburden stress 

applied dependent on the depth of investigation. The Boundary tab was used 

to select the boundaries to be constrained in the x, y and z directions under 

the Constraint tab. The Load tab was used to apply the overburden stress to 

boundary number 4 (i.e. the top of the reservoir block). 

Figures 3-7 and 3-8 show the subdomain settings and boundary settings for the 

Earth Science module – Darcy’s law – pressure analysis sub-module. In Figure 3-7, the 

flow properties of permeability and dynamic viscosity were added. Under the initial 

conditions, the pressure in the reservoir was set to the applied pore pressure. 
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Figure 3-7: Subdomain Setting for Darcy’s law sub-module. Under these settings the 

permeability and dynamic viscosity were applied. The initial pressure condition was 

set at the pore pressure and applied under the Init tab. The Volume fraction was 

equivalent to the porosity and was set at 0.3. All the other properties, once 

highlighted, were kept at the values shown. 

Figure 3-8 shows the boundary conditions as applied to Models 3 through 5. In all 

models, the boundaries (faces) of the reservoir were kept at the applied pore pressure. In 

Model 3, a pressure was applied to the wellbore to simulate flow from the reservoir into 

the wellbore. In Model 4, pressure equal to the packer ratings was applied using these 

settings. In Model 5, an outward pressure was applied to each of the hydraulic fractures 

to simulate flow from these fractures into the reservoir.  
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Figure 3-8: Boundary conditions for Darcy’s law sub-module. The boundary 

conditions for all faces were set at the pore pressure in Models 2 - 5. In Model 4 the 

packers were assigned a pressure = p_pack and in Model 5 the hydraulic fractures 

were given a pressure = p_frac.  

 

After all the subdomain settings and boundary settings were applied, the models 

were meshed. After meshing, the solver parameters were selected. Figure 3-9 shows the 

solver parameters that were used. The analysis types used for the Darcy’s law sub-

module were transient and for the Solid, Stress-strain was a quasi-static transient. The 

quasi-static was the default analysis type when the transient analysis was chosen for the 

Darcy’s law sub-module and hence was used throughout for all the models. The time 

stepping mode allowed the model to run for up to 7,000,000 seconds (81 days) for 

Models 1 through 5. For all models, the Linear system solver was GMRES (an iterative 

solver for nonsymmetric problems) and a preconditioner of the Incomplete LU (used for 

nonsymmetric problems and is a sparse approximation to determine the determinant in 

matrix factorization) were used. This combination of solver and preconditioner enabled 
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the models to solve after using a coarse mesh. This combination of mesh type and solver 

allowed for greater speed in solving, required less memory, and improved accuracy. 

 

 

Figure 3-9: Solver parameters that were used to solve all the models. The Linear 

solver used was GMRES and the Preconditioner was the Incomplete LU. For 

Darcy’s law a transient analysis was used while for Solid, Stress-Strain a quasi-

static transient was used. The time-stepping was set to run until 7,000, 000 seconds 

(approximately 81 days) for Models 1 through 5. 

 

After solving, the results can be postprocessed. Figure 3-10 shows the different 

plots that are available. 
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Figure 3-10: Postprocessing plot parameters that are used to display the results. 

Most of the results shown in this thesis use the slice plots so that the middle of the 

wellbore can be highlighted, and the outlines of the entire reservoir can be shown. 

 

3.4 Governing Equations 

The governing equation for the Earth Science module was Darcy’s law, while the 

PDEs used for both the modules were contained within the physics setting of COMSOL 

Multiphysics. The major equation used in the subdomain setting for Darcy’s Law was 

Equation 3-1. The pressures applied are shown as Equation 3-2. 

. 
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Darcy’s Law: 

δ s [Xp (1 – phi) + Xf *phi]∂Pres/∂t + delta . [-δk(k/η) ( delta Pres + ρfg delta d]  

= δQQs                                                                                                                                                            (3-1) 

Where, 

phi  = porosity, fraction 

Xf  = compressibility of fluid, 1/psi 

Xp = compressibility of solid, 1/psi 

k  = permeability, md 

η   = dynamic viscosity, lb,(ft.s) 

t   = time, s 

Pres  = Reservoir pressure, psi 

ρf  = fluid density,lb/ft3 

g   = acceleration due to gravity, ft/s2 

d  = depth of investigation, ft 

Qs = volumetric flow rate per unit volume, 1/s 

 Pressure: 

p = Pres = Reservoir pressure, psi                                                                       (3-2) 

 

In order to validate the base models, the plane strain equation was used (Equation 

2-1). Section 4.1 of Chapter 4 explains in greater detail how the base models were 

validated. 

extreshresvvh PP σαασ
ν

ν
σ ++−

−
= ][

)1(min
                                                       (2-1) 

Where, 

           minhσ  = minimum horizontal stress, psi 

ν       = Poisson’s Ratio 

vσ     = overburden stress, psi 
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vα     = vertical Biot’s poroelastic constant 

Pres    = reservoir pressure, psi 

hα    = horizontal Biot’s poroelastic constant 

extσ  = externally generated stress, psi 

In order to investigate the near wellbore stress effects, Kirsch’s Equations, 

Equations 3-3 through 3-8 were used. Equation 3-3 was used to obtain the values for the 

in-situ stresses in terms of the local borehole system of coordinates. In this equation σx, 

σy, and σz are the far field stresses. Figures 3-11 and 3-12 shows the axes used and the 

relationships of the stresses and angles contained in Equations 3-3 to 3-8. Figure 3-12 

shows the orientation and stresses on an inclined wellbore. For a horizontal well the angle 

β = 90 degrees while the angle α = 0 to 90 degree to represent the side of the wellbore.  
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Where, 

xxσ  = principal stress in the x plane, psi 

yyσ  = principal stress in the y plane, psi 

zzσ  = principal stress in the z plane, psi 

τxz   = shear stress in the x-z plane, psi 

τyz   = shear stress in the y-z plane, psi 

τxy   = shear stress in the x-y plane, psi 

   β = angle from the vertical plane, degrees 
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   α = angle from top to side of wellbore (0 to 90), degrees 

  σx = far field stress in the x direction, psi 

  σy = far field stress in the y direction, psi 

  σz = far field stress in the z direction, psi 

 

 

Figure 3-11: The orientation of the principal stresses in the Cartesian (a) and the 

radial coordinates (b) (Valko and Economides, 1995). 
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Figure 3-12:  Stresses and angles used in an inclined wellbore (Valko and 

Economides, 1995). 

Equation 3-3 was simplified for a horizontal well in which angle β = 90o. At the 

borehole, Equations 3-4 to 3-8 were used to calculate the stress field resulting from the 

in-situ stress tensor and the internal borehole pressure, pw. These equations were used to 

compare the near wellbore stresses that were obtained using the COMSOL software. 

They served to validate the results obtained from Model 3. 

σrr    =   Pw                                                                                                                                                            (3-4) 

σØØ   =   (σxx + σyy – pw) – 2(σxx – σyy) cos(2Ø) - 4τxysin(2Ø)                         (3-5) 

σzz    =    σzz – 2ν(σxx – σyy)cos(2) - 4ντxy sin(2Ø)                                             (3-6) 

τrØ     =    τrz   = 0                                                                                                (3-7) 

τØz   =    2(-τxz sinØ + τyz cosØ)                                                                         (3-8) 

 

Where, 

σrr  = stress in the r direction for an inclined wellbore, psi 

Pw  = wellbore pressure, psi 

σØØ  =  stress in the Ø direction for an inclined wellbore, psi 
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τrØ    = shear stress in the r-Ø plane for an inclined wellbore, psi 

τrz   = shear stress in the r-z plane for an inclined wellbore, psi 

τØz   = shear stress in the Ø-z plane for an inclined wellbore, psi 

ν = Poisson’s Ratio 

 In Equations 3-3 to 3-8 the stresses σx, σy, σz, can be represented by σh min, σh max 

and σv , respectively.  

Where, 

σx = far field stress in the x direction, psi 

σy = far field stress in the y direction, psi 

σz = far field stress in the z direction, psi 

σh min = minimum horizontal stress, psi 

σh max = maximum horizontal stress, psi 

σv = overburden stress, psi 

3.5 Summary of Base Models 

This section provides a detailed description of each of the models. Table 3-1 

provides a list of all the properties used in each of the models, including the material and 

flow properties that were used, as well as the depths of investigation. Model 1 was used 

to determine if the Structural Mechanics module would represent the stresses (minimum 

and maximum) when the overburden stress was applied. Model 2 used the Poroelasticity 

module to observe the effects of the applied overburden stress and the applied pore 

pressure. Model 3 include the horizontal wellbore to observe the pressure profiles and 

stresses (hoop, vertical, and horizontal) around the wellbore. Model 4 was used to 

observe the effects of adding packers to the wellbore and was used to determine which 

packer rating (high or low) would be aid in reducing the breakdown pressure needed to 

initiate fractures. Model 5 incorporated hydraulic fractures to observe the stresses around 
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the fractures and hence model stress shadowing and use the stress envelopes to determine 

areas of high and low stresses around the wellbore. 

3.5.1 Model 1  

Model 1 consists of using the Structural Mechanics module in which an 

overburden stress was applied to a reservoir. A rectangular block with dimensions of x = 

100 ft, y = 50 ft and, z = 75 ft was drawn. The Boundary settings for this model, under 

the Physics tab, were used to constrain the five sides with the exception being the top 

surface in the z-direction. These five sides were prescribed a displacement of zero. The 

top surface in the z-direction was not constrained, but a load equivalent to the overburden 

stress was applied. The intent of Model 1 was to determine if the structural mechanics 

module would display the same results as would be obtained via calculations using the 

plane strain equation. 

3.5.2 Model 2  

Model 2 consists of using the Structural Mechanics module (Solid, Stress-Strain) 

and the Earth Science module (Darcy’s law-Pressure Analysis). These modules were 

coupled together under the Earth Science module’s Poroelasticity sub-module. The 

Poroelasticity module allows the flow characteristics of the reservoir (permeability, pore 

pressure) and the stress contrast (overburden stress, maximum and minimum horizontal 

stress) within the reservoir to be observed. In this model, an overburden stress along with 

a pore pressure was applied to a reservoir. A rectangular block with dimensions of x= 100 

ft, y = 50 ft and, z = 75 ft was drawn. Since this model combined two modules it is aptly 

termed as a multiphysics module. Hence, when the constants used had to be applied to 

this model, the physics tab had to be interchanged between the Solid, Stress-Strain and 

Darcy’s law modes. 

Under the Physics tab, in the Solids, Stress-Strain mode, the value of the Young’s 

modulus, Poisson’s ratio; and density of the matrix were input into their respective 

locations in the subdomain menu. The Boundary settings for this model, under the 

Physics tab, were used to constrain the five sides, with the exception being the top 

surface in the z-direction. These five sides were prescribed a displacement of zero. The 

top surface in the z-direction was not constrained but a load equivalent to the overburden 
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stress was applied. For the Darcy’s law mode, under the physics tab, the values for the 

permeability and dynamic viscosity were input into the coefficients tab. Under the 

physics boundary settings, the reservoir pressure was applied to all six sides of the 

reservoir. 

Table 3-1: Constants and Reservoir Properties Used in Models 1 to 5 

 

Name Expression Description 

k 0.01[md] Permeability 

E 4.5e6[psi] Young's Modulus 

nu 0.25 Poisson's Ratio 

phi 0.3 Porosity 

sigma_v 10,500[psi] Overburden Stress 

d 10,500[ft] Depth 

rho_s 2.65[g/cm^3] Solids Density 

p_r 4547[psi] Reservoir pressure 

eta 0.2[cp] Dynamic viscosity 

p_w 10[psi] Well Pressure 

p_pack 8000[psi] Packer Pressure 

p_frac 1500[psi] Fracture Pressure 

Q 60[bbl] Flow Rate 

h_res 75[ft] Reservoir Height 

w_res 50[ft] Reservoir Width 

f_h1 60[ft] Frac height 

f_w1 40[ft] Frac Width 

rho_f 2,650 [kg/m^3] Fluid Density (oil) 

k_frac 1,000 Darcy Frac Perm 

f_h2 40[ft] frac height 

f_w2 30[ft] frac width 

 

 

Also under the initial conditions setting, the pressure in the reservoir was set at 

the reservoir pressure, p_r. The intent of Model 2 was to determine the role of an applied 

pressure in the reservoir on the minimum horizontal stress and use this numerical model 

to confirm with the values obtained via calculations using the plane strain equation. 
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3.5.3 Model 3  

Model 3 also consists of using the Structural Mechanics module (Solid, Stress-

Strain) and the Earth Science module (Darcy’s law-Pressure Analysis), coupled together 

under the Earth Science module’s Poroelasticity sub-module. In this model, a horizontal 

wellbore was added to Model 2. 

A rectangular block with dimensions of x = 100 ft, y = 50 ft and, z = 75 ft was 

drawn to represent the reservoir. A cylinder was drawn parallel to the x-axis to represent 

the horizontal wellbore. The wellbore has a radius of 5.5 inches and a length of 85 feet. 

The wellbore was drawn attached to the extreme right face of the reservoir with the other 

end stopping at x-coordinates of -35. In order to simplify this model and have one 

subdomain, the composite function was used. This allowed the wellbore to appear as an 

open-hole wellbore within the reservoir and also serves to eliminate extra boundaries and 

edges that may be present if the cylinder and rectangular block are not combined 

together. Again, this model combined two modules, when the constants used have to 

applied to this model, the physics tab had to be interchanged between the Solid, Stress-

Strain and Darcy’s law modes. 

Under the Physics tab, in the Solids, Stress-Strain mode, the value of the Young’s 

modulus, Poisson’s ratio and density of the matrix were input into their respective 

locations in the subdomain menu. The Boundary settings for this model, under the 

Physics tab, were used to constrain the five sides, with the exception being the top 

surface in the z-direction. These five sides were prescribed a displacement of zero. The 

top surface in the z-direction was not constrained, but a load equivalent to the overburden 

stress was applied. For the Darcy’s law mode, under the physics tab, the values for the 

permeability and dynamic viscosity were input into the coefficients tab. Under the 

physics boundary settings, the reservoir pressure was applied to all six sides of the 

reservoir.  

3.5.4 Model 4  

Model 4 uses the Poroelasticity module, with a reservoir (represented by a 

rectangular block), a horizontal wellbore (represented by a horizontal cylinder) and a 

packer (also represented by a horizontal cylinder). The overburden is the applied stress 
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and using Darcy’s law, the pore pressure is applied in the reservoir. The reservoir had 

dimensions of x = 100 ft, y = 50 ft and z = 75 ft. The length of the packer was 20 ft. The 

pressure inside the wellbore and the pressure exerted by one packer were also applied as 

part of the boundary settings in the Earth Science module. The same procedures were 

employed as in Model 3 with respect to the subdomain and boundary settings for both the 

Solid, Stress-Strain and Darcy’s law sub-modules. The only difference was that the 

packers were allowed to exert an external pressure equal to the pressure ratings of 5,000, 

8,000, and 10,000 psi. Model 4a consist of one packer and Model 4b consists of two 

packers. 

