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ABSTRACT 

The oil and gas industry had an exponential increase in the development of the 

unconventional resources in particular in shale and tight oil reservoirs in the past few years. Oil 

prices climbed in the last decade reaching $150/bbl, but yet it has dropped down significantly 

before it started quickly to rise. From 2005-2013, the average price happened to be around $80 

per barrel. This high oil price situation made the shale plays economical worldwide and 

attractive for investors and oil and gas companies to include into their portfolio.  

The Eagle Ford is considered the youngest shale play in the United States and holds a 

vast amount of hydrocarbon reserves. It extends from its outcrop belt in southwest Texas to 

northeast Texas, covering over 30 counties in Texas, more than one third of the State. The 

formation is considered one of the youngest shale plays and it became appealing after 2008 and it 

has been one of the most active areas in the United States in regards to drilling activities. The 

number of permits for drilling activities has been rising every year from the start of production in 

2008, until 2014 when the oil prices crashed due to oversupply. According to Cunningham 

(2016) the breakeven price to the Eagle Ford is $56/bbl. Currently with the oil prices around 

$50/bbl more development is planned in the Eagle Ford; proper planning for the future 

development is essential. This includes addressing wellbore stability issues in the Eagle Ford that 

results in increasing the cost of the wells and the Non Productive Time (NPT). 

In this study, a geomechanical model was developed in order to investigate the proper 

mud weight window in order to prevent breakouts and fractures from happening in the wellbore 

and help prevent them in future drilling operations. A literature review to explain the general 

terms of the mechanical properties for rocks is done in the second chapter. These properties 

describe the stress state of the rock and are used in the calculation for the optimum mud weight. 

The third chapter explains the input properties and general forms to calculate these properties 

that are used in modeling the problem. The fourth chapter defines the equations that are used in 

MatLab application to show how we got the results. In the fifth chapter, the model results are 

presented and discussed. The conclusion and recommendations are stated in the sixth chapter. 
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CHAPTER 1. INTRODUCTION 

1.1 Motivation 

Borehole collapse and reservoir fracturing are sources of wellbore stability issues. The 

objective of this study is to minimize the occurrence of these issues in the Eagle Ford shale 

formation by properly designing an optimum mud weight profile in order to mitigate these 

wellbore stability issues from reoccurring.  

1.2 Introduction 

The oil and gas industry recently had an exponential increase in the development of the 

unconventional resources in particular in shale and tight oil reservoirs; these resources became 

economically feasible as a result of the advancement in technology, especially Multi-Stage-

Fracturing (MSF) and horizontal drilling along with economical oil prices. 

The Eagle Ford Shale is one of the youngest shale plays in the United States. It hold a 

huge amount of hydrocarbon reserves. It was discovered in October of 2008, with the initial 

production of 9.7 Mcf/d coming from a 3,200 ft lateral (Oil and Gas Journal 2014). The 

estimated proven reserves for the Eagle Ford Shale Oil is 5,172 MMBBL and 23.7 TCF for 

natural gas accounting for 39% and 12% of the total oil and gas reserves in the United State 

respectively (EIA 2015). The number of drilling permits in the Eagle Ford has been increasing 

significantly each year reaching 21172 by September 2016 (Railroad Commission of Texas 

2016). In 2014 the Eagle Ford accounted for 47% and 14% of the total oil and gas respectively 

produced in the United States (EIA 2015). The total hydrocarbon production from the Eagle Ford 

is shown in Figure 1.1. 

1.3 Geology Overview of the Region 

The Eagle Ford Shale formation was deposited during the Middle to Late Cretaceous 

period. It is partially filled with siliciclastic detritus sediments delivered from deltas propagating 

southwestward. Regionally, the depositional system is characterized by a mixture of siliciclastic 

and bio-clastic materials. 

The Eagle Ford underlies the Austin Chalk and overlies the Buda Limestone on the 

western side of the San Marcos Arch (Dawson 1997). The Eagle Ford is composed of two major 
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units, the Lower and Upper Eagle Ford. The lower unit depositional environment was 

characterized by low energy and anoxic, consisting of organic-rich pyretic and fossiliferous 

marine shales. The upper unit consisted of a small regressive high stand forming a carbonate 

layer toward the top of the Eagle Ford. The Upper Eagle Ford is identifiable by high-energy 

features, such as ripple marks from storm-generated waves and interbedded carbonaceous 

siltstones. 

Figure 1.1: Eagle Ford formation hydrocarbon production per day (Railroad Commission of 
Texas 2016). 

The Eagle Ford shale formation contains various types of hydrocarbon depending on the 

location of the well (Figure 1.2). The south region of the Eagle Ford formation contains dry gas 

based on the geochemical analysis. The northern region contains oil. The middle region contains 

wet gas/ condensate. The well data analyzed in this thesis is from an oil well located in La Salle 

County. Most of the drilling permits issued in the Eagle Ford are in the northern and middle 

region due to the availability of higher priced hydrocarbons. 

A general thinning trend is observed in the Eagle Ford Shale. In the southeastern area the 

formation is 300 ft and 14,000 ft deep, whereas in the northwest where the depth of the 

formation thickness is 50 ft and 4,000 ft deep. The bottom hole temperature ranges from 240oF to 

340oF. The production from the Eagle Ford is mainly gas, gas condensate and oil moving from 

the south to the north. 

Several formations can cause wellbore stability issues when targeting the Eagle Ford. 

One of these formations is the Austin Chalk which overlays the Eagle Ford shale (Figure 1.3). 
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The Austin Chalk has been a target reservoir for hydrocarbon production for than 80 years. The 

Eagle Ford shale is believed to be the source rock for the Austin Chalk formation (Dawson and 

Almon 2010). The Austin Chalk formation is Upper Cretaceous in age and can be found along 

the Gulf of Mexico in both Texas and Louisiana and a small part of Mississippi. Vertical wells 

have been drilled to target the Austin Chalk since the 1920s. With the start of advancement in 

horizontal drilling in the 1980Õs, a number of wells were drilled to target the low permeability 

fractured reserves. The production mostly comes from intersecting the natural fractures in the 

Austin Chalk formation. Long term production in the Austin Chalk has created depleted zones, 

these depleted zones causes wellbore stability problems when targeting the Eagle Ford 

formation. 

Figure 1.2 Hydrocarbon generation windows for the Eagle Ford Formation (EIA 2015). 

Another formation that can cause wellbore stability issues is the Midway shale. The 

Midway shale consists of sand and clays that contain calcareous materials. Drilling through the 

Midway shale creates stability issues caused by the reaction of the introduced fluid and 

destabilize the formation resulting in increasing the mud density which can be as high as 10.5 

lb/gal (Compton et al. 2015).  In addition, several issues have been reported in the Olmos sand 

that were attributed to weakness nature of the formation (Ridley et al. 2013). 

Well stability issues such as gas kicks and spikes have been observed in several Eagle 

Ford wells. In La Salle County, 10-15% of total drilled wells had some wellbore stability issues 
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while drilling through the Midway shale and the Austin chalk formations resulting in increased 

lost time and well cost (Grossi 2015). 

Figure 1.3: Stratigraphic column for the region (Guo et al. 2012). 

1.4 Mineralogical Composition of the Eagle Ford 

The composition of the rock in the formation is very important for different analysis 

during the life of the well in the drilling, completion, stimulation and production phases. The 

mineral composition has a huge effect on the geomechanical properties. The geomechanical 

behavior is a function of temperature, confining and axial stress as well as reservoir fluid 

pressure stress (Nygard et al. 2006). The effects of mineralogy composition of a specific well can 

indirectly effect most calculations regarding that well. Features such as temperature and stress 

can also affect the rock, higher temperatures and stress makes the rock more ductile meaning 

higher pressure is required to fracture such formation. Also, the possibility of opening a natural 

fracture is higher with higher in-situ stress anisotropy. The presence of discontinuities such as 

joints, faults, and bedding planes can significantly affect the overall geometry of hydraulic 

fractures (Warpinski and Teufel 1987).  
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The bigger the difference in mineralogy composition, the more heterogenetic the 

reservoir is. Each well has different mineralogy than the other, so a specific analysis is required 

for each case. Mokhtari et al. (2015) obtained the mineralogy of the Eagle Ford samples shown 

in Figure 1.4 using the X-ray diffraction analysis of homogenized powders that samples all 

bedding layers over the 3-in diameter core. The Eagle Ford samples are composed of 43-47 wt% 

calcite, 15-30 wt% clay, 12-26 wt% quartz. The clay components are illite or kaolinite, no 

smectite was detected. The cores are from oil producing area with the total organic content of 6 

to 7 wt%. The mineralogical compositions of the samples were obtained by using X-ray 

diffraction (XRD) analysis and are shown in Table 1.1. 

Figure 1.4: Lamination in the Eagle Ford Shale Plug (Mokhtari and Tutuncu 2016). 

Table 1.1 Mineralogical composition of the sample in this study (wt%) 

1.5 Well Design 

During the early development stages of the Eagle Ford Shale, two typical well designs 

were employed, the first design consists of 12-1/4 in. surface hole and a 9-5/8 in. casing that is 

ID Quartz Illite Kaolinite Smectite Feldspar Calcite Dolomite Pyrite Analcime

EF1 26 8 7 - <5 54 <2 <3 -

EF2 25 8 5 - 7 49 <1 <3 -

EF3 16 16 7 - 8 48 - <2 -

EF4 15 17 7 - 7 49 - <3 -

EF5 23 13 6 <5 <3 50 - <3 -

EF6 18 11 5 - 6 53 - 3 -

EF7 22 8 <5 - <5 58 <3 <3 -

EF8 15 13 - - <5 63 - <3 -

E
a

g
le

 F
o

rd
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set after the conductor casing. The 9-5/8 in. casing is typically set between 2,500 and 6,000 ft 

depth. Then an 8-3/4 in. casing hole is drilled from the casing shoe until the TD point and 

completed with a 5-1/2 in. production casing. The second design utilizes an 8-3/4 in. 

intermediate hole section from the 12-3/4 in. casing shoe between 7000-10000 ft depth where the 

kickoff point is located as shown in Figure 1.5. 

Figure 1.5: Early well design in the Eagle Ford formation (Guo et al. 2012). 

During the initial period of the development of the field by Shell, the well design 

consisted of two-string casing design as shown in Figure 1.6, the 9-5/8 in. surface casing was set 

below the midway shale where the fracture strength was around 17 ppg EMW, that was 

sufficient for kick tolerance through the open hole interval in the Eagle Ford. This design was 

based on the assumption of pore pressure of 12.5 ppg EMW in the Eagle Ford. Wells initially 

drilled on a single pad used 11.0 ppg mud weight and did exhibit some minor losses during the 

cementing job of the 5-1/2 in. production casing. These losses occurred at the Olmos sand 

around 5300 - 6700 ft TVD. The fracture strength then was established using Equivalent 

Circulating Density (ECD) and simulations and it found to be 13 -14 ppg EMW across the field. 

Shell tried to establish the lower limit of the Olmos sand in order to reduce drilling time 

by increasing the ROP; the mud weight was reduced to 9.9 ppg but borehole instability was 
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experienced which resulted in sidetracking operation. The new portion of the well was drilled 

with a mud weight of 10.2 ppg and no stability issues were observed and the lower limit for the 

production hole was established.  

Figure 1.6 Two string design used in Eagle Ford single well pads when Shell initiated the Eagle 
Ford operations. Olmos sand and top of the Eagle Ford intervals were identified to have loss 
circulation potential (Ridley et al. 2013). 

The lower limit of 10.2 ppg that was established in the initial phase was used for future 

wells in the same area, but the new wells that were drilled on the same pad or near existing ones 

experienced gas kicks and wellbore stability problems even though the mud weight was 

increased gradually to 11.6 ppg. An additional increase in the mud weight wasnÕt sufficient to 

stop flow without additional losses to the Olmos sand. A 16 ppg weighted pill was used to try 

and stop the well from flowing (Ridley et al. 2013). During trip out of the hole, flow was still 

observed. Therefore, the mud weight was raised to 12.2 ppg in order to stop the flow along with 

a secondary weight pill to achieve a 13.5 ppg EMW on the Eagle Ford, which indicated that the 

previous assumption based on the initially drilled wells in the Eagle Ford that the pore pressure is 

12.5 ppg was not correct, and the pore pressure was actually closer to 13.5 ppg EMW. A DFIT 

(Diagnostic Fracture Injection Test) was applied and it showed the pore pressure in the Eagle 

Ford can reach 14.5 ppg EMW.  
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Several wells were examined to determine the main cause of wellbore stability problems. 

A Horner plot was used to identify the source of flow. The results showed that the early flow is a 

result of ballooning and once the fluid was allowed to bleed back, the flow started coming from 

the reservoir (Ripley et al. 2013; Carpenter 2015).  

Drilling on pre-existing pads or near the pads resulted in a flow from the stimulated shut-

in wells near the new drilled wells. It was concluded that the use of a larger weighted pill (14 

ppg) was applicable in areas where Olmos sand has a higher formation strength and in the lower 

Eagle Ford formation depths. In the previous wells where lower weighted pills were used (13.5 

ppg), this was acceptable due the tight nature of the reservoir which helped in temporary 

suspension of the reservoir flow with an underbalanced pressure above it. However, in areas 

where existing wells have already been drilled, it is unlikely to kill a well with 13.5 ppg and an 

increase in the EMW is necessary to kill the wells. 

The NPT of the drilled wells in the area resulted an increase of 20% of the total cost of 

the well due to the instability and particularly loss circulation issues experienced in the wells. 

The model developed in this study can be used effectively in wells that are drilled where no 

interference from stimulated wells is encountered. In the case of the drilling with multiple pads, 

additional requirements are needed in order to prevent any losses or wellbore stability problems. 

With the increasing number of wells drilled each year in the Eagle Ford, the drilling costs 

continue to decline from year to year. By year end 2010, the total well cost was reduced to 

roughly 60% of total well cost in 2008, and by year 2014, the total well cost was reduced to 

about 40% of total well cost in since the start of the development of the Eagle Ford. In addition, 

the average total number of days to drill continues to decrease while the lateral length of the 

wells increases (Guo et al. 2012). This improvement in drilling economics can be attributed to 

learning from experience in the Eagle Ford. 
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CHAPTER 2. LITERATURE REVIEW 

2.1 General Definitions 

Stress is defined as the force exerted on an object over the surface of area. The stress is 

defined as normal stress if the applied force is normal. In the case when the force applied in the 

parallel direction of the surface then it is called shear stress. 