3.5.5 Model 5  

Model 5 also uses the Poroelasticity module. This model uses the reservoir and 

horizontal wellbore constructed in Model 3, but adds hydraulic fractures. The reservoir 

had dimensions of x = 100 ft, y = 50 ft and z = 75 ft. The hydraulic fractures were 

represented by rectangular blocks of dimensions: x = 0.01 ft, y = 40 ft and z = 60 ft. The 

same procedures were employed as in Model 3 with respect to the subdomain and 

boundary settings for both the Solid, Stress-Strain and Darcy’s law sub-modules. 

Additionally, an outward pressure was applied to the fractures and a pressure was also 

applied to the wellbore as in Model 3. Model 5a consists of one set of fractures and 

Model 5b consists of two sets of fractures.  

Table 3-2 summarizes the components that were used in each of the different 

models. The same reservoir geometry was used in all the models in order to maintain the 

consistency in the modeling process. Table 3-3 shows for the model statistics, as the 

degrees of freedom and number of elements increased for each of the models, it became 

increasing difficult to solve models with larger geometries than the ones used. Models 1, 

2 and 3 were solved using larger reservoir geometries (e.g. reservoir dimensions of x = 

1000 ft, y = 1000 ft and z = 1000 ft), and these gave the same results, validating the 

acceptability of using the smaller geometries for all models. 
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Table 3-2: Summary of all the Models used in this Thesis. This Table 

lists all the Boundary Conditions and Components that were used in 

the Models 

 

Model Components 1 2 3 4a 4b 5a 5b

Structural Mechanics X

Poroelasticity Module X X X X X X

Reservoir X X X X X X X

Overburden Stress X X X X X X X

Horizontal Wellbore X X X X X

Well Pressure X X X X X

No Pore Pressure X X

Pore Pressure X X X X X

1 Packer X

2 Packers X

1 set of Hydraulic Fracs X

2 sets of Hydraulic Fracs X

Models

 
 

 

 

Table 3-3: A Summary of the Mesh Statistics for each of the Models 

Models

Degrees of freedom Number of mesh 

points

Number of 

elements

1 9774 493 1976

2 13032 493 1976

3 37488 1267 6374

4a 42388 1429 7216

4b 43852 1481 7470

5a 57863 2046 9687

5b 64234 3004 10456  

3.6 Sensitivities and Scenarios Tested 

The models presented were analyzed under different scenarios to observe their 

behavior with calculated values using Equations 3-1 to 3-6. This section highlights the 

various scenarios that examined. 

Model 1 was run at depths of 10,500 ft and 15,000 ft. This enabled the overburden 

stress to be changed and the resulting effects to be observed. Parameters such as the 
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Young’s modulus, Poisson’s ratio and permeability were also varied and the results 

verified using the plane strain equation. In Model 2, the pore pressure values were varied 

and the resulting minimum horizontal stress calculated. The same parameters that were 

varied in Models 1 and 2 were also manipulated in Model 3. Models 4a and 4b had the 

distinction of having the packer pressure changed between 5,000 to 8000 and 10,000 psi 

ratings. In Model 5, the pressure profiles and stress concentrations around the hydraulic 

fractures and the horizontal wellbore was observed when an applied pressure was set on 

the hydraulic fractures. All of the major scenarios ran are summarized in Table 3-4. 

Table 3-4: Summary of the Sensitivities/Scenarios ran for each of the Models 

1 2 3 4a 4b 5a 5b

Overburden = 10,500 psi x x x x x x x

Overburden = 15,000 psi x x x x x x x

E = 6.5 e 6 psi x x

E = 2.8 e 6 psi x x x x x x x

E = 5.1 e 6 psi x x

E = 1.0 e 6 psi x x

E = 4.5 e 6 psi x x

Poisson's Ratio = 0.20 x x

Poisson's Ratio = 0.25 x x x x x x x

Poisson's Ratio = 0.30 x x

Poisson's Ratio = 0.40 x x

Pore Pressure = 0 psi x x

Pore Pressure = 4547 psi x x x x x x

Pore Pressure = 3,000 psi x

Pore Pressure = 4,000 psi x

Pore Pressure = 5,000 psi x

Permeability = 0.1 md x x x x x x

Packer Rating = 5,000 psi x x

Packer Rating = 8,000 psi x x

Packer Rating = 10,000 psi x x

Fracture Pressure = 3000 psi x x

Fracture Pressure = 3500 psi x x

Fracture Pressure = 4000 psi x x

Fracture Pressure = 5000 psi x x

Scenarios/Sensitivities
Models
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CHAPTER 4. MODELING RESULTS AND DISCUSSION 

This chapter presents the numerical results obtained from Models 1 through 5. 

The different scenarios and sensitivities run for each model are also presented, with 

appropriate observations made. Models 1 and 2 were validated using the plane-strain 

equation and these calculations are presented as well. This validation served to ensure 

that the numerical results of the base models (Models 1 and 2) agreed with the analytical 

solutions. Model 3 builds on the physics applied to Models 1 and 2 and was validated 

from work present by Valko and Economides (1995) and Roundtree et al. (2009) and 

Kirsch’s Equations, so that the validity of the numerical results from Models 4 and 5 

could be verified analytically. This chapter uses data obtained from the Bakken shale 

with some modifications made (Roundtree et al., 2009). The results obtained are 

presented and discussed and compared and applied to the Barnett shale data previously 

mentioned in the literature review (Chapter 2). 

4.1 Results for Model 1 

The property values used for Model 1 are listed in Table 4 -1 and include Young’s 

Modulus, E; Poisson’s ratio, nu; overburden stress, sigma_v; depth from the surface, d; 

and the density of the matrix, rho_s. The stress profiles resulting from Model 1 for the 

overburden and the minimum horizontal stresses were plotted and are discussed in this 

section. The scenarios run were for differing depths/overburden values, Young’s Moduli 

and, Poisson’s ratios, as shown in Table 3-4. 

Table 4 -1: Constants Used for Model 1 at Depths of 10,500 and 

15,000 feet 

Name Expression Description

E 4.5 e 6 [psi] Young's Modulus

nu 0.25 Poisson's Ratio

sigma_v 10,500 [psi] and 15,000 [psi] Overburden Stress

d 10,500 [ft] and 15,000 [ft] Depth

rho_s 2.65 [g/cm 3̂] Solids Density  

The plane strain equation, Equation 2-1, was used to validate the results obtained 

by the analyses as displayed in Figures 4-1 to 4-6. 
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Plane Strain Equation: 

extreshresvvh PP σαασ
ν

ν
σ ++−

−
= ][

)1(min
                                                       (2-1) 

For Model 1, Base Case the overburden stress, vσ   = 10,500 psi was applied 

along the z-axis. It must be noted that the z-axis was positioned as up being positive in 

the numerical model. In order to apply this overburden stress which would be 

compressing the reservoir the overburden was given a negative value when applied. 

Hence in the numerical solutions the values of the stresses are all negative and this 

accounts for the axis direction and the compressive nature of the overburden, minimum 

and maximum horizontal stresses.  

Using the plane strain equation, Equation 2-1, the pressure in the reservoir, Pres = 

0 psi, Poisson’s ratio, ν = 0.25, Biot’s constants in the vertical and horizontal directions 

are vα    and hα  = 1, respectively, and the external stresses due to tectonics, extσ equals 0, 

Equation 2-1 on substitution of these variables becomes Equation 4-1 and 4-2. Equation 

4-3 shows that the calculated value for the minimum horizontal stress,
minhσ , is 3,500 psi.   

00*1]0*1[
)1(min

++−
−

= vh σ
ν

ν
σ

                                                              (4-1)
 

minhσ  = 0.25/ (1- 0.25) * [10,500 – 1* 0] + 1* 0                                               (4-2) 

minhσ  = 3,500 psi                                                                                               (4-3) 
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Figure 4-1: Slice plot of the overburden stress at t = 0 days. The plot shows 

that there is no variation in the overburden value of 10,500 psi. The differing 

colors on the slice plot are due to the mesh quality and the modeling software 

refinement. 
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Figure 4-2: Slice plot of the minimum horizontal stress at t = 0 days. The plot 

shows that there is no variation in the minimum horizontal stress of 3,500 

psi. The differing colors on the slice plot are due to the mesh quality and the 

modeling software refinement. 
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Figure 4-3: Slice plot of the maximum horizontal stress at t = 0 days. The plot 

shows that there is no variation in the maximum horizontal stress of 3,500 

psi. The differing colors on the slice plot are due to the mesh quality and the 

modeling software refinement. 
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Figure 4-4: Slice plot of the overburden stress at a depth of 15,000 feet. The plot 

shows that there is no variation in the overburden stress value of 15,000 psi. The 

differing colors on the slice plot are due to the mesh quality and the modeling 

software refinement. 
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Figure 4-5: Slice plot of the minimum horizontal stress at a depth of 15,000 feet. The 

plot shows that there is no variation in the minimum horizontal stress value of 5,000 

psi. The differing colors on the slice plot are due to the mesh quality and the 

modeling software refinement. 
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Figure 4-6: Slice plot of the maximum horizontal stress at a depth of 15,000 feet. 

The plot shows that there is no variation in the minimum horizontal stress value of 

5,000 psi. The differing colors on the slice plot are due to the mesh quality and the 

modeling software refinement. 

 

In the numerical model (see Figure 4-1), vσ   = 10,500 psi, which is the applied 

overburden stress, and Figure 4-2 shows the minimum horizontal stress,  
minhσ which has 

a value of  3,500 psi. The minor variations (see Figures 4-1 through 4-6) shown in the 

numerical solutions were due to the mesh quality and the modeling software refinement. 

Figure 4-3 shows that the minimum and maximum horizontal stresses, numerically, have 

the same value since no anisotropy is built into the model. At a depth of 15,000 feet, the 

overburden stress is 15,000 psi (Figure 4-4). The minimum horizontal stress calculated 

for this overburden stress of 15,000 psi is 5,000 psi and is shown numerically in Figure 4-

5. Figure 4-6 shows that the numerical value for the maximum horizontal stress is also 
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5,000 psi. The values for the minimum horizontal stress, when given the overburden 

stress, concur with those calculated by the plane strain equation. 

From Equation 2-1, the only dependent variables that affect the value of the 

minimum horizontal stress are the overburden stress value and the Poisson’s ratio. This 

implies that the Young’s modulus will not affect the value of the minimum horizontal 

stress. This is confirmed by the model results summarized in Table 4-2. The values at 

10,500 feet and 15,000 feet for the minimum horizontal stress do not change when 

different Young’s Moduli are applied to the model. 

 As mentioned, the Poisson’s ratio values would be expected to change the value 

of the minimum horizontal stress. This is clearly evident in Table 4-3 were values for 

Poisson’s ratio from 0.2 to 0.5 were applied to Model 1 and the values obtained both 

numerically and analytically are summarized. Figures 4-7 and 4-8 present two numerical 

results in which the values of Poisson’s ratio used were 0.2 and 0.4. It should be noted 

that the numerical and analytically calculated values from the results presented had a 0 % 

error indicating that the physics and constants applied to this model were accurate. 

Table 4-2: Summary of the Values Obtained for the Minimum Horizontal Stress for 

Differing Young’s Moduli at Depths of 10,500 and 15,000 feet 

 

Young's Modulus (psi) at 10,500 ft at 15,000 ft

Sandstone 6.5 e 6 3,500 5,000

Sandstone 11 2.8 e 6 3,500 5,000

Shale Gas 5.1 e 6 3,500 5,000

Tight Gas 1.0 e 6 3,500 5,000

Base Value 4.5 e 6 3,500 5,000

Minimum Horizontal Stress (psi)
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Table 4-3: Summary of the Numerical and Analytically Calculated Values for the 

Minimum Horizontal Stress using Different Poisson’s Ratio at Different Depths 

 

Poisson's Ratio At 10,500 ft At 15,000 ft At 10,500 ft At 15,000 ft

0.10 1167 1667 1167 1667

0.20 2625 3750 2625 3750

0.25 3500 5000 3500 5000

0.30 4500 6429 4500 6429

0.35 5654 8077 5654 8077

0.40 7000 10000 7000 10000

0.45 8591 12273 8591 12273

0.50 10500 15000 10500 15000

Calculated Minimum Horizontal Stress [psi] Numerical Minimum Horizontal Stress [psi]

 
 

4.2 Results for Model 2 

The property values for Model 2 are displayed in Table 4-4. These include 

permeability, k; Young’s modulus, E; Poisson’s ratio, nu; porosity, phi;  overburden 

stress, sigma_v; depth from the surface, d; the density of the matrix, rho_s; pore or 

reservoir pressure, p_r; and dynamic viscosity, eta.  The scenarios run were for differing 

depths/overburden values and pore pressures. From the results obtained from Model 1 it 

would be expected that changes in the overburden stress value and Poisson’s ratio will 

affect the value of the minimum horizontal stress. The plane strain equation also indicates 

that the changes in pore pressure due to the introduction of the Darcy’s law-pressure 

analysis module in Model 2, would affect the value of the minimum horizontal stress. 

Table 4-4: Constants Used for Model 2 at Depths of 10,500 and 15,000 Feet 

Name Expression Description

k 0.01 md Permeability

E 4.5 e 6 [psi] Young's Modulus

nu 0.25 Poisson's Ratio

phi 0.3 Porosity

sigma_v 10,500 and 15,000 [psi] Overburden Stress

d 10,500 and 15,000 [ft] Depth

rho_s 2.55 [g/cm 3̂] Solids Density

p_r 4,547 [psi] Reservoir Pressure

eta 0.2 cp Dynamic Viscosity  
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 Figure 4-7: Slice plot of the effects of the Poisson’s ratio = 0.2. At 10,500 psi 

overburden stress, the minimum horizontal stress value is 2,625 psi (a) while at the 

15,000 psi overburden stress the value is 3,750 psi (b).These values correspond to 

those calculated analytically as shown in Table 4-3. 

(b) 

(a) 
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Figure 4-8: Slice plot of the effects of the Poisson’s ratio = 0.4. At 10,500 psi 

overburden stress the minimum horizontal stress value is 7,000 psi (a) while at the 

15,000 psi overburden stress the value is 10,000 psi (b). These values correspond to 

those calculated analytically as shown in Table 4-3. 

(a) 

(b) 
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The results obtained from Model 1 showed that the applied overburden stress, 

which was dependent on the depth of investigation, and the value of the Poisson’s ratio 

used, affected the value of the minimum horizontal stress. The same can be applied here, 

since this Model contains the Structural Mechanics module with the solids, stress-strain 

mode. The same constants were applied as in Model 1. The difference is that the flow 

properties of the reservoir were introduced by coupling the Structural Mechanics module 

with the Earth Science module-Darcy’s law- pressure analysis mode. In order to verify 

that the results obtained by the analysis as displayed by Figures 4-9 to 4-19 are valid, the 

plane strain equation, Equation 2-1, was used to calculate the minimum horizontal stress 

values. 