!"#$%%!
!"#$%

!"#$%&' !!"#$
!

!

!
 (2.1) 

The ratio of the change of the length of the material after the force being applied to the 

original length is defined as strain. 

!"#$%&!
! ! !"#$ !!" !!"#$% !

!"#$#%&' !!"#$% !
!

!"

!
 (2.2) 

Establishing a relation between stress and strain is important in rock mechanics. Each 

material will exhibit a different stress-strain curve which helps identify the strength of the 

material and when the material will break. Any material that breaks without a significant 

deformation is considered brittle, such as glass. A material is considered ductile if it deforms 

after applying a force but does not break such as gold and silver. One of HookeÕs Law outcomes 

in regard to stress is that any ductile material will show an elastic behavior meaning that the 

stress will be directly proportional to the strain until it reaches its limit, once this load is 

removed, the material will return to its original position. The material will exhibit a plastic 

behavior if it does not return to its original position. The yield point is an important reference 

when it comes to elasticity, which is defined as the stress at the transition between the elastic and 

plastic phases and is used in reference to the strength of the material. The ultimate tensile stress 

is the maximum load that the material can handle before it fails. 

YoungÕs Modulus is a mechanical property that describes the relationship between stress 

and strain in a material and is calculated using the sonic data from the well. It is described using 

the following equation 

! !
! !"#!$

! !"#!$
(2.3) 
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PoissonÕs Ratio is defined as the negative of the ratio of the lateral strain to the axial 

strain for a uniaxial state and describes in which the way the material expands. 

! ! !
! !"#$"%

! !"#!$
(2.4) 

Shear modulus donates the rigidity of the material and is defined as the ratio of shear 

stress to shear strain 

! !
!

! !
(2.5) 

The bulk modulus measures the material resistance to compress under a hydrostatic 

piling; itÕs the ratio of the infinitesimal pressure increase to the decrease of the volume 

! !
!

! !"#$%&'()*
(2.6) 

Stresses are described as a second rank tensor with nine components assuming that the 

force is acting on a homogeneous, isotropic body at a certain depth. 

! !
! !! ! !" ! !"
! !" ! !! ! !"
! !" ! !" ! !!

(2.7) 

Each individual stress component refers to the direction of the force acting on a unit area 

of a given orientation. In the case of an equilibrium system, then  

! !" ! ! !"  (2.8) 

! !" ! ! !"   (2.9) 

! !" ! ! !"  (2.10) 

Hence, rotating this equilibrium state description of the matrix into the direction of the 

force to match the coordinate system, the shear stresses becomes zero and the normal stress 

magnitudes along the diagonal represents the principal stress matrix shown in Equation 2.11. 

! !
! ! ! !
! ! ! !
! ! ! !

(2.11) 
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In order to fully describe the state of stress at a certain depth, one must define six stress 

magnitudes or three stress magnitudes and the three angles that define the orientation of the 

stress coordinate system with respect to a reference coordinate system (Zoback 2010). 

In terms of applying the previous concept to the stress in the earth crust, itÕs helpful to 

consider that S1,S2 and S3 as ! v, ! Hmax and ! hmin as proposed by Anderson (1905) which classified 

a certain area as being characterized by a normal, strike-slip or reverse faults as shown in Table 

2.1 and Figure 2.1. 

Figure 2.1: Anderson's Classification scheme for relative stress in normal, strike slip and reverse 
faulting Sv, SHmax and Shmin is referred as ! v, ! Hmax and ! hmin (Zoback 2010). 

Table 2.1 AndersonÕs stress classification 

Stress Regime 
Stress 

! 1 ! 2 ! 3

Normal ! v ! Hmax ! hmin

Strike slip ! Hmax ! v ! hmin

Reverse ! Hmax ! hmin ! v
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2.2 Isotropy in Shale 

Elastic properties can be calculated with the aid of the sonic tools by utilizing the 

compressional and shear wave velocity. YoungÕs Modulus and PoissonÕs Ratio can be calculated 

with the aid of the velocity measurements and density logs. The term isotropy applies to any 

material that has properties independent of direction; an isotropic medium is the medium in 

which the properties are equivalent in all directions. The vertical and horizontal YoungÕs 

Modulus and PoissonÕs Ratio are equal for an isotropic material. Isotropy assumes that the 

components of stress are linear functions of the component of strain. 

! !
! !
! !

!
! ! ! ! ! ! ! !

! ! ! ! ! ! ! !
! ! ! ! ! ! ! !

! !
! !
! !

(2.12)!

The coefficient # known as LameÕs parameter and G is the shear modulus (Fjaer et al. 2008). 

Rearranging the matrix in Equation 2.12, the following equations are obtained. 

! ! ! ! ! ! ! ! ! ! !" ! ! !" !  (2.13) 

! ! ! ! ! ! ! ! ! ! ! ! ! ! !" !  (2.14) 

! ! ! ! ! ! ! !" ! ! ! ! ! ! ! !  (2.15) 

For an isotropic material, only two elastic moduli are independent. If any two are known, 

the other elastic moduli can be determined from Equations 2.16, 2.17 and 2.18 as stated by 

Jaeger et al. (2007), Fjaer et al. (2008), and Zoback (2010). The elastic moduli can be determined 

from compressional (Vp) and shear (Vs) wave velocities using the following relations. 

! !
! !! !

! !
! !

! ! ! !

!
! !
! !

! !
(2.16) 

! ! ! ! ! !
! (2.17) 

! ! ! ! ! ! ! ! ! (2.18) 

Other elastic moduli can be calculated from the known parameters using Table 2.2. 
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Table 2.2: Relationships between elastic moduli in �D�Q���L�V�R�W�U�R�S�L�F���P�D�W�H�U�L�D�O�����=�R�E�D�F�N������������ 

2.3 Anisotropy 

Most rocks are considered anisotropic in nature, the value of YoungÕs Modulus during 

the tri-axial test for the horizontal and vertical direction is different. Permeability is one of the 

most important rock properties that are commonly anisotropic in rocks (Tutuncu et al. 2011). 

There are three main forms of anisotropy 

¥ Vertical Transverse Isotropy (VTI)

¥ Horizontal Transverse Isotropy (HTI)

¥ Orthotropic Anisotropy

A rock that with an axis of symmetry that has similar properties with the horizontal axis

but different values for the vertical one is described by the vertical transverse isotropic method 

(VTI). A sample of the rock will appear as stacks of horizontally aligned platelets piled 

irregularly upon one other (Schoenberg et al. 1996). Many shale formations exhibit anisotropic 

behavior, primarily VTI like behavior (Zoback 2010; Suarez-Rivera et al. 2011). An HTI 

material could be a massive sandstone body with vertically oriented planar fractures. An 
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orthotropic material could be a combination of these two, a layered rock with vertically oriented 

fractures (Figure 2.2). 

Other geological factors that contribute to anisotropy include micro cracks caused by 

hydrocarbon generation, platy mineral and kerogen alignment and pore geometry. (Vernik and 

Nur 1992; Vernik and Liu 1997; Vernik 1993; Vernik 1994; Saberi et al. 2011; Sayers 2013).  

Figure 2.2: Isotropic (left) VTI (middle), and orthotropic (right) examples. For the isotropic 
material, V1= V2 = V3. For the VTI material, V1 = V2 !  V3. For the orthotropic material, V1 !  V2 
!  V3 (Fjaer et al. 2009). 

For rocks exhibiting VTI behavior, the stiffness parallel to the plane of isotropy is 

generally greater than that of the transverse plane (Higgins et al. 2008) resulting in a horizontal 

YoungÕs Modulus (Eh) that is generally greater than the vertical YoungÕs Modulus (Ev). The 

horizontal to vertical moduli ratio can be anywhere from one to four in unconventional 

formations. (Suarez-Rivera et al. 2011; Jaeger et al. 2007) 

In contrast to the condition for isotropic rock, the generalized HookeÕs Law for an 

anisotropic rock will have more than two independent elastic coefficients (Fjaer et al. 2008). This 

relationship is often written as 

! ! !" (2.19) 

! !!
! !!
! !!
! !"
! !"
! !"

!

! !! ! !" ! !" ! !" ! !" ! !"
! !" ! !! ! !" ! !" ! !" ! !"
! !" ! !" ! !! ! !" ! !" ! !"
! !" ! !" ! !" ! !! ! !" ! !"
! !" ! !" ! !" ! !" ! !! ! !"
! !" ! !" ! !" ! !" ! !" ! !!

! !!
! !!
! !!
! !"
! !"
! !"
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According to Jaeger et al. (2007), the cross partial derivatives of the strain energy 

functions with respect to two different strains must be equal. In addition, the matrix of elastic 

stiffness is symmetric. Mathematically this represents the case only twenty-one of the thirty-six 

of the stiffness coefficients can be independent. In addition, if the material shows any physical 

symmetry, then the independent stiffness coefficients can be reduced further (Jaeger et al. 2007). 

The stiffness tensor for an anisotropic material contains five independent elastic moduli. 

These stiffness coefficients are similar to their isotropic equivalents, yet simply contain 

directional dependence. The stiffness tensor for a VTI material with the reduced number of 

coefficients can be expressed in the following matrix form. 

! !" !

! !! ! !" ! !" ! ! !
! !" ! !! ! !" ! ! !
! !" ! !" ! !! ! ! !
! ! ! ! !! ! !
! ! ! ! ! !! !
! ! ! ! ! ! !!

The x-direction is represented with the 1 notation, while 2 and 3 represents the y-

direction and z-direction, respectively. For a rock that exhibits a VTI type of anisotropy (Figure 

2.3), Equations 2.20 through 2.24 can be used. 

¥ C11 = C22 =Mh (2.20) 

¥ C12 =C21 (2.21) 

¥ C13=C31=C23=C32 (2.22) 

¥ C44 =C55 = Gv (2.23) 

¥ C33 =  Mv (2.24) 

C66 can also be determined using C11 and C12. In the case of a vertical well the vertically 

propagating compressional wave can represented as C33, the shear wave will be represented with 

C44 and C66 can be calculated using the tube wave velocity obtained from sonic logging tool 

(Walsh et al. 2006).  

Data obtained through cores are more representative than the data obtained through logs. 

Wang (2002) proposed Equations 2.25, 2.26, 2.27, 2.28 and 2.29 to determine the stiffness 

coefficients from core samples. 
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Figure 2.3: A rock exhibiting VTI anisotropy (Fjaer et al. 2009).

! !! ! ! ! ! ! !!
! ! "2.25)!

! !! ! ! ! ! ! !!
! ! "2.26)!

! !! ! ! ! ! ! !"
! !! "2.27)!

! !! ! ! ! ! ! !"
! !! "2.28)!

! !" ! ! ! !! ! ! ! ! ! ! !"
! ! ! ! !! ! !"

! ! !! ! ! !! ! ! ! !! ! ! ! !! ! ! !! ! ! ! !! ! ! !! !   "2.29)

Two of the five velocity measurements C33 and C44 are used to calculate the stiffness 

coefficients can also be directly measured using the acoustic sonic log and C66 is calculated using 

Stoneley velocity (Norris and Sinha 1993). 

! !! ! ! ! ! ! ! !!"#$%&'(
!    (2.30) 

! !! ! ! !! ! ! ! ! ! ! !!"#$%&'(
!  (2.31) 

! !! ! ! ! ! ! ! !! !"#$!%&'(
! ! ! !"#$%

! !"#$%
! ! ! !"#$%&%'

!

! !"#$%
! ! ! !"#$%&%'

! ! ! !"#$%
!

!" !"#$%&%'
! ! !" !"#$%

!  (2.32) 

In order for the VTI model to be applicable, the wellbore must be vertical and the 

laminations observed in the rock sample are perpendicular to the wellbore. In addition, the effect 

of the irregular wellbore geometry should be accounted for and analyzed (Mokhtari et al. 2015). 
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The other coefficients C12 and C13 are calculated utilizing the Equations 2.33, 2.34 and 2.35 

proposed by Suarez-Rivera and Bratton (2009), 

! !" ! !" !! ! ! ! !!   (2.33) 

! !" ! !" !"     (2.34) 

! !! ! ! !" ! ! ! !!   (2.35) 

where ! !!"# !!  are stiffness components, the stiffness coefficient used in this study was obtained 

using Figures 2.4 and 2.5 obtained by Mokhtari et al. (2014a) for the Eagle Ford formation.  

The stiffness components for this study was obtained and calculated from core data and 

the density log as shown in Figure 2.6. These results were used to calculate the mechanical 

properties for the subject well in La Salle County. Other areas in the Eagle Ford may exhibit 

different values for the mechanical properties.  

Now that the required five stiffness coefficients are determined, the directional 

mechanical properties of a VTI material can be calculated using equations below (Higgins et al. 

2008): 

! ! ! ! !! ! !
! !"

!

! !! ! ! !"
           "2.36) 

! ! !
! ! !! ! ! !" ! ! ! !! ! !! ! ! ! !"

! ! ! !" ! !! !

! !! ! !! ! ! !"
! ��2.37) 

! ! ! ! ! !" !
! !"

! !! ! ! !"
           "2.38) 

! ! ! ! !" !
! !" ! !! ! ! !"

!

! !! ! !! ! ! !"
!

"2.39) 

! !" !
! !" ! ! !! ! ! !"

! !

! !! ! !! ! ! !"
! "2.40) 

Thomsen coefficients are used to characterize the anisotropy in compressional (! ) and 

shear (! ) velocities in addition to the energy loss (! ) through a medium. The type of isotropy can 

be determined through these calculations. The two Thomsen (! !" #$%"(! ) will have a positive 
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value for a VTI material, and both will be negative for a material that exhibits HTI."Thomsen 

coefficients calculated using the Equations 2.41, 2.42 and 2.43 (Thomsen 1986). 

Figure 2.4: Correlation for C33 from experimental data (Mokhtari et al. 2016). 

Figure 2.5: Correlation for C12 from experimental data (Mokhtari et al. 2016). 
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Figure 2.6: Stiffness coefficients calculated for the subject well in this study. 
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! ! !
! !! ! ! !!

! ! !!
!  (2.41) 

! ! !
! !! ! ! !!