Using Equation 2-1 and substituting pressure in the reservoir, Pres = 4,547 psi 

(Figure 4-11), Poisson’s ratio, ν = 0.25,  Biot’s constants in the vertical and horizontal 

planes, vα    and hα  equal to 1, respectively, the external stresses due to tectonics, extσ , 

assumed to be equal to 0, Equation 2-1 becomes Equation 4-4. Equation 4-5 gives the 

value of the minimum horizontal stress equal to 6,531 psi (Figure 4-10). 

minhσ  = 0.25/ (1- 0.25) * [10,500 psi – 1* 4,547psi] + 1* 4,547psi                              (4-4) 

minhσ  = 6,531 psi                                                                                                           (4-5) 

Pore pressures of 0 psi, 3,000 psi, 4,000 psi and 5,000 psi were applied to the 

model and the results obtained from the analytical calculations and the numerical models 

are summarized in Table 4-5. Numerical results for the model are plotted in Figures 4-9 

to 4-15. The numerical values obtained are identical to the values calculated using the 

plane strain equation and confirm that this model reflects the conditions of the reservoir 

in terms of how the fluid properties (pore pressures) affect the value of the minimum 

horizontal stress. 
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Table 4-5: Summary of the Calculated and Numerical Values for the Minimum 

Horizontal Stress at Depths of 10,500 and 15,000 feet for Different Pore Pressure 

Values. The Corresponding Figures for the Minimum Horizontal Stress at a Depth 

of 10,500 ft are also Highlighted 

Figure 4-12 0 3,500 3,500 5,000 5,000

Figure 4-13 3,000 5,500 5,500 7,000 7,000

Figure 4-14 4,000 6,167 6,167 7,667 7,667

Figure 4-10 4,547 6,531 6,531 8,031 8,031

Figure 4-15 5,000 6,833 6,833 8,333 8,333

Pore 

Pressure 

[psi]

Calculated 

Minimum 

Horizontal 

Stress at 

10,500 ft  [psi]

Calculated 

Minimum 

Horizontal 

Stress at 

15,000 ft  [psi]

Numerical 

Minimum 

Horizontal 

Stress at 

15,000 ft  [psi]

Numerical 

Minimum 

Horizontal 

Stress at 

10,500 ft  [psi]

Figures

 

4.3 Results for Model 3 

The major difference between this model and Models 1 and 2 is the addition of a 

horizontal wellbore to the reservoir. A cylinder was drawn parallel to the x-axis to 

represent the horizontal wellbore which has a radius of 5.5 inches and a length of 85 feet. 

The wellbore was drawn attached to the extreme right face of the reservoir with the other 

end stopping at the x-coordinate of -35 (see Figure 4-16). In order to simplify this model 

and have one subdomain, the composite function was used. If this was not done there 

would be two subdomains, one for the reservoir and one for the wellbore. This allowed 

the wellbore to appear as an open-hole wellbore within the reservoir and also served to 

eliminate extra boundaries and edges that maybe present if the cylinder and rectangular 

block are not combined. The advantage of this is that the model is easier to mesh and 

hence takes a shorter time to solve.  
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Figure 4-9: Slice Plot of the overburden stress at 10,500 (a) and 15,000 (b) feet for a 

pore pressure of 4,547 psi. The overburden stress value remains at 10,500 and 

15,000 psi as applied under the solid, stress-strain model mode.  

(a) 

(b) 
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Figure 4-10: Slice plot of the minimum horizontal stress at 10,500 (a) and 15,000 (b) 

feet for a pore pressure of 4,547 psi. The minimum horizontal stress values were 

6,531 psi and 8,031 psi for depths of 10,500 feet and 15,000 feet, respectively. 

(a) 

(b) 
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Figure 4-11: Pore pressure distribution at 10,500 (a) and 15,000 (b) feet. The slice 

plots indicates that the applied pore pressures remained  the same for the two 

depths investigated. 

(a) 

(b) 
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Figure 4-12: The first figure (a) shows the pore pressure distribution at a depth of 

10,500 feet. The applied pore pressure of 0 psi is represented by the deep blue color 

on the edges of the reservoir. The second figure (b) is the minimum horizontal stress 

profile in the reservoir with an approximate value of 3,500 psi. 

(a) 

(b) 
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Figure 4-13: The first figure (a) shows the pore pressure distribution at a depth of 

10,500 feet. The applied pore pressure of 3,000 psi is represented by the light green 

color on the edges of the reservoir. The second figure (b) is the minimum horizontal 

stress profile in the reservoir with a value of 5,500 psi. 

(a) 

(b) 
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Figure 4-14: The first figure (a) shows the pore pressure distribution at a depth of 

10,500 feet. The applied pore pressure of 4,000 psi is represented by the light green 

color on the edges of the reservoir. The second figure (b) is the minimum horizontal 

stress profile in the reservoir with an approximate value of 6,167 psi. 

 

(a) 

(b) 
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Figure 4-15: The first figure (a) shows the pore pressure distribution at a depth of 

10,500 feet. The applied pore pressure of 5,000 psi is represented by the light green 

color throughout the reservoir. The second figure (b) is the minimum horizontal 

stress profile in the reservoir with a value of 6,833 psi. 

 

(a) 

(b) 
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Figure 4-16: Geometry used in Model 3. The rectangular block represents the 

reservoir and the horizontal cylinder represents the horizontal wellbore. 

The property values used for Model 3 are listed in Table 4-6 and include the 

permeability, k; Young’s modulus, E; Poisson’s ratio, nu; porosity, phi;  overburden 

stress, sigma_v; depth from the surface, d; the density of the matrix, rho_s; pore or 

reservoir pressure, p_r; dynamic viscosity, eta; and the well pressure, p_w.  

For the Darcy’s law mode, the boundary settings applied were the well pressure, 

p_w, applied to the wellbore, reservoir pressure, p_r, applied to the reservoir, and under 

the initial conditions settings, the initial reservoir pressure was set to p_r. 

 From the results obtained with Model 1, it would be expected that changes in the 

overburden stress value and Poisson’s ratio would affect the value of the minimum 

horizontal stress. Observation of the plane strain equation (Equation 2-1) would assume 

that as in Model 2 the changes in pore pressure due to the introduction of the Darcy’s 

law-pressure analysis in this model would also affect the value of the minimum 

horizontal stress. The resulting pressure and stress profiles obtained from this model were 

plotted, and are discussed in this section. All analysis was done using a depth of 

investigation of 10,500 feet. This depth was taken as being at the top of the reservoir, 

exerting an overburden stress of 10,500 psi. 
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Table 4-6: Property Values Used for Model 3 

Name Expression Description

k 0.01 [md] Permeability

E 4.5 e 6 [psi] Young's Modulus

nu 0.25 Poisson's Ratio

phi 0.3 Porosity

sigma_v 10,500 [psi] Overburden Stress

d 10,500 [ft] Depth

rho_s 2.55 [g/cm^3] Solids Density

p_r 4,547 [psi] Reservoir pressure

eta 0.2 [cp] Dynamic viscosity

p_w 0 [psi] Well Pressure  

4.3.1 Validation of Model 3 

In order to validate the results obtained from Model 3, comparisons were made 

from previous work on the Bakken shale (Roundtree, et al., 2009). Based on the Kirch’s 

equations they state that the tangential shear stress in polar coordinates is always zero at 

the free-surface boundary of the wellbore but in the Cartesian coordinates the values of 

the shear stress will only equal the tangential shear stress at the very top, bottom, and two 

sides of the wellbore. By using these observations, the numerical results for Model 3 

were validated. Figure 4-17 shows the shear stress in the y-z plane for Model 3. This 

figure shows that the tangential shear stress does approach zero at the top, bottom and 

sides of the wellbore. The maximum values of the tangential shear stress (4,451 psi) 

occurs around the first and third quadrant of the wellbore, while the minimum values for 

the tangential shear stress (-5,028 psi) occur along the second and forth quadrant (if the 

well was split into four quadrants and numbering began clockwise from the top). Figure 

4-18 is the same as Figure 4-17, except that values of the shear stress at angles of 0, 45 

and 70 degrees are highlighted.  
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Figure 4-17: Shear Stress in the y-z plane for Model 3.The shear stress at the 

top, sides, and bottom of the wellbore is at zero psi as indicated by the light 

green color. 

Maximum 

Tangential Shear 

Stress = 4,451 psi 

Minimum 

Tangential 

Shear Stress =  

-5,038 psi 
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Figure 4-18: Shear Stress in the y-z plane for Model 3.The shear stress at 

three angles is highlighted on the figure. At 0, 45 and 70 degrees the shear 

stresses are 0, 1,845 and 1,205 psi respectively. 

Table 4-7 compares the calculated values with the numerical values shown in 

Figure 4-18. The calculated values for the shear stresses were obtained using Equations 

4-6 to 4-23. These Kirsch-based calculations enabled the shear stresses to be compared 

with the numerical solutions obtained from Model 3.  The values for angles of 0 and 90 

degrees, which were easy to read from Figure 4-18, have an error of 0 %. The values for 

the tangential shear stress at angles of 15, 45, 60 and 70 degrees were more difficult to 

read from the models but were found to be within an acceptable error range. The error in 

these values ranged up to 1.2 %. 

Calculation of the Tangential Stress in the Y-Z plane: 

The term ‘net’ refers to the total stress minus the pore pressure. 

Angle = 70 deg 

Shear Stress 

=1245 psi 

Angle = 45 deg 

Shear Stress = 

1865 psi 

Angle = 0 deg 

Shear Stress = 0 

psi 
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Using the far field stresses:  

     σ v  = overburden stress = 10,500 psi (Net = 5,953 psi)                                            (4-6) 

     σ hmin  = minimum horizontal stress = 6,735 psi (Net = 1,984 psi)            (4-7) 

     σ hmax  = maximum horizontal stress = 7,135 psi.(Net = 2,384 psi)            (4-8) 

The pore pressure used in these calculations was 4,547 psi. The well was 

prescribed a pressure of 0 psi. Values used for Poisson’s ratio and the tensile strength of 

the rock were 0.25 and 1,200 psi, respectively. The angles used in the calculations were 

angle β = 90 degrees and angle α, λ, θ = 0 to 90 degrees, all angles are expressed in 

radians. 

Using Kirsch’s equation, an angle of 90 degrees was used to show the results 

obtained from the calculations. The stress normal to the side of the horizontal well in the 

x-direction, σx,  is given by Equation 4-9. 

σx = σ hmax sin(β)2 +  σ hmin cos(β)2                                                                   (4-9) 

Substituting the net stresses into Equation 4-9 gives the Equation 4-10 and the 

value of the stress normal to the x-direction, σx is 2,384 psi as shown in Equation 4-11. 

σx = 2,384 * sin(90)2 + 1,984 * cos(90)2                                                                                       (4-10) 

σx = 2,384 psi                                                                                                   (4-11) 

The stress normal to the top of the horizontal well in the y-direction, σy, is given 

by Equation 4-12. Substituting the values from Equations 4-6 through 4-8 into Equation 

4-12 gives Equation 4-13 which results in Equation 4-14 which gives a value for σy, of 

5.953 psi. 

σy = cos(λ)2 (σhmax cos(β)2 + σhmin sin(β)2) + σv sin(λ)2                                    (4-12) 

σy = cos(90)2 *(2,384 * cos(90)2 + 1,984 * sin(90)2 + 5,953 * sin(90)2                (4-13) 

σy = 5,953 psi                                                                                                   (4-14) 
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The stress down the axis of the horizontal well in the z-direction, σz  , is given by 

Equation 4-15. 

σz  = sin(λ)2 (σhmax cos(β)2 + σhmin sin(β)2) + σv cos(λ)2                                    (4-15) 

Substituting the net stresses from Equations 4-6 through 4-8 into Equation 4-15 

gives Equation 4-16. Equation 4-17 gives the value of σz   as 1,984 psi. 

σz  = sin(90)2 * (2,384 * cos(90)2 + 1,984 * sin(90)2) + 5,953 * cos(90)2         (4-16) 

σz  = 1,984 psi                                                                                                   (4-17) 

The shear stress in the x-y plane, τxy, is given by Equation 4-18. The calculation of 

this shear stress is shown in Equations 4-19 and 4-20 and results in a value of τxy which is 

equal to 1.5 e -30 psi, or a value approximately equal to 0 psi. 

τxy  = cos(λ)sin(β)cos(β)( σhmax – σhmin)                                                            (4-18)      

τxy  = cos(90) * sin(90) * cos(90) * ( 2,384 – 1,984)                                       (4-19) 

τxy  = 1.5 e -30 psi                                                                                            (4-20)                                                           

The shear stress in the y-z plane, τyz is given by Equation 4-21. 

τyz  = sin(λ)cos(λ)( σv – σhmaxcos(β)2- σhminsin(β)2)                                          (4-21) 

Subsituting the values or the net stresses and lambda, λ, into Equation 4-21 

becomes Equation 4-22. The value of the the shear stress in the y-z plane, τyz  is 2.43 e -

13 psi which is shown in Equation 4-23. Again this value is very close to being 

approximated to zero. 

τyz  = sin(90) * cos(90) * ( 5,953 – 2,384 * cos(90)2- 1,984 * sin(90)2)          (4-22) 

τyz  = 2.43 e -13 psi                                                                                          (4-23)                                                       

The shear stress in the z-x plane, τzx is given by Equation 4-24. Substitution of all 

the variables into Equation 4-24 results in Equation 4-25. Equation 4-26 gives the shear 

stress in the z-x plane as -2.45 e -14 psi which can be approximated to zero psi. 
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τzx  = sin(λ)sin(β)cos(β)( σhmin – σhmax)                                                            (4-24) 

τzx  = sin(90) * sin(90) * cos(90) * ( 1,984 – 2,384)                                        (4-25)                                    

 τzx  = -2.45 e -14 psi                                                                                        (4-26) 

In order to calculate the breakdown pressures required for fractures to initiate, 

Equations 4-27 through 4-37 were used to calculate the axial and tangential (hoop) stress 

and breakdown pressures. These calculations are compared to obtain Figure 4-22 which 

shows the angles from the side of the wellbore where the longitudinal fractures would be 

initiated and the associated breakdown pressures required. 

The radial stress acting on the borehole wall, σradial is given by Equation 4-27. 

Substitution of the well pressure, which was set at 0 psi and the pore pressure which was 

4,547 psi gives Equation 4-28. The radial stress acting on the borehole wall is found to be 

-4,547 psi as shown in Equation 4-29. 