! ! !!
!  (2.42) 

! ! !
! ! !" ! ! !! ! ! ! ! ! !! ! ! !! ! !

! ! !! ! ! !! ! ! !! !
!  (2.43) 

Vertical direction is defined as the direction perpendicular to bedding plane and 

horizontal direction is parallel to bedding plane for all data and calculations presented in this 

study. 

2.4 Dynamic versus Static Properties 

Geomechanical properties are measured in static and dynamic conditions. The static 

properties are the measurements that are recorded at a very low frequency of applied force of a 

representative sample and obtaining the relation between them at specified reservoir stress state. 

The static properties are calculated using core samples. 

The dynamic properties are the moduli that measured using the wave propagation 

techniques, which is very small strain amplitude shear and compressional waves from which 

moduli can be calculated assuming elastic deformation behavior. For an isotropic material like 

steel, the dynamic and static moduli are equal (Fjaer et al. 2009). In all stress states, the dynamic 

moduli are greater than the static moduli (Tutuncu 1992, 2010, 2012). 

The dynamic YoungÕs Modulus and PoissonÕs Ratio (Figure 2.7) are calculated using the 

bulk density, compressional velocity and the shear velocity as shown in Equations 2.44 and 2.45. 

(Tutuncu 1992; Barree et al. 2009): 

! !"# ! ! !
! ! !

!"# !

!"# ! ! ! !

! !"# ! !"# !

!"# ! ! ! !
(2.44) 

! !"# !
!
!"# !

!"# ! ! ! !

! !
!"# !

!"# ! ! ! !
(2.45) 

Establishing a relationship between the static and dynamic properties is very important as 

the measurement of static properties requires a representative sample from the well. This requires 
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a very expensive and time-consuming coring operation that it not economical for every single 

well. Dynamic properties can be obtained through logging operations that are less expensive and 

require less operational time. In addition, most of the wells drilled today require hydraulic 

fracturing that mandates the usage of the static properties which are not available for each well. 

Extensive research is being conducted today to establish empirical correlations that represent the 

dynamic to static property relationship (Tutuncu et al. 1998a, b; Tutuncu 1992).  

Figure 2.7: ThomsonÕs coefficients for the Eagle Ford well investigated in this study. 
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Most of the static and dynamic YoungÕs Modulus relationships follow the general forms 

presented in Equations 2.46, 2.47 and 2.48. 

!"# ! ! ! !"#$ ! ! ! ! ! (2.46) 

! ! ! !" !
!   (2.47) 

! ! ! !" !
! ! !  (2.48) 

The PoissonÕs Ratio static and dynamic relationship is not evident. Experiments 

conducted by Barree et al. (2009), Tutuncu et al. (1995) and Warpinski et al. (1998) showed that 

the difference between the static and dynamic values is not significant. Therefore, the dynamic 

PoissonÕs Ratio may be used instead of the static PoissonÕs Ratio. 

The vertical and horizontal YoungÕs Modulus and PoissonÕs Ratio were calculated using 

the correlations that were obtained using the VTI model along with the core data analysis in the 

lab experiment done by Mokhtari et al. (2015). The comparison between the static and dynamic 

YoungÕs Moduli and PoissonÕs Ratios have been calculated and shown in Figures 2.8 and 2.9 

and listed in Tables 2.3 and 2.4. 

Comparing the dynamic and static horizontal and vertical YoungÕs modulus. It is evident 

that the vertical YoungÕs Moduli have lower values than the horizontal dynamic modulus. The 

static YoungÕs Moduli were calculated at a specific depth inside the interval of interest from the 

tri-axial core measurements. 

The vertical static YoungÕs Modulus is ranging from 3 to 4 Mpsi in the zone of interest, 

while the static horizontal YoungÕs Modulus is in the range of 5 to 6 Mpsi in the same zone. The 

vertical dynamic vertical and horizontal YoungÕs Modulus was calculated using wave velocities 

(dynamic) ranges from 5 to 6 and 6 to 7 and 5 to 6 Mpsi for the same zone respectively. 

The results of the (vertical /horizontal) (static/dynamic) YoungÕs Modulus shows that the 

elastic modulus obtained by the ultrasonic wave propagation is less that the results obtained from 

the sonic log. According to Tutuncu et al. (1998), the YoungÕs Modulus calculated using 

ultrasonic measurement on core samples is greater than the moduli obtained using the sonic log 

data.  This difference between the two methods of measurements is attributed to the difference in 

the scale of measurement. 



23 

Figure 2.8: Static and dynamic Young's Modulus for the subject well. 

Table 2.3 The static and dynamic YoungÕs Moduli (Mokhtari et al. 2016) 

Static Eh 
(Mpsi) 

Dynamic 
Eh (Mpsi) 

Static Ev 
(Mpsi) 

Dynamic 
Ev (Mpsi) 

! ! ! ! !

! ! !! ! !

! ! ! ! !

! ! !! ! !

! ! !! ! !

! ! !! ! !

Eagle Ford 5.02 5.59 3.34 4.40 1.11 1.32 1.50 
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In similar manner, the static PoissonÕs Ratio was calculated using the dynamic results 

obtained from the laboratory. An anomaly was observed between the lower and upper Eagle 

Ford formation that resulted from the presnce of high clay content. The static PoissonÕs Ratio 

was in the range of of 0.2 to 0.4, while the dynamic PoissonÕs Ratio was in the range of 0.2 to 

0.45. 

Figure 2.9: Static and dynamic PoissonÕs Ratio for the subject well. 
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Table 2.4: The static and dynamic PoissonÕs Ratio (Mokhtari et al. 2016) 

! !" ! ! !  ! !" ! ! !  ! !" ! ! !  ! !" ! ! !  ! !" ! ! !  ! !" ! ! !  
! !" ! ! !
! !" ! ! !

! !" ! ! !
! !" ! ! !

! !" ! ! !
! !" ! ! !

Eagle 
Ford 0.29 0.22 0.18 0.26 0.28 0.22 0.90 1.27 1.22 

2.5 Relationship of Geomechanics to Mineralogy 

Several researchers tried to compare and correlate a relationship between the mechanical 

properties such as YoungÕs Modulus and PoissonÕs Ratio to the composition of shales in the 

reservoir. A study performed by Kumar et al. (2012) identified several of these relations. He 

performed a nano indentation geomechanical study on several shale samples from various fields 

including Barnett, Woodford, Eagle Ford, and Haynesville formations. In regards to the Eagle 

Ford Formation, the study showed that YoungÕs Modulus decreased with high percentage of clay 

content. Also YoungÕs Modulus decrease with increasing TOC and porosity. On the other hand, 

YoungÕs Modulus increases with increasing brittle mineral content (quartz and carbonates). 

2.6 Natural Fractures Effect on Mechanical Behavior of Rock 

The presence on natural fractures in the formation can affect rock properties. Detailed 

understanding is required on natural fracture density and distribution in order to account their 

effect in determining rock properties and reservoir characterization. In a research study 

conducted by Tutuncu et al. (1995), several samples have been measured in their intact state 

followed by introducing single and multiple fractures through shortening the sample length 

cutting small discs and restacking the pieces back in the order they are cut. The intact and intact 

multi-fractured sample presented large difference in the elastic moduli. Similar results were 

obtained by Mokhtari et al. (2015) when the stress-strain measurements were measured for an 

intact and a naturally fractured core sample obtained from the same depth in an Eagle Ford well 

(Figure 2.10). The calculated YoungÕs Modulus for the sample containing the fracture was lower 

than the intact sample. One of the explanation for this difference as explained by Wash (1965) is 

the frictional sliding between the fracture planes. 
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Figure 2.10: Comparing mechanical properties of the fractured sample with intact sample 
(Mokhtari et al. 2015).  

2.7 Failure Criteria 

The analysis for rock failure is performed by comparing the internal stress of the rock and 

the strength.  The rock is considered intact if the stress applied on the formation does not exceed 

its strength. According to Aadnoy and Looyeh (2011), the process of choosing a failure criterion 

depends upon the ductility or brittleness of the rock. In the case of ductility, the stresses are 

compared to the yield strength while for brittle rock, the comparison is made against the ultimate 

strength of the material. This approach is applicable to almost all formations. Aadnoy and 

Looyeh (2011) summarized the causes of wellbore integrity issues when it comes to rock failure. 

They are listed in the following paragraph. 

¥ Tensile failure causing the formation to part

¥ Shear failure without appreciable plastic deformation

¥ Plastic deformation which may cause pore collapse

¥ Erosion or cohesive failure

¥ Creep failure which can cause a tight hole during drilling

¥ Pore collapse or comprehensive failure, which may happen during production

Several failure models have been established to predict rock failure. After their careful

evaluation the Mohr - Coulomb and Mogi - Coulomb failure models have been used in this 
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study. These two models utilized are described in Chapter 5, below are some other research 

purposes. 

2.7.1 The Von Mises Failure Criterion. 

The Von Mises Failure criterion was developed by Von Mises in 1913. The failure 

depends on the second deviatoric invariant and the effective average stress. For the Von Mises 

correlation, we need to assume a triaxial stress condition in which: $1>$1=$3.

¥ The second deviatoric invariant is defined by:

!! !
!

!
! ! ! ! ! (2.49) 

¥ Average Stress:

! ! ! ! ! !
!

!
! ! ! ! ! ! ! ! !  (2.50) 

To analyze the Von Mises criterion, the Equations 2.49 and 2.50 are plotted and the resulting 

failure envelope will specify two regions as shown in the Figure 2.11. 

¥ Below the curve: Failure will not  occur (safe region)

¥ Above the curve: Failure will  occur

Figure 2.11: The Von Mises failure envelope (Aadnoy and Looyeh 2011) 
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2.7.2 Hoek-Brown Failure Criterion 

The Hoek-Brown criterion was introduced in 1980, and is usually applied to naturally 

fractured reservoirs. The Hoek-Brown criterion works well with brittle failures but presents poor 

results when it comes to ductile failures. The measurement is based on the tri-axial 

measurements conducted in the laboratory (Figure 2.12). It is expressed in Equation 2.51. 

! ! ! ! ! ! !! ! ! ! ! ! !! ! !
! (2.51)

!! ! !!"#$%#&'()!!"#$%! !! ! ! !"#!$ !!"#$!! !!"#"$%&%#! !!! ! !"#$%#!!"#$%!

Figure 2.12: The Hoek-Brown Failure Criterion (Aadnoy and Looyeh 2011). 

2.8 Tensile Failure 

Tensile failure occurs with the least compressive principal stress at the wellbore exceeds 

the tensile strength of the rock, it can be described as follow: 

! ! ! ! !!"# ! ! !

where ! ! !!"# , the effective minimum compressional principle is stress at the wellbore; and ! ! !is 

the tensile strength of formation (Figure 2.13). Tensile failure occurs when ! ! ! . 
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Figure 2.13: Tensile failure for the subject well as a function of depth for the subject well. 
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CHAPTER 3. INPUT DATA FOR MODELING 

3.1 Overburden Stress 

The overburden stress is the stress that is imposed on the reservoir layer by the weight of 

the overlying layers up to the surface. It increases with depth and is calculated directly from the 

density log and is represented by the vertical stress in the 1-D geomechanical model as a 

principal stress. It is calculated with Equation 3.1 for non-homogenous formations were density 

differences are observed: 

! ! ! ! ! ! ! ! ! !"
!

!
 (3.1) 

According to Zhang et al. (2013), deeper reservoirs imply the overburden may withstand 

more bending the shallower reservoirs. It is important to account for all the relevant overlaying 

rock layers into the model in order to obtain a more representative bending effect which in turn is 

proportional to the YoungÕs Modulus and thickness. The Eagle Ford formation is considered as a 

new formation (not depleted). Therefore, the Òstress archingÓ effect is negligible in the Eagle 

Ford. 

3.2 Pore Pressure 

Pore pressure is the fluid pressure in the pore space in the reservoir formation; it is one of 

the most important parameters to constraining the in-situ stress in the field which is necessary for 

both geological and geomechanical analysis. Successful pore pressure prediction is extremely 

important to ensure that wellbore stability issues are minimized during and after drilling 

operations which leads to better economic analysis and a decrease the non-productive drilling 

time. 

If the pore pressure is either lower or higher than the pore pressure normal gradient, then 

the zone is described to be abnormal pore pressured. Overpressure is the situation were the pore 

pressure is greater than the normal pore pressure which can be generated by different means such 

as compaction, hydrocarbon generation, gas cracking, aqua-thermal expansion, tectonic 

compression, mineral transformations, osmosis and hydrocarbon buoyancy (Nygard et al. 2006). 
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The theory behind pore pressure prediction is based on TerzaghiÕs effective stress law which can 

be described in Equation 3.2. 

! !
! ! ! ! ! ! !

!
(3.2) 

Here !  is the pore pressure, ! !  is the overburden stress, ! !  is the vertical effective stress and !  is 

the Biot effective stress coefficient which is generally assumed in the literature as = 1. The 

theory indicates that pore pressure in the formation is a function of total stress (overburden 

stress) and effective stress. The bulk density log can determine the total stress. The effective 

stress can be correlated to resistivity, sonic, bulk density and drilling parameters (Zhang 2011). 

There are three stages to predict the pore pressure in the formation; the first one is the 

pre-drill pore pressure predication stage that can be predicted by using offset geological and 

sonic data for a certain well location. The second stage is to predict the pore pressure while 

drilling utilizing the data from Logging While Drilling (LWD) or Measurement While Drilling 

(MWD) tools, drilling parameters and mud logging data. The final stage is the post-drilling pore 

pressure prediction, which uses all available data to build the pore pressure model that can be 

utilized for future wells. Several methods for pore pressure prediction using different parameters 

are currently being used in the industry are discussed in the following paragraphs.  

3.2.1 Pore Pressure Prediction from Resistivity 

Eaton (1972, 1975) has presented an empirical correlation in order to predict the pore 

pressure gradient in shales utilizing the resistivity logs. EatonÕs resistivity method is more 

applicable for young sedimentary basins when the shale resistivity is properly determined and 

assumed constant over a given interval. 

! !" ! !"# ! ! !"# ! ! !" ! !
!

! !
! !  (3.3) 

In Equation 3.3, ! !"  is the formation pore pressure gradient, OBG is the overburden stress 

gradient, ! !"  is the hydrostatic pore pressure gradient (normally 0.45 psi/ft or 1.03 MPa/km, 

dependent on the water salinity), !  is the shale resistivity obtained from well logs, ! ! !is the shale 
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resistivity at the normal (hydrostatic) pressure, n is the exponent varied from 0.6 to 1.5, and 

normally n=1.2. This method had been successfully used in the Gulf Coast and North Sea. 