σradial  = Pw – Pp                                                                                                 (4-27) 

σradial  = 0 – 4,547                                                                                             (4-28) 

σradial  = -4,547 psi                                                                                            (4-29) 

Equation 4-30 was used to calculate the tangential (hoop) stress at the wellbore 

wall, σtang. Substitution of the variables listed in Equation 4-30 gives Equation 4-31 

which results in a tangential stress of 5,296 psi at the wellbore wall, shown in Equation 4-

32. 

σtang = σx + σy -2(σx – σy) cos(2θ) - 4 τxysin(2θ) - σradial – Pp                    (4-30) 

σtang = 2,384 + 5,953 -2(2,384 – 5,953) cos(2*90) - 4 * 1.5 e -30 * sin(2* 90) - 0 -

4547                                                                                                                  (4-31) 

σtang = 5,296 psi                   (4-32) 
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The axial stresses, σaxial, are calculated using Equation 4-33. Equation 4-34 shows 

the substitution of all the variables needed to calculate the axial stress, σaxial. Equation 4-

35 shows the axial stress to have a value of 200 psi when an angle of 90 degrees is used. 

σaxial  = σy -2ν((σx – σy) cos(2θ) + 2 τxysin(2θ))                                                (4-33) 

σaxial  = 1984 -2* 0.25* ((2384 – 5953) cos(2* 90) + 2 * 1.5 e -30*sin(2*90))    

                                                                                                                                      (4-34)                                  

σaxial  = 200 psi                                                                                                  (4-35) 

The breakdown pressures using the tangential (hoop) and axial stresses are 

obtained by adding the tensile strength to these stresses as indicated in Equations 4-36 

and 4-37. 

Breakdown pressure (Tangential (hoop)) = 5,296 + 1,200 = 6,496 psi                       (4-36) 

Breakdown pressure (Axial) = 200 + 1,200 = 1,400 psi                                              (4-37) 

Table 4-7: Comparison of the Calculated and Numerical Values for the 

Shear Stress in the Y-Z Plane 

Calculated Numerical

[deg] [psi] [psi] [%]

0 0 0 0.0

15 981 985 0.0

45 1,884 1,865 1.0

60 1,675 1,667 0.5

70 1,260 1,245 1.2

90 0 0 0.0

Shear Stress in Y-Z Plane
ErrorAngle

 

Figure 4-19 illustrates the horizontal hoop stress in the y-z plane where the stress 

distribution varies from a minimum horizontal hoop stress of -6,697 psi to a maximum 

horizontal hoop stress of -2,492 psi. Figure 4-20 shows the vertical hoop stress across the 

borehole in which these values range between a minimum of -18,540 psi to a maximum 

vertical hoop stress of -5337 x 104 psi. The calculations were all done for the stresses 

across the y-z plane and the distribution of the horizontal hoop stress along the wellbore 
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(in 3-D) is demonstrated in Figure 4-21. The horizontal hoop stress varies from a 

minimum value of -8,368 psi to a maximum value of -1,173 psi. These plots were done to 

determine the value and orientation where the horizontal stress at the top of the wellbore 

exceeds the tensile strength of the rock (Roundtree et al., 2009). When the latter occurs a 

fracture would be initiated in the vertical plane longitudinally along the wellbore. 

 

 

Figure 4-19: Horizontal hoop stress in the y-z plane. In this plot the stress 

distribution varies from a minimum horizontal hoop stress of -6,697 psi to a 

maximum horizontal hoop stress of -2,492 psi. 
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Figure 4-20: Vertical hoop stress across the borehole. In this plot the vertical 

hoop stress varies from a minimum of -18,540 psi to a maximum vertical 

hoop stress of -5,337 psi. 
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Figure 4-21: Distribution of the horizontal hoop stress along the wellbore. 

The horizontal hoop stress varies from a minimum value of -8,368 psi to a 

maximum value of -1,173 psi. 

 

In order to validate the results obtained from Model 3, the reservoir and rock 

properties were used to calculate the axial and tangential stresses around the wellbore. 

The calculations mirror those used by Roundtree, et al. and served to verify that the 

Bakken Shale data used in this thesis and the parameters applied to the numerical models 

showed the same conclusions. Figure 4-22 shows the results obtained when the 

breakdown pressures were calculated using Kirsch’s Equations (Equations 3-4 to 3-10) 

for a Bakken data set (Table 3-1). In this plot, the assumption of having zero lateral strain 

or constant stresses in the far-field boundaries was used. This assumption as mentioned 

by causes the axial stress around the wellbore to vary with position and results in the 

tangential and axial stresses contributing to different fracture initiation pressures around 



83 

 

the wellbore (Roundtree, et al., 2009) The two solid lines (in Figure 4-22) indicate the 

bottomhole pressure required to initiate fracture in the transverse or axial orientation. The 

underlying assumptions for fracture initiation are that the tangential or axial stress is 

reduced to zero or that these stresses become more negative than the tensile strength (TS) 

of the rock (Roundtree, et al., 2009). The curves labeled ‘Axial’ illustrates the axial stress 

that exists at the wellbore. ‘Axial with TS’ is the breakdown pressure required to generate 

a longitudinal fracture (TS = Tensile strength of the rock). This breakdown pressure is 

found to be the lowest at angles between 80 and 90 degrees, which correspond to 10 

degrees from the top or bottom of the horizontal wellbore (agrees with Roundtree, et al., 

results). This condition indicates that no transverse fractures would be initiated since the 

axial stresses remains positive at the top and bottom of the hole. 

The curve labeled Saxial is the net axial stress, and this curve reflects the 

breakdown pressures required to initiate a fracture at any angle. From this curve, a 

longitudinal fracture would be expected since the axial stress remains positive and is said 

to be in compression. The dashed curves (‘Transverse’ and ‘Transverse with TS’) 

represent the breakdown pressures for transverse fractures with and without the tensile 

strength of the rock. These curves suggest that a transverse fracture will extend at a 

pressure below the initiation of that required for a longitudinal fracture in the intact rock. 

If no existing fracture is encountered, stated that the longitudinal fracture will initiate. 

This will be done at a lower pressure and as long as the criteria of the internal wellbore-

fluid pressures can contact both the top and bottom of the hole (Roundtree et al., 2009). 

Figure 4-23 illustrates the pore pressure distribution around the wellbore. The 

pressure is seen to be a maximum of 4,736 psi. This is 189 psi higher than the applied 

pore pressure of 4,547 psi. The net gain in pressure can be attributed to the stresses 

applied to the model. This pressure profile is presented in order to observe how the model 

is able to reflect the applied pressure difference between the reservoir and wellbore. 
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Figure 4-22: This graph shows the calculated breakdown pressures for the axial and 

transverse fractures for a well drilled in the direction of the minimum horizontal 

stress. The dashed pink line represents the breakdown pressure at constant stress 

condition with tensile strength of the rock while the dashed green line is without 

tensile strength. The solid blue line represents the breakdown pressure at which 

longitudinal fractures would be generated in relation to the side of the borehole. The 

solid red line is the axial stress without the tensile strength of the rock .The dashed 

black line gives the net axial stress at which a longitudinal fracture would be 

generated at any angle around the wellbore (modified after Roundtree et al., 2009). 
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Figure 4-23: Slice plot showing the applied pore pressure distribution across the 

reservoir. The edges of the reservoir have a pore pressure of 4,736 psi as indicated 

by the dark red color. The pressure gradually decreases towards the wellbore to a 

minimum value of 0 psi. 

 

4.4 Results of Models 4a and 4b 

Model 4 uses the same procedures as Model 3, except that Model 4 contains 

horizontal cylinders drawn to represent mechanical packers. These packers are 20 feet in 

length and are modeled to apply an external pressure. 20 feet was chosen so that the 

pressure profiles and stress contrast along the packer could be clearly seen when 

modeled. Model 4a consists of one mechanical packer while Model 4b consists of two 

mechanical packers. The property values used for both packers are shown in Table 4-8, 

where the new property introduced is the pressure in the packer, p_pack. 



86 

 

The main purpose of Model 4 was to observe the effects of an applied pressure 

via the packers and observe how the pressure profiles and stress contrast are impacted. 

The purpose of this was to observe how the pressure changes around the packers and how 

far into the reservoir this pressure would be propagated. In Model 4a, the mechanical 

packers were all placed in the middle of the reservoir from x-coordinates 10 to -10. A 

fixed pressure was applied to the mechanical packer and observed at different time 

intervals of 2, 5 and 10 days. These time intervals were chosen so as to represent actual 

field time packer settings. The mechanical packers exerted a radial force on the wellbore 

at pressures of 5,000 psi, 8,000 psi and 10,000 psi. It must be noted that in all the models 

used in this thesis, a compressive overburden stress was applied to the top of the 

reservoir; the stresses induced by these mechanical packers would be tensile in nature 

since they are acting opposite to the compressive state of the far field stresses. 

Table 4-8: Property Values Used for Models 4a and 4b 

Name Value Description

k 0.01 [md]               Permeability                 

E        4.5 e 6 [psi]               Young's Modulus              

nu 0.25                     Poisson's Ratio              

phi 0.3                      Porosity                     

sigma_v  10,500 [psi]                Overburden Stress            

d        10,500 [ft]                 Depth                        

rho_s    2.55 [g/cm^3]             Solids Density               

p_r      4,547 [psi]                Reservoir pressure           

eta 0.2 cp  Dynamic viscosity            

p_w      0 [psi]                   Well Pressure                

p_pack  5000, 8000 ,10,000[psi]                Packer Pressure               

Figures 4-24 to 4-26 show the pressure profiles around the packers at times equal 

to 2, 5, and 10 days when a mechanical packer of 5,000 psi rating was introduced into the 

model. Figures 4-25 to 4-48 were all zoomed in as in Figure 4-24 and are at the same 

scale as that represented in Figure 4-24. It is observed that there is no major pressure 

difference around the packers during these time intervals since the pressure was applied 

under static conditions. It is also observed that the pressure extends away from the 

wellbore with a pressure equal to the packer rating by a distance of 0.3 feet (3.6 inches). 

The pressure disturbance due to the packer radiates out and is observed within the model 
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but is restricted by the constraints on the boundaries. This pressure propagation decreases 

from the packer rating of 5,000 psi to the pore pressure of 4,547 psi at the reservoir 

boundaries. This set boundary condition of the reservoir pressure limits the observation 

of further pressure decay. 

Figures 4-27 to 4-29 illustrate the horizontal hoop stresses around the 5,000 psi 

rated packer at time intervals of 2, 5 and 10 days. Here it is observed that the minimum 

horizontal hoop stress is -9,178 psi and the maximum horizontal hoop stress is -3,516 psi. 

During the time intervals, no variation in the horizontal hoop stress was observed, again 

due to the static condition used in the modeling process. However, it is clearly evident in 

these figures from the variation in the colors around the packers that the horizontal hoop 

stress does vary along the wellbore as was seen in Model 3. This shows the difference in 

stresses that exist along the wellbore and the packer. The stress shadowing phenomena 

relates directly to this, in that area of high and low stress contrasts contribute to areas 

which are deemed to be relatively more prone to easier fracture generation. The net effect 

is that the amount of breakdown pressure needed would be aided by the pressure exerted 

by the packer on the wellbore wall. This will be further explained in following sections. 

Also, in Figure 4-29 it is observed that the greatest stress concentration (tensile) was at 

the ends of the packers. It is at these points that the fractures would be initiated. 

Figures 4-30 to 4-32 show the pressure profiles around the 8,000 psi rated packer 

at t = 2 days, 5 days, and 10 days. It is observed that there are no major pressure 

differences around the packer during these time intervals. Another observation to be 

noted is that the pressure extends away from the wellbore with a pressure equal to the 

packer rating by a distance of 0.4 feet (4.8 inches). The pressure disturbance due to the 

packer radiates out and is felt throughout the model and also exceeds the boundaries. This 

pressure propagation decreases from the packer rating of 8,000 psi to the pore pressure of 

4,547 psi at the reservoir boundaries. 

Figures 4-33 to 4-35 illustrate the horizontal hoop stresses around the 8,000 psi 

rated packer at time intervals of 2, 5 and 10 days. The latter figures indicate that the 

minimum horizontal hoop stress is -9,154 psi and the maximum horizontal hoop stress is 

-33,740 psi. Figure 4-35 indicates that the maximum tensile stress is found at the ends of 
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the packers where fracture initiation would be most likely to occur. During the change in 

time intervals no changes in the horizontal hoop stress is observed. However, it is clearly 

obvious from these figures that the horizontal hoop stress does differ along the wellbore 

as was seen in Model 3. This shows the variations in stresses that exist along the wellbore 

and the packer.  

 

 

Figure 4-24: Slice plot of a zoomed in view of a packer of 5,000 psi rating at t = 2 

days. The pressure from the packer radiates outwards and decreases as it moves 

into the formation. The packer transmits a pressure of 5,000 psi to 0.3 feet away, 

approximately 4,850 psi to 0.5 feet away. 
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Figure 4-25: Slice plot of a zoomed in view of a packer of 5,000 psi rating at t = 5 

days. The pressure from the packer radiates outwards and decreases as it moves 

into the formation. The packer transmits a pressure of 5,000 psi to 0.3 feet away, 

approximately 4,850 psi to 0.5 feet away. 
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Figure 4-26: Slice plot of a zoomed in view of a packer of 5,000 psi rating at t = 10 

days. The pressure from the packer radiates outwards and decreases as it moves 

into the formation. The packer transmits a pressure of 5,000 psi to 0.3 feet away, 

approximately 4,850 psi to 0.5 feet away. 
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Figure 4-27: Horizontal hoop stress across the packer at t = 2 days. The horizontal 

stress ranges from a minimum of -9,178 psi to a maximum of -3,516 psi. The 

different colors around the wellbore and packer indicate variations in the hoop 

stress which would affect the initiation of fractures. 
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Figure 4-28: Horizontal hoop stress across the packer at t = 5 days. The horizontal 

stress ranges from a minimum of -9,178 psi to a maximum of -3,516 psi.  
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Figure 4-29: Horizontal hoop stress across the packer at t = 10 days. The horizontal 

stress ranges from a minimum of -9,178 psi to a maximum of -3,516 psi. The higher 

stresses are at the ends of the packer; this stress exerted will help initiate fractures 

much easier. 
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Figure 4-30: Slice plot of a zoomed in view of a packer of 8,000 psi rating at t = 2 

days. The pressure from the packer radiates outwards and decreases as it moves 

into the formation. The packer transmits a pressure of 8,000 psi to 0.4 feet away, 

and approximately 6,775 psi to 0.8 feet away.  
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Figure 4-31: Slice plot of a zoomed in view of a packer of 8,000 psi rating at t = 5 

days. The pressure from the packer radiates outwards and decreases as it moves 

into the formation. The packer transmits a pressure of 8,000 psi to 0.4 feet away, 

approximately 6,775 psi to 0.8 feet away.  
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Figure 4-32: Slice plot of a zoomed in view of a packer of 8,000 psi rating at t = 10 

days. The pressure from the packer radiates outwards and decreases as it moves 

into the formation. The packer transmits a pressure of 8,000 psi to 0.4 feet away, 

approximately 6,775 psi to 0.8 feet away.  
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Figure 4-33: Horizontal hoop stress across the packer at t = 2 days. The horizontal 

stress ranges from a minimum of -9,154 psi to a maximum of -3,740 psi.  
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Figure 4-34: Horizontal hoop stress across the packer at t = 5 days. The horizontal 

stress ranges from a minimum of -9,154 psi to a maximum of -3,740 psi.  
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Figure 4-35: Horizontal hoop stress across the packer at t = 10 days. The horizontal 

stress ranges from a minimum of -9,154psi to a maximum of -3,740 psi. The highest 

stress (tensile) is observed at the ends of the packers. 

 

Figures 4-36 to 4-38 show the pressure profiles around the 10,000 psi rated packer 

at t = 2 days, 5 days, and 10 days, which indicate that there are no major pressure 

differences around the packer during these time intervals. It is observed that the pressure 

extends away from a wellbore with a pressure equal to the packer rating by a distance of 

0.6 feet (7.2 inches). The pressure disturbance due to the packer radiates out and is felt 
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throughout the model and exceeds the boundaries. This pressure propagation decreases 

from the packer rating of 10,000 psi to the pore pressure of 4,547 psi at the reservoir 

boundaries. 

Figures 4-39 to 4-41 show the horizontal hoop stresses around the 10,000 psi 

rated packer at time intervals of 2, 5 and 10 days. These figures illustrate that the 

minimum horizontal stress is -10,030 psi and the maximum horizontal hoop stress is -

3,886 psi. During the change in time intervals, no changes in the horizontal hoop stress 

are observed. However, it is evident from these figures that the horizontal hoop stress 

does vary along the wellbore as was seen in Model 3 and the greatest tensile stress is 

found at the packer ends. This gives the variations in stresses that exist along the wellbore 

and the packer.  

It should be noted that as the packer pressure rating increased, the distance away 

from the wellbore at which this pressure propagated also increased. It can therefore be 

concluded that using a packer with a higher pressure rating will allow for fracture 

initiation to occur more easily than a packer with a lower pressure rating. This conclusion 

is highlighted by the work presented in Figure 4-48 and will be discussed in detail later. 

Also, the rate of the pressure interference away from the packer and wellbore increased 

with larger pressure differences extending further out into the reservoir. Hence the packer 

caused significant disturbances in the pressure profiles around the wellbore and packer 

locations. The identifiable trends were that for a higher packer rating the higher the 

distance the pressure propagated in the reservoir and the greater the maximum stress 

value recorded around the packer. Also the higher the packer rating the lower the 

minimum horizontal stress value around the packer. Hence, the horizontal hoop stress 

range around a higher rated packer is much greater than that of a lower rated packer. 

These trends are summarized in Table 4-9. These can be explained as the greater 

interference between the packer pressure exerted and the disturbance of the pore pressure 

immediately around the packer. 
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Table 4-9: Summary of the Results Obtained from Model 4a 

Packer 

Rating, 

psi 

Distance from 

Packer the Rating 

Pressure is 

Propagated, ft 

Minimum Value 

Horizontal Hoop 

Stress around the 

packer, psi 

Maximum Value 

Horizontal Hoop 

Stress around 

the packer, psi 

10,000 1.2 -10,030 -3,886 

8,000 0.4 -9,154 -3,740 

5,000 0.3 -9,178 -3,516 

 

 

Figure 4-36: Slice plot of a zoomed in view of a packer of 10,000 psi rating at t = 2 

days. The pressure from the packer radiates outwards and decreases as it moves 

into the formation. The packer transmits a pressure of 10,000 psi to 0.6 feet away, 

approximately 9,500 psi to 1.2 feet away. 



102 

 

 

Figure 4-37: Slice plot of a zoomed in view of a packer of 10,000 psi rating at t = 5 

days. The pressure from the packer radiates outwards and decreases as it moves 

into the formation. The packer transmits a pressure of 10,000 psi to 0.6 feet away, 

approximately 9,500 psi to 1.2 feet away. 
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Figure 4-38: Slice plot of a zoomed in view of a packer of 10,000 psi rating at t = 10 

days. The pressure from the packer radiates outwards and decreases as it moves 

into the formation. The packer transmits a pressure of 10,000 psi to 0.6 feet away, 

approximately 9,500 psi to 1.2 feet away. 
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Figure 4-39: Horizontal hoop stress across the packer at t = 2 days. The horizontal 

stress ranges from a minimum of -10,030 psi to a maximum of -3,886 psi.  
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Figure 4-40: Horizontal hoop stress across the packer at t = 5 days. The horizontal 

stress ranges from a minimum of -10,030 psi to a maximum of -3,886 psi.  
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Figure 4-41: Horizontal hoop stress across the packer at t = 10 days. The horizontal 

stress ranges from a minimum of -10,030 psi to a maximum of -3,886 psi. The 

highest stress (tensile) is observed at the ends of the packers. 
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Figures 4-42 to 4-44 show the pressure profiles around two packers rated at 5,000 

psi at t = 2 days, 5 days, and 10 days for Model 4b. The packers are shown with a 

distance of 40 feet between them which was chosen specifically for modeling the 

pressures and stresses around the packers. This distance between the packers was chosen 

since the interference between the packers was just barely visible. Using distances greater 

than 40 feet would result in pressure profiles similar to those seen for the single packers 

in Model 4a i.e. separate pressure profiles around each packer. If, however, distances of 

less than 40 feet were used, the interference would not be easily observed. There are no 

noticeable differences in the distances at which the packer pressure is felt in the reservoir, 

as was seen with the single packer. 

Figures 4-45 to 4-47 demonstrate the horizontal hoop stresses around the two 

5,000 psi rated packers at times of 2 days, 5 days, and 10 days. The minimum horizontal 

hoop stress was -9,423 psi while the maximum horizontal hoop stress was -4,688 psi. 

These values were the same for the 5 and 10 day intervals. It would be expected that for a 

packer rating of 8,000 or 10,000 psi this difference in maximum and minimum horizontal 

stress would be greater. It must be noted that there were areas between the packers and at 

the outer ends of the packers on the wellbore where the horizontal hoop stress was greater 

(-6,500 psi) as compared to the regions that had the packers (-7,500 psi). This can be 

explained by the interference cause by the two packers and the natural variation in 

stresses along the wellbore as was observed in the Model 3 results. 

Figure 4-48 illustrates the net axial stresses with the three cases of mechanical 

packers with different pressure ratings. The mechanical packers used were set at 5,000 

psi, 8,000 psi and 10,000 psi. The same stress conditions and rock properties were used 

as in Model 3 with the packer pressure equal to the radial stress acting on the wellbore. 
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Figure 4-42: Slice plot of a zoomed in view of two packers of 5,000 psi rating at t = 2 

days. The pressure from the packers radiates outwards and decreases as it moves 

into the formation.  
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Figure 4-43: Slice plot of a zoomed in view of two packers of 5,000 psi rating at t = 5 

days. The pressure from the packers radiates outwards and decreases as it moves 

into the formation.  
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Figure 4-44: Slice plot of a zoomed in view of two packers of 5,000 psi rating at t = 

10 days. The pressure from the packers radiates outwards and decreases as it moves 

into the formation.  
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Figure 4-45: Horizontal hoop stress across the two packers at t = 2 days. The 

horizontal hoop stresses range from a minimum of -9,423 psi to a maximum of -

4,688 psi.  
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Figure 4-46: Horizontal hoop stress across the two packers at t = 5 days. The 

horizontal hoop stresses range from a minimum of -9,423 psi to a maximum of -

4,688 psi.  
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Figure 4-47: Horizontal hoop stress across the two packers at t = 10 days. The 

horizontal hoop stresses range from a minimum of -9,423 psi to a maximum of -

4,688 psi.  

 

Equation 4-38, which is a modification of Equation 4-30, was used to calculate 

the tangential stresses due to each mechanical packer. 

σtang = σx + σy -2(σx – σy) cos(2θ) - 4 τxysin(2θ) – p_pack                               (4-38) 

Using the same stress conditions that were used in Model 3 and using a pressure 

rating of p_pack = 5,000 psi, substituting these values into Equation 4-38 gives Equation 

4-39. Equation 4-40 gives a tangential stress value of -3,800 psi. 

σtang = 2,384 + 5,953 -2(2,384 – 5,953) cos(2*90) - 4 * 1.5 e -30 * sin(2* 90) – 

5,000                                                                                                                (4-39) 
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σtang = -3,800 psi                   (4-40) 

Calculations for the other mechanical packers of pressure ratings 8,000 psi and 

10,000 psi were done and are plotted together with the net axial stress in Figure 4-48. 

The net axial stress remained positive from 0 degrees to 90 degrees acting under a 

zero axial strain boundary condition. This indicates that longitudinal fractures would be 

expected to be initiated from 0 to 90 degree angles from the side of the wellbore. The net 

tangential stresses for the three packer ratings used are also shown in Figure 4-48. The 

net tangential stress for the 5,000, 8,000, and 10,000 psi packers were all negative, 

indicating that longitudinal fractures will form as a result of the stresses induced by 

setting the packer. From these results, we can conclude that the higher rated packers 

would allow for longitudinal fractures at the sides of the wellbore. If the axial stress is 

positive for all cases then no transverse fractures would be initiated, and they stressed 

that if a transverse fracture is not created, higher packer settings would promote 

longitudinal fractures (Roundtree et al., 2009). They reasoned that this would be because 

the tangential stress exerted by the packers would exceed the breakdown pressure for a 

non-penetrating fluid, acting to create a transverse fracture. 

Based on this analysis, it is concluded that the packers with the higher pressure 

packer rating would allow for fracture initiation faster as compared to packers with a 

lower pressure rating. Model 4b demonstrated that when two packers of different 

pressure ratings were used, the stresses around the higher pressure-rated packer were seen 

to be greater and hence would require a lower breakdown pressure to initiate fractures 

than the packer with the lower pressure rating. 
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Figure 4-48: Graphical representation of the net stresses for the axial stress and the 

stresses for the packers as a function of the angle from the side of the borehole. All 

three packers have negative values above certain angles as can be seen from the 

graph, which indicate that a longitudinal fracture would be expected if these 

packers are used. The axial stress is negative from 50 degrees to 90 degrees. 
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4.5 Results of Models 5a and 5b 

 Models 5a and 5b are an extension of Model 3 with the addition of rectangular 

features to represent hydraulic fractures. Model 5a has one hydraulic fracture and Model 

5b has two. The property values used for Model 5 are listed in Table 4-10. The table 

gives the values for the permeability, k; Young’s modulus, E; Poisson’s ratio, nu; 

porosity, phi;  overburden stress, sigma_v; depth from the surface, d; the density of the 

matrix, rho_s; density of the fluid, rho_f; reservoir pressure, p_r; pressure in the well, 

p_well, pressure in the fractures, p_frac; and dynamic viscosity, eta. The properties used 

for the factures were the fracture heights, h; fracture widths, w; and fracture permeability, 

k_frac. 

The resulting pressure and stress profiles obtained around these fractures are 

discussed. These results used data consistent with the Bakken shale (Table 4-10) and 

analysis for the stress shadowing phenomena observed in the Barnett shale was also done. 

The effects of permeability anisotropy were also investigated and are discussed. 

4.5.1 Model 5a - One Hydraulic fracture 

Model 5a has one transverse fracture drawn  in the form of a rectangle of the 

following dimensions: height = 60 ft; width = 40 ft and thickness = 0.01 ft. Figures 4-49 

to 4-53 illustrate the pressure profiles around the wellbore and fracture at different x 

coordinates. Since it is difficult to model flow in the fractures, the pressure in the 

fractures were set at a fixed value. Figure 4-49 shows the pressure at the center of the 

hydraulic fracture, x coordinate = 0. In the figure, the dark red color represents the 

pressure in the fracture set at a net pressure of 3,000 psi (modeling pressure = 7,547 psi) 

and the dark blue color represents the reservoir pressure of 4,547 psi. The pressure profile 

decreases from the fracture pressure towards the reservoir pressure. The pressure across 

the fracture is distributed uniformly since the model is homogenous and the permeability 

in the fracture is set at one value (1000 Darcy).  

Figure 4-50 shows the pressure profile at x coordinate = 10, 10 feet away from the 

fracture. Here it was observed that the pressure 10 feet from the fracture and around the 

wellbore, was indicated by the color profile. This color profile indicated that the highest 

pressures (7547 psi) was represented by the dark red color and occurred on the fracture 
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faces. The pressure around the fractures decreased from the fracture pressure of 7547 psi 

to the reservoir pressure of 4547 psi with the color changing from dark red to yellow to 

green to blue. 

Table 4-10: Property Values for Model 5 

Name Expression Description 

k 0.01[md] Permeability 

E 4.5e6[psi] Young's Modulus 

nu 0.25 Poisson's Ratio 

phi 0.3 Porosity 

sigma_v 10,500[psi] Overburden Stress 

d 10,500[ft] Depth 

rho_s 2.65[g/cm^3] Solids Density 

p_r 4547[psi] Reservoir pressure 

eta 0.2[cp] Dynamic viscosity 

p_w 10[psi] Well Pressure 

p_pack 8000[psi] Packer Pressure 

p_frac 3000,4000,5000 [psi] Fracture Pressure 

h_res 75[ft] Reservoir Height 

w_res 50[ft] Reservoir Width 

f_h1 60[ft] Frac height 

f_w1 40[ft] Frac Width 

rho_f 2,650 [kg/m^3] Fluid Density (oil) 

k_frac 1,000 Darcy Frac Perm 

f_h2 40[ft] frac height 

f_w2 30[ft] frac width 

 

The same effect is seen in Figure 4-51, in which the x coordinate is -10. Figures 

4-52 and 4-53 show the pressure profiles at x coordinates of 20 and -20, respectively. In 

these figures, the pressure around the wellbore is indicated by the different color profiles. 

This indicates that at areas on either sides of the fracture the pressure is much lower 

(5,000 to 6,500 psi) than at the fractures (7,457 psi) and also that as the distance on either 

side of the fracture increases, this pressure difference is much larger (approximately 

2,457 psi). Figures 4-54 and 4-55 are line plots for the pressure profiles along the 

wellbore and fracture respectively. 
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Figure 4-54 shows a line plot of the pressure along the wellbore from x 

coordinates equals -40 ft to 40 ft. The fracture is at x coordinate = 0 ft which shows the 

highest pressure while the pressure decreases on either ends to the reservoir pressure. 

From x-coordinate 15 ft to 40 ft the pressure is higher than from -10 ft to -40 ft since the 

wellbore is open to the reservoir on the left as compared to the right where the wellbore is 

attached to the face of the reservoir on the right and is modeled to have the same pressure 

as the fracture due to the pressure required to initiate and keep the fracture open. Figure 

4-55 shows a line plot of the pressure profile along the fracture from the top to the bottom 

(z coordinates equals -25 ft to 25 ft). The highest pressure is observed at the fracture face 

while the top and bottom of the fracture tips the pressures are much less (approximately 

equal to the pore pressure of 4,547 psi). In field conditions this pressure difference would 

be due to a higher permeability at the face than at the ends resulting in higher flow but in 

this model since the permeability is fixed, this is due to the higher pressure differentials at 

the face as compared to the tips.  