3.2.2 Pore Pressure Prediction from Transit Time 

3.2.2.1 EatonÕs Method 

Eaton (1975) utilized data from sonic compressional transit time and presented another 

empirical equation to predict the pore pressure gradient. This method has some limitations in 

geologically complex formations and in order to apply the method, the normal transit time (%! ! ) 

must be determined. 

! !" ! !"# ! ! !"# ! ! !" ! !
! ! !

! !
! !  (3.4) 

3.2.2.2 BowersÕ Method 

Bowers utilized Equation 3.2 and calculated the effective stress from the measured pore 

pressure data of the shale and overburden stresses and analyzed the corresponded sonic interval 

velocities from well log data. BowersÕ conclusion was that the sonic velocity and effective stress 

have a power relationship as expressed in Equation 3.5. 

! ! ! ! !" ! ! ! !
!  (3.5) 

! !  is the compressional velocity at a given depth, ! !"  is the compressional velocity in the 

mudline, A and B are the parameters calibrated with offset velocity versus effective stress data. 

Rearranging Equation 3.5 and considering!! ! ! ! ! ! ! , the pore pressure can be obtained from 

the velocity as described in Equation 3.6. 

! ! ! ! ! !
! ! ! ! !"

!
!

!
! (3.6) 

Equation 3.6 can be writing in terms of transit time as presented in Equation 3.7. 

! ! ! ! ! !
!" ! !

! !
!

!
! ! !"

!
!

!
! (3.7) 
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According to Bowers, in the occurrence of formation uplift or unloading, the effective 

stress and compressional velocity do not follow the loading curve. In order to account for the 

effect of the unloading, Bowers suggested the following equation: 

! ! ! ! !" ! ! !! !"#
! !

! !"#

!
! ! !  (3.8) 

where U is the uplift parameter, 

! !"# ! !
! !"# ! ! !"

!
!

!
! (3.9) 

where ! !"#  and ! !"# !are the estimates of the effective stress and velocity at the onset unloading, 

re-arranging Equation 3.9, we can predict the pore pressure for the unloading case: 

! !"# ! ! !
! ! ! ! !"

!

!
! ! ! !"# ! ! ! ! (3.10) 

Bowers method is usually applicable to most petroleum basins, but this method usually 

overestimates the pore pressure when the shallow formation is poorly consolidated since the 

velocity in the formation will be very slow. 

3.2.2.3 MillerÕs Method 

In predicting the pore pressure, Miller described a relationship between velocity and 

effective stress that can be used to correlate between the sonic/seismic transit time and the 

formation pore pressure and introduced the parameter ! !"#  Òmaximum velocity depthÓ which is 

used in deciding on whether unloading has occurred or not (Zhang et al. 2008). In the case of 

! !"#  & depth (Z), unloading considered to not occurred and the pore pressure can be calculated 

using the following equation 

! ! ! ! !
!

!
!" !!

! ! ! ! !"

! ! ! ! !
!  (3.11) 

where ! ! !is the sonic interval velocity in the shale matrix, ! !  is the compressional velocity at a 

given depth; ��  is the empirical parameter defining the rate of increase in velocity with effective 

stress and ! !"#  is the depth at which the unloading has occurred. In the case where unloading is 

assumed to occur (! !"#  '  depth (Z)), the pore pressure is calculated using the Equation 3.12, 
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! !"# ! ! ! !
!

!
!" !! ! ! ! !

! ! ! ! !"#

! ! ! ! !"
!  (3.12) 

where ! ! is the ratio of slopes of the virgin loading and unloading velocities in the effective 

stress curves ! !"  and ! ! =
! !

! !"#
 ,!! !  is the effective stress from unloading of the sediment; ! !"#  is

the velocity where unloading begins. 

3.2.2.4 Holbrook Method 

Considered as an explicit method for pore pressure prediction, Holbrook method does not 

require setting any normal trend line as in the case of Eaton method since a relationship between 

rock properties (porosity, mineralogy, and effective stress) is used. Equation 3.13 is used to 

predict the pore pressure using Holbrook method. 

! ! ! ! !" ! ! !""   (3.13) 

! !"" ! ! !"# ! ! ! ! ! ! !  (3.14) 

! !"# !is the effective stress required to reduce the mineral porosity to zero, ¯ is porosity from 

well logs, (  is the compaction strain-hardening coefficient for the type of minerals, and ! !"  is the 

overburden stress in Equations 3.13 and 3.14. It is important to note that the Holbrook method 

highly depends on the accuracy of the obtained porosity and lithology. 

3.3 Bottom-Hole Pressure 

Pre-drilling bottom hole pressure is usually obtained from static bottom hole surveys or 

pressure build up tests from offset wells and used to estimate the bottom hole pressure for the 

new well. If no offset wells are available then it can be calculated using different techniques such 

as the hydrostatic bottom-hole pressure using drilling fluid density, Equivalent Circulation 

Density (ECD) and surge and swab pressure. Typically, circulating mud pressure is shown in 

terms of ECD is used to estimate the bottom hole pressure while drilling (Figure 3.1).  

3.4 Uniaxial Compressive Strength (UCS) 

Geomechanical properties such as YoungÕs modulus, PoissonÕs Ratio, Uniaxial 

Compressive Strength (UCS), and friction angle are extremely important in every stage of the 

reservoir life cycle, and can benefit multiple operations by reducing the problems that are 
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associated with drilling, completion, stimulation and production. Please refer to Chapter 2 for the 

calculation of YoungÕs Modulus and PoissonÕs Ratio. 

The Uniaxial Compressive Strength (UCS) is a factor that describes the rock strength and 

can be calculated in terms of unconfined compressive strength. It is an important parameter for 

both constraining the maximum horizontal stress magnitude and obtaining an appropriate rock-

failure envelope for the formation of interest (Kadyrov and Tutuncu 2014). The UCS is usually 

calculated using laboratory measurements on cores for a specific field under uniaxial loading 

stress conditions. 

Figure 3.1: Pore pressure and overburden stress of the subject well as a function of depth. 
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The UCS is typically calibrated with other reservoir parameters such as velocity, porosity 

and clay volume. The UCS can also be predicted from logging data and then correlated to the 

laboratory experiments. These predictions are only applicable to the field in which both cores 

and well logs are available. In some cases where similar properties such us stress regime, 

depositional history, lithology and petrophysical properties the UCS can be accurate without the 

expensive laboratory experiments. Zoback (2010) summarized some of the UCS correlations 

from different fields for different rock types around the world which are illustrated in Tables 3.1, 

3.2 and 3.3. The results are show in Figure 3.2. 

Table 3.1: UCS correlations for sandstones for different fields around the world (Zoback 2010).

Table 3.2: UCS correlations for shale for different fields around the world (Zoback 2010).
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Table 3.3: UCS correlations for limestone for different fields around the world (Zoback 2010).