 

Figure 4-49: Pressure profile at x coordinate = 0.The dark brown represents the 

pressure in the fracture set at a net pressure of 3,000 psi and the dark blue the 

reservoir pressure of 4,547 psi. The pressure profile decreases from the facture 

pressure towards the reservoir pressure. 
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Figure 4-50: Pressure profile at x coordinate = 10.The dark red represents the 

pressure in the fracture set at a net pressure of 3,000 psi and the dark blue the 

reservoir pressure of 4,547 psi. At a distance of 10 feet away from the fracture to the 

right, the pressure around the wellbore is represented. 
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Figure 4-51: Pressure profile at x coordinate = -10.The dark red color represents the 

pressure in the fracture set at a net pressure of 3,000 psi and the dark blue the 

reservoir pressure of 4,547 psi. At a distance of 10 feet away from the fracture to the 

left, the pressure is 6,250 psi represented by the light green color. It should be noted 

that this plot is different from the plot in Figure 4-50 since it is assumed that in 

generating the fracture, the wellbore on the right side of the fracture will be at the 

same fracture pressure if a pumping schedule was being done whereas on the left 

side of the fracture, the wellbore was assumed to be at reservoir pressure and 

opened to the reservoir conditions. 
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Figure 4-52: Pressure profile at x coordinate = 20.The dark blue reservoir pressure 

of 4,547 psi while the dark red represents the pressure in the fracture set at a net 

pressure of 3,000 psi. At a distance of 20 feet away from the fracture to the right, the 

pressure around the wellbore is highlighted. 
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Figure 4-53: Pressure profile at x coordinate = -20.The dark red represents the 

pressure in the fracture set at a net pressure of 3,000 psi and the dark blue the 

reservoir pressure of 4,547 psi. At a distance of 20 feet away from the fracture to the 

left, the pressure is 5,500 psi represented by the light blue color. It should be noted 

that this plot is different from the plot in Figure 4-52 since it is assumed that in 

generating the fracture, the wellbore on the right side of the fracture will be at the 

same fracture pressure if a pumping schedule was being done whereas on the left 

side of the fracture, the wellbore was assumed to be at reservoir pressure and 

opened to the reservoir conditions. 
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Figure 4-54: Line plot showing the pressure along the wellbore from x coordinates 

equals -40 to 40. The fracture is at x coordinate = 0 which shows that highest 

pressure while the pressure decreases on either ends to the reservoir pressure. From 

x-coordinate 15 to 40 the pressure is higher than from -10 to -40 since the wellbore is 

open to the reservoir on the left as compared to the right where the wellbore is 

modeled to have the same pressure as the fracture due to the pressure required to 

initiate and keep the fracture open. 
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Figure 4-55: Line plot which shows the pressure profile along the fracture from the 

top to the bottom (z coordinates equals -25 to 25). The highest pressure is observed 

at the fracture face while the top and bottom of the fracture tips the pressures are 

much less. In field conditions this pressure difference would be due to a higher 

permeability at the face than at the ends resulting in higher flow and higher 

pressure differentials at the face as compared to the tips. 

Figures 4-56 to 4-58 show the stress concentrations around the wellbore with 

respect to the hydraulic fracture. Figure 4-56 shows the stress concentration around the 

fracture while Figures 4-57 and 4-58 show the stress on either side of the hydraulic 

fracture at x coordinates of -20 and 20, respectively. The maximum stress value is 

observed at and around the hydraulic fracture and the stress decreases away from the 

fracture. Figure 4-59 and 4-60 are line plots of the horizontal hoop stress profiles along 

the wellbore and fracture respectively. Figure 4-59 shows the line plot of the horizontal 

hoop stress distribution along the wellbore from coordinates (-40, 0, 1) to (40, 0, 1). The 

highest stress concentration is at the fracture while on either ends of the fracture and 

along the wellbore the stresses varies. The stresses on the left of the wellbore are much 



125 

 

higher as compared to the stresses on the right side of the fracture. This difference is 

attributed to the open end effects of the stresses at the left side of the wellbore as 

compared to the fixed end of the wellbore on the right side of the reservoir. 

 

Figure 4-56: Horizontal hoop stress contrast at x coordinate = 0.The dark red color 

represents a stress value of about -1,599 psi. The highest stress concentration is 

around the hydraulic fracture. 
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Figure 4-57: Horizontal hoop stress contrast at x coordinate = -20.The orange color 

represents a stress value of about -1,000 psi. The stress decreases away from the 

hydraulic fracture. 
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Figure 4-58: Horizontal hoop stress contrast at x coordinate = 20.The orange color 

represents a stress value of about -1,000 psi. The stress decreases away from the 

hydraulic fracture. 
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Figure 4-59: Line plot of the horizontal hoop stress distribution along the wellbore 

from coordinates (-40, 0, 1) to (40, 0, 1). The highest stress concentration is at the 

fracture while on either ends of the fracture and along the wellbore the stresses 

varies. The stresses on the left of the wellbore are much higher as compared to the 

stresses on the right side of the fracture. 
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Figure 4-60: Line plot which shows the stress profile along the fracture from the 

top, coordinates (25, 0.5, 0.5)  to the bottom, coordinates (-25, 0.5, 0.5) .The highest 

stress is observed at the fracture face while the top and bottom of the fracture tips 

the stresses are much less. From this plot the fracture tip at the top was observed to 

have a higher stress value (-3,800 psi) than the fracture tip at the bottom (-4,500 

psi). 

 

4.5.2 Model 5a - Discussion of Results 

From the results of Model 5a it is observed that with the net fracture pressure set 

at 3,000 psi and the reservoir boundaries set at 4,547 psi, there is a natural pressure 

gradient between these two pressure values. The left side of the fracture (open end of 

wellbore) dissipates to the reservoir pressure at x coordinate = -35 feet whereas on the 

right side of the fracture it occurred only at the boundary of the reservoir. In observing 

the stress profiles around the fracture and 20 feet on either side of the fracture, the 

greatest stress is recorded around the fracture face. On either side of the fracture, the 
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stress is lower and it is also observed that the fracture has minimum stress values 

(approximately 4,500 psi) at the edges indicated by the blue and yellow colors. This is 

due to the interaction with the reservoir pressure and due to the lower surface area of the 

fracture that was exposed to the set fracture pressure. 

4.5.3 Model 5b - Pressure Profile Around Two Fractures 

In Model 5b the pressure profile and stress contrast around two hydraulic 

fractures are investigated and discussed. The two fractures have the same dimensions as 

those in Model 5a but are placed at x - coordinates of 20 and -25. Figure 4-61 illustrates 

the pressure profiles across the two fractures set at the same net pressure as Model 5a of 

3,000 psi at a time of 1 day. If the modeling was done under dynamic rather than static 

condition it is expected that there will be changes in the results between different time 

periods. As expected, the pressure profiles highlight some interference at the middle of 

the two fractures with a maximum value of 6,250 psi and, since this is a homogeneous 

system, the pressure is evenly distributed at the outer edges. At the two time periods 

displayed, there is no difference in the pressure profiles since these pressures were 

modeled using fixed pressure distributions across the hydraulic fractures. It should be 

noted that the wellbore was assigned the same pressure as if a fracturing schedule was 

being pumped i.e. the wellbore was set at the same pressure as the fractures. Figure 6-62 

is a line plot of the pressure profiles across the two hydraulic fractures taken along the 

wellbore from coordinates (40, 0 ,1) to (-40, 0, 1).The pressures across the fractures are at 

7,547 psi as applied and are much less at the middle and the edges. In the middle the 

pressure is approximately 6,200 psi; and the edges there are 5,300 psi on the right and 

5,700 psi on the left. The higher pressure on the left is due to the hydraulic fracture being 

closer to the end of the wellbore and the combination of the stresses at this free end as 

compared to the right where the wellbore is fixed at the reservoir boundary. 

Figures 4-63 illustrates the horizontal hoop stress contrast around these two 

fractures at the same time period. The highest stress concentrations were found to be on 

the fractures faces, while the least stresses were at the fracture tips (top and bottom faces 

of the fractures). In both figures, the highest stress concentrations along the faces are 

represented by the orange color, while the lower stresses on the fractures are represented 



131 

 

by the green and yellow colors. Figure 4-64 shows a line plot of the horizontal hoop 

stress across the two hydraulic fractures and the wellbore taken from coordinates (-50, 0, 

1) to (50, 0, 1). In this plot the highest stress values are found on the fractures while the 

lowest values are in the middle of the fractures. On either ends of the fractures the left 

and right sides have higher stress values than the middle.  

 

Figure 4-61: Pressure profile around two hydraulic fractures at the same net 

pressures (3,000 psi) shown at t = 1 day. The pressure profiles around the 

two fractures are uniformly distributed. At the middle of the two fractures 

there is a pressure equal to 6,250 psi, represented by the green/yellow color. 

 



132 

 

 

Figure 4-62: Line plot of the pressure profiles across the two hydraulic fractures 

taken along the wellbore from coordinates (40, 0 ,1) to (-40, 0, 1).The pressures 

across the fractures are at 7,547 psi as applied and are much less at the middle and 

the edges. In the middle the pressure is approximately 6,200 psi and the edges there 

are 5,300 psi on the right and 5,700 psi on the left. The higher pressure on the left is 

due to the hydraulic fracture being closer to the end of the wellbore and the 

combination of the stresses at this free end as compared to the right where the 

wellbore is fixed at the reservoir boundary. 
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Figure 4-63: Horizontal hoop stress contrast at 1 day for the two fractures set at the 

same net pressure of 3,000 psi. The greatest stress concentration is seen to be on the 

face of the fractures represented by the dark red/orange color. The top and bottom 

of the fractures have the lowest stress concentration, represented by the green and 

yellow colors. 
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Figure 4-64: Line plot of the horizontal hoop stress across the two hydraulic 

fractures and the wellbore taken from coordinates (-50, 0, 1) to (50, 0, 1). In this plot 

the highest stress values are found on the fractures while the lowest values are in the 

middle of the fractures. On either ends of the fractures the left and right sides have 

higher stress values than the middle. One point that should be noted is the variable 

values for stresses in the middle and on either ends of the fractures.  

 

In Section 4.5.3, the two fractures were set at the same fracture pressure and it 

was observed that they both had the same pressure and stress profiles. The greatest 

pressure was at the fractures, as assigned and then decreased to the reservoir boundaries. 

The fracture and wellbore were set to the same net pressure of 3,000 psi (total pressure of 

7547 psi). The stress contrast for these two fractures were the same with the highest stress 

concentration observed at the fracture faces with the minimum stresses represented by the 

green and yellow colors observed at the top and bottom of the fractures. On either ends of 

the fractures the left and right sides have higher stress values (approximately -7,000 psi to 
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6,000 psi) than the middle (approximately -8,000 to -7,000 psi). One point that should be 

noted is the variable values for stresses in the middle and on either ends of the fractures. 

These would help explain the areas along the wellbore and on either side of the hydraulic 

fracture and in the middle where high and low stress ratios are a contributing factor to 

stress shadowing which is observed when wells are being stimulated. 

4.5.4 Model 5b - Hydraulic Fractures at 4,000 psi and 3,000 psi 

This section discusses the results when the hydraulic fractures are set at different 

pressures. The resulting pressure profiles and stress contrasts are shown. Figures 4-65 and 

4-66 illustrate the different slice pressure profiles at 10 days, respectively. In both figures, 

the fracture on the right is set at a net pressure of 4,000 psi and the fracture on the left is 

set at a net pressure of 3,000 psi. In this scenario, a well pressure of 3,000 psi was 

introduced to simulate flow of fluid from the wellbore through the fracture to the 

reservoir. In both figures, there is a marked difference in the pressure profiles around the 

hydraulic fracture since there was difference of 1,000 psi between the two net fracture 

pressures. The fracture on the right which was at 4,000 psi net pressure has a bigger 

pressure profile around it (propagated 5 - 10 feet more) as compared to the fracture at 

3,000 psi net pressure. In the middle of the fractures there is a region of interference that 

was less concentrated than that observed in Figure 4-61. The highest pressure observed in 

this region was about 6,000 psi. Figure 4-66 is a slice plot of the pressures profile along 

different points on the wellbore. Here it is seen that the pressure varies from the fractures 

to either sides of the fractures.  

Figures 4-67 and 4-68 illustrate two different slice plots for the stress profiles 

around the fractures and wellbore at a time interval of 1 day, respectively. In both figures 

the stress contrast were the same for the two time intervals and the highest stresses were 

observed around the fracture faces, represented by the dark red/orange color. The lowest 

stresses were found at the top and bottom of the fractures which are represented by the 

green and yellow colors. Figure 4-69 shows the stress contrast in the x-z coordinates and 

the difference in the stresses around the fractures is minimal. The zoomed in view in part 

b shows that the greater stress concentration is on the top of the wellbore and the lower 
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stresses are found to occur on the underside of the wellbore and towards the fracture with 

the lower pressure set point. 

 

Figure 4-65: Pressure profile around two hydraulic fractures at different pressures 

shown at t = 1 day. The fracture on the right is set at 4,000 psi net pressure whereas 

the fracture on the left is at 3,000 psi net pressure. The pressure around the fracture 

on the right extends further into the formation than compared to the fracture on the 

left. 
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Figure 4-66: Pressure profile around two hydraulic fractures at different pressures 

shown at t = 1 day. The fracture on the right is set at 4,000 psi whereas the fracture 

on the left is at 3,000 psi. The pressure around the fracture on the right extends 

further into the formation than the fracture on the left. This slice plot also gives an 

idea of the pressures along the wellbore at different point besides the fractures. 
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Figure 4-67: Horizontal hoop stress contrast at 1 day for the two fractures. The 

greatest stress concentration is seen to be on the face of the fractures represented by 

the dark red/orange color. The top and bottom of the fractures have the lowest 

stress concentration represented by the green and yellow colors.  
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Figure 4-68: Horizontal Hoop stress contrast at 1 day for the two fractures. The 

greatest stress concentration is seen to be on the face of the fractures represented by 

the dark red/orange color. The top and bottom of the fractures have the lowest 

stress concentration represented by the green and yellow colors.  
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Figure 4-69: Stress contrast at 1 day for the two fractures. Figure (a) shows that the 

stresses around the fracture extend almost evenly on both sides of the fractures. 

Figure (b) shows a zoomed in view of the wellbore in the middle, indicating that 

there are regions of higher stresses (deep red/orange) on the top side of the wellbore 

as compared to the bottom. Also the stresses on the bottom appear to be less 

towards the fracture with the lower pressure, as indicated by the orange color. 
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The time interval for these models was one day. The pressure difference on the 

two fractures was 1,000 psi and this difference resulted in major variations in the pressure 

profiles but minor variations in the stress contrasts. The maximum recorded pressure 

between the two fractures was 6,250 psi. The stresses around the wellbore were seen to 

accumulate with greater magnitude on the top of the wellbore and more towards the 

fracture with the higher set pressure; i.e. to the fracture on the right. In analyzing these 

results, it can be seen that the stresses do vary along the wellbore. The stresses on either 

ends of the fractures and wellbore were lower in value from that observed between the 

fractures and on the fracture faces. 

4.5.5 Model 5b - Hydraulic fractures at 5,000 psi and 3,000 psi 

Figures 4-70 and 4-71 illustrate the pressure profiles at 1 day. In both figures, the 

fracture on the right is set at 5,000 psi net pressure and the fracture on the left is set at a 

net pressure of 3,000 psi. In this scenario, the well pressure of 3,000 psi was maintained. 

In both figures, the pressure profiles around the hydraulic fracture with the higher 

pressure had a greater pressure profile around the fracture compared to the fracture with 

the lower pressure. The highest pressure observed in this region between the two 

fractures was about 6,250 psi, as indicated by light blue color. Figures 4-72 and 4-73 

illustrate the stress profiles around the fractures and wellbore at a time interval of 1 day, 

respectively. In both figures, the stress contrasts were found to be the greatest at the 

fracture faces for the two time intervals as indicated by the dark red/orange color. The 

lowest stresses were found at the top and bottom of the fractures indicated by the green 

and yellow colors. The stress concentration around the fracture set at 5,000 psi pressure 

had a greater stress envelope around the fracture as compared to the fracture set at 3,000 

psi. As was observed in Figure 4-67, the greater stress concentration was observed to be 

on the top of the wellbore and the lower stresses are found to occur on the underside of 

the wellbore and towards the fracture with the lower pressure set point. 
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Figure 4-70: Pressure profile around two hydraulic fractures at different pressures 

shown at t = 1 day. The fracture on the right is set at 5,000 psi (net) whereas the 

fracture on the left is at 3,000 psi (net). The pressure (higher) around the fracture 

on the right extends further into the formation than the fracture (lower pressure) on 

the left. 
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Figure 4-71: Pressure profile around two hydraulic fractures at different pressures 

shown at t = 1 day. The fracture on the right is set at 5,000 psi net pressure whereas 

the fracture on the left is at 3,000 psi net pressure. The pressure in the well is set at 

3,000 psi. The pressure around the fracture on the right extends further into the 

formation than the fracture on the left. This slice plot indicates that the pressure 

profile varies on either side of the fractures and along the fracture faces. 
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Figure 4-72: Stress contrast at 1 day for the two fractures. The greatest stress 

concentration is seen to be on the face of the fractures represented by the dark 

red/orange color. The top and bottom of the fractures have the lowest stress 

concentration represented by the green and yellow colors. The fracture with the 

higher pressure had the greater stress distribution around it. 
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Figure 4-73: Stress contrast at 1 day for the two fractures. The greatest stress 

concentration is seen to be on the face of the fractures represented by the dark 

red/orange color. The top and bottom of the fractures have the lowest stress 

concentration represented by the green and yellow colors. The fracture with the 

higher pressure had the greater stress distribution around it. 

The pressure difference and stress contrast in these pressure plots and stress plots 

showed that with the fractures being at different pressures the effects of stress shadowing 

can be observed. The figures indicate that there are higher pressures at the fractures and 

lower pressures at the ends and at the middle of the fractures. The line plot in Figure 4-74 

gave an indication of the variability of the stress values across the fractures (-3,500 psi 

and -5,000 psi) and on either side of the fractures (approximately -8,500 to -6,500 psi). 

This same principle can be used to explain the effects of stress shadowing in wells with 
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hydraulic fractures and the high to low stress ratios that exist around wellbore when 

fracturing schedules are performed. 

 

Figure 4-74: Line plot of the horizontal hoop stress across the two hydraulic 

fractures at 5,000 psi (left) and 3,000 psi (right) and the wellbore taken from 

coordinates (-50, 0, 1) to (50, 0, 1). In this plot the highest stress values are found on 

the fractures while the lowest values are in the middle of the fractures. On either 

ends of the fractures the left and right sides have higher stress values than the 

middle. One point that should be noted is the variable values for stresses in the 

middle and on either ends of the fractures. 

4.6 Effects of Permeability Anisotropy on Stress Profiles 

This section analyzes the effects of permeability anisotropy on the horizontal 

stresses around the wellbore. Since it was difficult to model the flow of the fluids within 

the matrix with respect to time, and since the pressures and stresses applied were under 
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static conditions, the application of different permeability anisotropy ratios only enabled 

conclusions to be drawn with respect to the changes in the horizontal stresses. 

Figures 4-75 through 4-80 illustrate the stress contrast via slice and line plots at 

the fractures and along the wellbore. Figure 4-74 shows the stress contrast at an 

anisotropy ratio of 10, 5, 1. This ratio indicates that the permeability in the x direction is 

10 times the permeability value of 0.01md = 0.1 md. In the y and z directions the 

permeability is five times and one times the matrix permeability of 0.01 md. The 

maximum value of the horizontal stress recorded was 2,122 psi (compressive) and was 

recorded at the fracture face. Figure 4-76 shows a line plot along the x-coordinate where 

the horizontal hoop stress values were -8,200 psi to -6,200 psi from x-coordinates -50 ft 

to -30 ft; -6,500 to -4,000 psi from -30 to -25 ft; -8,700 to -7,300 psi from -25 to 15 ft; -

7,500 to -4,500 psi from 15 to 30 ft and -8,700 to 6,700 psi from 30 to 50 ft. This showed 

the differing horizontal stress values along the wellbore and fracture which had no 

identifiable trends. The one point that can be drawn was the lower horizontal hoop stress 

values observed in the middle of the two fractures.  

Figure 4-77 shows the stress contrast when an anisotropy ratio of 50, 10, 5 was 

used. In this plot, the permeability in the x direction is 50 times the permeability value of 

0.01md. The y and z components are at 10 and 5 times the matrix permeability, 

respectively. In this plot, the maximum value recorded for the horizontal stress was 2,135 

psi (compressive). Figure 4-78 shows a line plot along the x-coordinate where the 

horizontal hoop stress values were -8,200 psi to -6,200 psi from x-coordinates -50 ft to -

30 ft; -6,500 to -4,000 psi from -30 to -25 ft; -9,000 to -7,200 psi from -25 to 15 ft; -7,500 

to -4,500 psi from 15 to 30 ft and -8,700 to -5,200 psi from 30 to 50 ft. This showed the 

differing horizontal stress values along the wellbore and fracture which had no 

identifiable trends. The one point that can be drawn was the lower horizontal hoop stress 

values observed in the middle of the two fractures. 

Figure 4-79 illustrates the stress contrast when an anisotropy ratio of 20, 50, 10 

was used. In this plot, the maximum value for the horizontal stress was 2,129 psi 

(compressive). Figure 4-80 shows a line plot along the x-coordinate where the horizontal 

hoop stress values were -8,100 psi to -6,200 psi from x-coordinates -50 ft to -30 ft; -6,300 
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to -4,000 psi from -30 to -25 ft; -7,700 to -6,500 psi from -25 to 15 ft; -6,700 to -4,500 psi 

from 15 to 30 ft and -8,700 to 5,700 psi from 30 to 50 ft. This showed the differing 

horizontal stress values along the wellbore and fracture which had no identifiable trends. 

The one point that can be drawn was the lower horizontal hoop stress values observed in 

the middle of the two fractures. It should be noted that since the stress profiles shown 

here are the horizontal hoop stresses, this would account for the difference in the stress 

values between Figures 4-75 and 4-77 since Figure 4-77 has the greater anisotropy ratio 

in the x-direction. 

The results obtained demonstrate that increasing the permeability anisotropy 

ratios does not affect the horizontal stresses around the fractures and the wellbore. 

Analysis of Equation 2-1 indicates that only the Poisson’s ratio, the variability in Biot’s 

constant and the reservoir pressure would contribute to changes in the minimum 

horizontal stress. The changes in Poisson ratio and reservoir pressure were discussed 

previously and resulted in larges changes in the minimum horizontal stress when either 

was increased or decreased. Section 4.7 observes the effects of anisotropy using Biot’s 

constant. Hence from the results presented, the changes in the permeability in the x, y and 

z directions do not affect the horizontal stress values along the wellbore and around the 

fractures (Roussel and Sharma, 2009). 

4.7 Using Different Biot’s Constants to Observe the Effects on the Minimum 

Horizontal Stress 

This section observed the effects of Biot’s constant on the minimum horizontal 

stress. Equation 2-1 showed the relationship of the minimum horizontal stress with 

respect to the overburden stress, Biot’s constant and the reservoir pressure. 

On observation of Equation 2-1, an increase in the Biot’s constant would decrease 

the effective stress. The numerical results for the minimum horizontal stress were 

obtained for Model 5b using an overburden stress of 10,500 psi, a reservoir pressure of 

4,547 psi, and a net fracturing pressure of 4,000 psi. The vertical Biot’s constant was 

fixed at value of 1, and the horizontal Biot’s constant was varied using values of 1, 0.95, 

0.85 and 0.5. The results are summarized in Table 4-11.         
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Figure 4-75: Horizontal hoop stress profile using an anisotropy ratio of 10, 5, 1. In 

this plot, the maximum horizontal stress value recorded was 2,122 (compressive) at 

the fracture faces. 



150 

 

 

Figure 4-76: Line plot of the horizontal hoop stress across the two hydraulic 

fractures and the wellbore taken from coordinates (-50, 0, 1) to (50, 0, 1). In this plot 

the horizontal hoop stress profile using an anisotropy ratio of 10, 5, 1 is shown. 

 



151 

 

 

Figure 4-77: Horizontal hoop stress profile using an anisotropy ratio of 50, 10, 5. In 

this plot, the maximum horizontal stress value recorded was 2,135 (compressive) at 

the fracture faces. 



152 

 

 

Figure 4-78: Line plot of the horizontal hoop stress across the two hydraulic 

fractures and the wellbore taken from coordinates (-50, 0, 1) to (50, 0, 1). In this plot 

the horizontal hoop stress profile using an anisotropy ratio of 50, 10, 5 is shown. 
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Figure 4-79: Horizontal hoop stress profile using an anisotropy ratio of 20, 50, 10. In 

this plot, the maximum horizontal stress value recorded was 2,129 (compressive) at 

the fracture faces. 
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Figure 4-80: Line plot of the horizontal hoop stress across the two hydraulic 

fractures and the wellbore taken from coordinates (-50, 0, 1) to (50, 0, 1). In this plot 

the horizontal hoop stress profile using an anisotropy ratio of 20, 50, 10 is shown. 

 

Table 4-11: Numerical Results for the Minimum Horizontal Stress Using Different 

Horizontal Biot’s Constants 

Horizontal Biot’s 

Constant 

(Vertical Biot’s 

Constant = 1) 

Maximum Value of 

The Minimum 

Horizontal Stress (psi) 

1.00 1,172 

0.95 1,260 

0.85 1,424 

0.50 1,933 
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The value of the minimum horizontal stress decreased as the horizontal Biot’s 

constant increased. This indicated that even in isotropic conditions as this modeling was 

done, the anisotropy due to the differing ratios of Biot’s constant in the horizontal and 

vertical planes, can affect the value of the effective horizontal stress. Figures 4-81 and 4-

82 show the values of the minimum horizontal stress along the wellbore for the horizontal 

Biot’s constant of 0.95 and 0.50, respectively. The two figures show the same trends in 

that the horizontal stresses are the greatest around the fractures and decrease between and 

at the outer ends of the fractures. However the horizontal stresses at a horizontal Biot’s 

constant of 0.50 are higher than that for a horizontal Biot’s constant of 0.95. From x 

coordinates -50 to -30, the average horizontal stresses for the horizontal Biot’s constant 

of 0.95 and 0.50 are -7,000 psi and -5,300 psi, respectively. From x coordinates -25 to 15, 

the average horizontal stresses for the horizontal Biot’s constant of 0.95 and 0.50 are -

7,200 psi and -5,500 psi, respectively. From x coordinates 25 to 50, the average 

horizontal stresses for the horizontal Biot’s constant of 0.95 and 0.50 are -7,000 psi and -

5,500 psi, respectively. The highest horizontal stresses along the x- axis, at a horizontal 

Biot’s constant of 0.95 was found at the fractures and was -3,800 psi and -2,700 psi for a 

horizontal Biot’s constant of 0.50. 

In summarizing the results obtained from Model 1 (Table 4-3), in which 

variations in the Poisson’s ratio were observed, an increase in the Poisson’s ratio, 

increased the minimum horizontal stress. In anisotropic formations the changes in the 

Poisson’s ratio and the changes in the ratio between the horizontal and vertical Biot’s 

constants will impact the horizontal stress as shown by the results (Model 3, 4, and 5 and 

Section 4.7) presented in this thesis. Anisotropy not only changes the magnitude of the 

horizontal stresses but also predicts that the horizontal stresses should not be equal in 

anisotropic rocks (Iverson, 1995). 
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Figure 4-81: Plot of the minimum horizontal stress for a Biot’s constant = 0.95. The 

minimum horizontal stress ranges from a maximum of -3,800 psi at the fractures to 

an average value of -7,300 psi along the x axis. 
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Figure 4-82: Plot of the minimum horizontal stress for a Biot’s constant = 0.50. The 

minimum horizontal stress ranges from a maximum of -2,700 psi at the fractures to 

an average value of -5,500 psi along the x axis. 

 

4.8 Field Application of Stress Envelopes around Horizontal Wellbores – Barnett 

Shale. 

The data used in this thesis was obtained from work published on the Bakken 

shale; hence all results that have been obtained and discussed are applicable to the 

Bakken shale. The focus of this section, therefore, is to explain the stress shadowing 

effects in the Barnett shale. This section will use the work presented from the numerical 

models to explain the stress shadowing phenomena. 

Figures 4-83 to 4-85 were presented earlier in this thesis and are used in 

collaboration with the results obtained from the numerical models to explain the stress 
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shadowing phenomena in the Barnett Shale. Figure 4-83 shows the stress shadowing that 

occurs around the horizontal wells in the Barnett Shale. In Figure 4-83 the stress 

shadowing observed in dependent on the height of the fractures as well as the width of 

the fractures (Fisher et al., 2004). The greatest stress shadowing is observed at the 

fracture and dissipates away from the fractures. The top view in Figure 4-83 shows that 

the fractures in the middle of the wellbore are much smaller in length. The side view 

shows that the heights of the fractures in the middle of the wellbore are much smaller 

than the fractures at the heel and toe of the horizontal wellbore lateral.  

Figure 4-84 illustrates the pressure gradients along a horizontal section of a well 

in the Barnett Shale. Figure 4-85 shows the closure stress and the distance between the 

fractures. The models presented in this thesis, had a distance of 40 ft between the 

fractures. This distance was chosen to allow for some interference due to the stresses to 

be observed and the effects on the horizontal stresses. Using a distance less that 40 ft 

would result in too much interference and a distance greater would result in little 

interference for the modeling that was done. If these extremes were modeled the 

variability in the stresses and the stress shadowing that would be associated with this 

variability at and around the fractures would not be observed. 

In order to explain the variability in stresses and pressure profiles as seen in these 

figures, we draw on the results from Models 3 and 5. In Model 3, it was seen that the 

horizontal hoop stress varies along the wellbore and that this variability had no specific 

trend i.e. a generalization cannot be made to indicate whether the stresses increased or 

decreased from the heel to the toe of the wellbore. This is supported by Figure 4-84 in 

which the pressure gradient varies along the horizontal wellbore lateral. In Model 3 the 

stresses were accumulated at different points along the wellbore in no identifiable trend 

and any pressure profiles taken at those points would affect the pressure gradients due to 

the variability in stress concentrations. As was observed in Section 4.7 the variability in 

stresses along the wellbore can be attributed to the anisotropic values of the Poisson’s 

ratio and Biot’s constants (Iverson, 1995). In areas of high stress concentrations along the 

wellbore it would be expected that a resultant effect would be achieved when this stress 

and the pressure in the matrix are combined. The net effect is that a high stress zone is 
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created in the area around the wellbore; the same would be true for areas of low stress 

concentrations around the wellbore.  

Figure 4-83 shows the stress shadowing phenomena which is created due to these 

areas of high and low stress concentrations along the wellbore. In stimulating this well, 

there will be areas (lower stress concentration near the wellbore) in which fracture 

initiation would be easily achieved, resulting in longer fractures being generated. The 

shorter fractures are due to more resistance being felt when stimulation is being 

performed on the well. In these areas, the stress concentration is very high, requiring 

more pressure to initiate a fracture (Soliman et al., 2006). Hence, when the rocks do 

break down, the high stresses result in smaller fractures. In Figures 4-62 and 4-81 the line 

plots showed the varying pressure and stress profiles along the wellbore and around the 

fractures. The varying pressures can be compared to Figure 4-84 in that varying pressure 

gradients would be expected. Figure 4-62 also indicated that these pressure gradients 

would increased from the ends to the fractures and decrease in the middle of the fractures 

as was observed from the pressure profiles in the middle and extreme ends of the 

wellbore. This fact was also evident in Figure 4-84.  

Figure 4-81 showed the varying stresses around the fractures and the wellbore and 

can be used to explain the results shown in Figure 4-85 in that as the distance between the 

fractures increases the stress decreases as was seen between the fractures in Figure 4-81 

and at the ends. The spacing in this thesis was fixed at 40 ft so that the interference 

between the fractures could be observed and with respect to Figure 4-85 the fractures 

were placed in the middle of the curve i.e. the fractures were not far apart (right side of 

the curve) to require less breakdown pressure and not close together (left side of the 

curve) as this would require higher breakdown pressures. This indicated that a high 

breakdown pressure would be required if a fracture were to be initiated at the middle of 

Model 5b but using a smaller distance between the fractures would increases the 

interference due to the stress interactions, and hence the breakdown pressure. The spacing 

of fractures in key in generating fractures and can either aid or harm the further 

stimulation of the horizontal well (Cheng, 2009).  Hence, also it would be expected that 

as this stress concentration around the wellbore increases, the breakdown pressure 
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required to induce a fracture would be increased (Soliman et al., 2004). This increase in 

breakdown pressure required would increase as the number of fractures increase due to 

the interference created between the respective fractures. 

 

Figure 4-83: Stress shadow effects on transverse fracture growth. The figure 

illustrates that the fractures are greatest in height at the heel and toe and outlines 

the stress shadowing effects. Stress shadowing tends to inhibit fracture growth at 

the mid-sections and encourages fracture growth in orthogonal directions (Redrawn 

from Fisher et al., 2004). 
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Figure 4-84: Variation of ISIPs along the horizontal wellbore lateral at TMD = 

10,495 feet. As observed, there is not a clear trend in the pressure gradients from the 

heel to the toe of the horizontal wellbore (Redrawn from Ketter et al., 2006). 
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Figure 4-85: Relationship between the closure stress and the space between the 

fractures. Pnet is the net pressure in the fractures; σc is the closure stress exhibited 

by the matrix; a, is the space between the fractures and H is the theoretical height of 

the fractures (Fisher et al., 2004). 
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS 

Stress shadowing is a phenomenon that has been studied in this thesis. The 

analysis was performed using reservoir data from the Bakken Shale, and the resulting 

numerical results obtained were applied to published results from the Barnett Shale. This 

thesis serves to address how this phenomenon can be modeled and determines the extent 

to which the stress envelopes around hydraulic fractures can be predicted for a given set 

of conditions. The conclusions from this work are presented in this chapter; also areas for 

new research are suggested. 

5.1 Conclusions  

The numerical results obtained from this thesis allow conclusions to be made 

about the stress shadowing phenomena and, broadly, the stress contrast within the 

reservoir, around packers and hydraulic fractures, and around the horizontal wellbore.  

• It can be concluded that packers with higher pressure ratings will allow for 

easier fracture initiation as compared to packers with lower pressure 

ratings. As shown in Figure 4-48, a packer with a 10,000 psi rating will 

allow longitudinal fracture initiation at wellbore angles greater than 

approximately 38 degrees; whereas, an angle of approximately 47 degrees 

is required for a packer rating of 8,000 psi and approximately 59 degrees 

for a 5,000 psi rated packer. 

• Model 4b demonstrated that when two packers of different pressure 

ratings were used, the stresses around the higher pressure-rated packer 

were seen to be greater and hence would require a lower breakdown 

pressure to initiate fractures than the packer with the lower pressure rating.  

• Model 4a showed that fracture initiation will take place at the ends of the 

packers (Figures 4-35 and 4-41) and Model 4b between the packers 

(Figures 4-45 through 4-47). 

• It can be concluded that in areas of high stress concentration as was 

observed in Figure 4-21 around the wellbore, the ability to generate 

hydraulic fractures is reduced as compared to areas of low stress 

concentrations. This difference in areas of stress contrast (stress 
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interference) and differing pressure gradients would account for the 

Barnett shale results discussed in Section 4.8. 

• Stress interference is determined by the fracture spacing (Figure 4-85) and 

contributes to increase likelihood of stress shadowing developing. An 

increase of the spacing between the fractures induced less interference and 

hence requires less breakdown pressure to initiate a fracture and also 

eliminates the effects of stress shadowing the reverse is also true. 

• Models 3 and 5 showed that the stress concentration at or near the 

wellbore varied (higher and lower stress areas) along the length of the 

wellbore. There was no distinct pattern as to whether the stresses and 

pressure gradients would increase or decrease from the heel to the toe of 

the horizontal wellbore for the models studied in this work.  

• In Figures 4-59, 4-64 and 4-74 the higher stresses were seen on the outer 

edges of the fractures as compared to lower stresses in the middle of the 

fractures. The higher stresses are due to less interference at the edges as 

compared to more interference in the middle of the two fractures. 

• The results obtained demonstrate that increasing the permeability 

anisotropy ratios does not affect the horizontal stresses around the 

fractures and the wellbore.  

• The anisotropy of the rocks (ratio of the vertical and horizontal Biot’s 

constants; the different rock/reservoir Poisson’s ratios) determines the 

extent of the changes of the minimum horizontal stresses and these are 

also affected by the changes in the pore pressures within the reservoir. The 

effects are most pronounced due to reservoir heterogeneity. 

• From the numerical results the stress envelopes and pressure profiles 

around the wellbore, packers, and hydraulic fractures can be predicted. 

These were illustrated in the results obtained from Models 3, 4 and 5 

respectively. 

•  This thesis showed that COMSOL Multiphysics is a powerful tool which 

can be used for poroelastic simulations to model the wellbore, near 

wellbore, fractures and reservoir environment. The results obtained from 
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the numerical simulations have been validated with analytical results and 

previous works.  

5.2 Recommendations for Future Work 

The following are recommendations for future work based on the results of this 

thesis: 

• Using this model, further work should include larger dimensioned models 

to generate realistic reservoir dimensions. This would allow actual data to 

be used to generate real time results as needed. The underlying 

compromise would be to simplify the models as much as possible (i.e. 

isotropic, homogenous, etc) and use a computer with a greater memory 

capacity and processing power. 

• This study observed results in which mainly longitudinal fractures were 

created due to the stress concentrations and breakdown pressures. Model 5 

looked specifically at transverse fractures and this could be expanded to 

give a comprehensive analysis for transverse fracture initiation and 

orientation in other unconventional reservoirs. 

• Other areas that could also be addressed include the use of cemented 

horizontal wells and the complexities associated with these with the 

introduction of perforation intervals. The stress around the perforating 

intervals will be more complex and the flow properties from the reservoir 

to the perforation into the wellbore will have to be observed. In this 

regard, COMSOL Multiphysics 3.5 can model the flow not only using 

Darcy’s law, but also can include the Brinkman and Navier-Stokes 

equations for flow near the wellbore and into the wellbore. 

• Another substantial area that could be explored is the contact of natural 

fractures with hydraulic fractures in terms of their initiation points, 

orientations, flow characteristics and the stress contrast between these two 

types of fractures. 
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NOMENCLATURE 

a  = Space between the fractures, ft 

α   =  Angle from top to side of wellbore (0 to 90), degrees 

hα      =  Horizontal Biot’s poroelastic constant 

vα       =  Vertical Biot’s poroelastic constant 

β   =  Angle from the vertical plane, degrees 

d    =  Depth of investigation, ft 

E  = Young’s Modulus, psi 

η     =  Dynamic viscosity, cp 

f_h1  = Fracture height of 1st fracture, ft 

f_h2  = Fracture height of 2nd fracture, ft 

f_w1  = Fracture width of 1st fracture, ft 

f_w2  = Fracture width of 2nd fracture, ft 

g     =  Acceleration due to gravity, ft/s2 

H  = Theoretical height of the fractures, ft 

h_res  = Reservoir height, ft 

ISIP   =  Instantaneous shut-in pressure, psi 

k   =  Permeability, md 

k_frac  = Fracture permeability, darcy 

λ  = angle from the direction of maximum stress, radians 

ν         =  Poisson’s Ratio 

Qs   =  Volumetric flow rate per unit volume, 1/s 

p     =  Pressure, psi 

PDE   =  Partial differential equations 

phi  = Porosity, fraction 

PRMS  = Petroleum Reservoir Management System 

Pcn   =  Pressure corresponding to a gradient of 0.465 psi/ft 

p_frac  = Pressure in the fractures, psi 

Pnet   = Net pressure in the fractures, psi 

p_pack  = Packer pressure, psi  
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Pres      =  Reservoir/pore pressure, psi 

Pw    =  Wellbore pressure, psi 

ρf    =  Fluid density,lb/ft3 

rho_f  = Fuid density of oil, kg/m3 

rho_s  = Solids density, g/cm3 

σc  =  Closure stress exhibited by the matrix, psi 

extσ    =  Externally generated stress, psi 

σh min   =  Minimum horizontal stress, psi 

σh max   =  Maximum horizontal stress, psi 

σrr    =  Stress in the r direction for an inclined wellbore, psi 

σtang  = Tangential (hoop) stress, psi 

σØØ    =   Stress in the Ø direction for an inclined wellbore, psi 

vσ       =  Overburden stress, psi  

σx   =  Far field stress in the x direction, psi 

xxσ    =  Principal stress in the x plane, psi 

σy   =  Far field stress in the y direction, psi 

yyσ    =  Principal stress in the y plane, psi 

σz   =  Far field stress in the z direction, psi 

zzσ    =  Principal stress in the z plane, psi 

Ø  = Axis in the radial coordinate system 

τrØ      =  Shear stress in the r-Ø plane for an inclined wellbore, psi 

τrz     =  Shear stress in the r-z plane for an inclined wellbore, psi 

τØz     =  Shear stress in the Ø-z plane for an inclined wellbore, psi 

τxy     =  Shear stress in the x-y plane, psi 

τxz     =  Shear stress in the x-z plane, psi 

τyz     =  Shear stress in the y-z plane, psi 

t  =  Time, seconds 

w_res  = Reservoir width, ft 

Xf    =  Compressibility of fluid, 1/psi 

Xp   =  Compressibility of solid, 1/psi 
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APPENDIX 

DVD-ROM of Models used in Thesis  

• COMSOL Multiphysics Model 1 

o Model 1 at 10,500 ft 

o Model 1 at 10,500 ft and Poisson’s ratio = 0.2 

o Model 1 at 15,000 ft 

o Model 1 at 15,000 ft and Poisson’s ratio = 0.2 

• COMSOL Multiphysics Model 2 

o Model 2 at 10,500 ft and 0 psi pressure 

o Model 2 at 10,500 ft and 3,000 psi pressure 

o Model 2 at 10,500 ft and 4,000 psi pressure 

o Model 2 at 10,500 ft and 5,000 psi pressure 

o Model 2 at 15,000 ft and 4,547 psi pressure 

• COMSOL Multiphysics Model 3 

o Model 3 

o Calculation for verifying Model 3 results 

• COMSOL Multiphysics Model 4 

o Model 4a –One Packer - 5,000 psi 

o Model 4a –One Packer - 8,000 psi 

o Model 4a –One Packer - 10,000 psi 

o Model 4b –Two Packers - 8,000 psi and 10, 500 ft 

• COMSOL Multiphysics Model 5 

o Model 5A - one fracture - p_frac = 3,000 psi 

o Model 5A - one fracture - p_frac = 4,000 psi 

o Model 5A - one fracture - p_frac = 5,000 psi 

o Model 5B - two fractures - p_frac = 3,000 psi 

o Model 5B - two fractures - p_frac = 4,000 psi 

o Model 5B - two fractures - p_frac = 4,000 psi – Biot’s constant 

 = 0.50 
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o Model 5B - two fractures - p_frac = 4,000 psi – Biot’s constant 

= 0.85 

o Model 5B - two fractures - p_frac = 4,000 psi – Biot’s constant 

= 0.95 

o Model 5B - two fractures - p_frac = 4,000 psi – Permeability 

Anisotropy Ratio = 20, 50, 10 

o Model 5B - two fractures - p_frac = 4,000 psi – Permeability 

Anisotropy Ratio = 50, 10, 5 

o Model 5B - two fractures - p_frac = 4,000 psi – Permeability 

Anisotropy Ratio = 10, 5, 1 

o Model 5B - two fractures - p_frac = 5,000 psi 

o Model 5B - two fractures - p_frac = 3,000 and 4,000 psi 

o Model 5B - two fractures - p_frac = 3,000 psi and 5,000 psi 

 