There is a very large variation in strength of any given rock type. For example, Òstrong 

carbonate rocks of low porosity, high velocity and high stiffness show strength values that vary 

by almost a factor of 4. The same is true for high porosity and low velocity, very large 

fluctuations in observed strength are observed. All of this emphasizes the importance of being 

able to calibrate strength relations in any particular caseÓ (Zoback 2010). 

3.5 Internal Friction Angle 

The internal friction angle is a measure of the dependence of rock strength on confining 

pressure such that a higher value of ��  indicates a higher sensitivity of strength to confining 

pressure (Chang et al. 2006). Determining the internal friction angle along with the (UCS) is an 

important factor that is needed in addressing petrophysical and geomechanical problems such as 

limiting wellbore instabilities during drilling (Moos et al., 2003), assessing sanding potential 

(Santarelli et al. 1989) and quantitatively constraining stress magnitudes using observations of 

wellbore failure. The internal friction angle is calculated when a uniaxial compressive strength is 

conducted on a core sample. The internal friction angle can be predicted (Figure 3.3) utilizing the 

equations in Table 3.4 (Zoback 2010).  
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Table 3.4 Empirical relationships between internal friction angle (" ) and other logged 
measurements (Zoback 2010). 

Figure 3.2: UCS of the subject well as a function of depth for the subject well. 
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Figure 3.3: Friction Angle of the subject well as a function of depth. 

Calculating the friction coefficient is achievable once the internal friction angle has been 

calculated using Equation 3.15. 

! ! !
! ! !"# !! �� !

! ! !"# !! �� !
(3.15) 

3.6 Biot Coefficient 

Biot Coefficient is the ratio of the bulk modulus at constant pore pressure to the bulk 

modulus at constant confining pressure (Fjaer et al. 2008), a stress dependent parameter that has 

a range between zero and one. It is an extremely important parameter when it comes to 
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geomechanical modeling purposes, therefore measurements of Biot coefficient should be 

conducted with high accuracy. Biot coefficient is a function of the dry rock stiffness tensor and 

the pure mineral bulk modulus (Bui and Tutuncu 2013, Kosset 2014). The value of Biot 

coefficient approaches zero if the dry rock stiffness is near pure mineral bulk modulus, this will 

result in the pore pressure not having any impact on the effective stress. In this model Biot 

coefficient were obtained from Mokhtari et al. (2014).  

Biot coefficient can also be estimated using empirical relations developed by Al-Tahini 

and Abousleiman (2010) which are shown in Equations 3.16 and 3.17: 

! !"#$%&'( ! ! !
! !! ! ! !" ! ! !"

! ! !
(3.16) 

! !"#$%"&'() ! ! !
! !! ! ! !" ! ! !"

! ! !
(3.17) 

where ! !! ! ! !" ! ! !" ! ! !!  are stiffness tensor coefficients and ! ! is the solid material bulk modulus. 

Hill (1965) presented the following equations, which presents the Voigt-Reuss-Hill medium 

which is an average of the stiffest and softest material arrangement. 

! ! ! ! !"# !
! ! ! ! !

!
(3.18) 

! ! ! ! ! ! !
!
! ! ! !

!

! !
!

! !

! !

!
! ! !  (3.19) 

where ! !  is a volume fraction and!! !  is a bulk modulus for each mineral in Equations 3.18 and 

3.19. Calculating the oriented core data for YoungÕs Modulus and PoissonÕs Ratio to determine 

the horizontal and vertical Biot coefficient using the following Equations 3.20 through 3.24 

(Suarez-Rivera et al., 2011). 

! !! !
! !

! !
! !
! !

! !
! ! ! !

!"#$%
 (3.20) 

! !! !
! !

! ! ! ! ! !
! ! ! !

!"#$%
(3.21) 

! !" !
! !

! ! ! ! ! !
! ! ! !

!"#$%
(3.22) 



41 

! !" !
! !

! !
! !
! !

! !
! ! ! !

!"#$%
(3.23) 

!"#$% ! ! !
! ! !

! ! ! !
! ! !

! !
!

! !
! !

! ! !
! !

! !
!

! !
! !

! ! ! !
! ! !

!  (3.24) 

The information described above allows the calculation of Biot's coefficient along the 

wellbore, the vertical shear moduli, C44 and C55. If these values are substantially different from 

the measured ones, the material may contain anisotropy in the vertical direction, potentially due 

to natural fractures. 

3.7 Orientation of the Principle Horizontal Stresses 

The magnitude and direction of the horizontal principal stresses are very important for 

the drilling, completion, stimulation and production stages. According to Barton et al. (1997), 

ÒKnowledge of the magnitude and orientation of the complete stress tensor is critical to properly 

address a range of borehole stability issues, such as determining optimally stable wellbore 

trajectories and optimizing reservoir productivityÓ. It is also one of the most important factors 

affecting the failure criteria for oil and gas wells. The magnitude and orientation of the maximum 

and minimum horizontal stresses are required to determine the fracture pressure, shape, height 

and width once the well is stimulated.  

Drilling fluids can create induced tensile fractures parallel to one of the principal stress 

axes forming parallel to the wellbore axis, at the azimuth where the compressive hoop stress 

concentration is minimum (90¡ to the azimuth at which breakouts form). These features occur 

only in the wall of the borehole and do not propagate away from the well unless the wellbore 

fluid pressure exceeds the least principal stress. 

As is the case for breakouts, knowledge of the presence or absence of drilling-induced 

tensile fractures can be used to constrain stress magnitudes. Further constraints can be achieved 

when combining observations of both tensile and compressive failure (Barton et al. 1997). 

The failure at the borehole wall produces intervals with noncircular cross sections, which has 

long axes at the same orientation. Breakouts are the intervals where the shorter diameter of the 

borehole corresponds to the drill-bit diameter. When reliable in-situ stress measurements are 

available, the mean breakout axes can be shown to be parallel to Shmin and therefore, 
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perpendicular to SHmax. Hence, breakouts are used to indicate the orientations of the principal 

horizontal stresses affecting the borehole. One of the tools used estimating the horizontal stress 

direction from breakouts is the caliper tool equipped with four-arms. This tool provides two 

diameters of the borehole cross-section (Fjaer et al. 2008). Plumb et al. (1985) published several 

criteria to identify stress induced borehole breakouts from caliper readings. The borehole 

elongation should be clearly visible in the log. One pair of arms must show a relatively sharp 

ascent and descent of the borehole diameter. The smaller of the caliper readings is close to bit 

size, or if the smaller caliper reading is greater than bit size it should exhibit less variation than 

the larger caliper. The direction of elongation should not consistently coincide with the high side 

of the borehole when the hole deviates from vertical (Plumb et al. 1985). 

Another way of showing the breakouts is utilizing the image log (Figure 3.4). This 

electrical imaging tool has a large number of electrodes distributed over several pads on 

independent arms (four or six). These arms hydraulically open and come in contact with the 

formation during logging. This shallow electrical investigation is well suited for investigation of 

fine structures like bedding planes, natural fractures and also drilling induced fractures (Fjaer et 

al. 2008).  

Microseismic monitoring is also be used to quantify the distribution of fractures. It covers 

a much larger area of the field. Monitoring seismic activities during fracturing operations 

especially in shale reservoirs have been proven useful (Maxwell et al. 2002, and Fisher et al. 

2002). Microseismic imaging can be used to identify the maximum and minimum horizontal 

direction.  

Since 2009, over 75% of wells were monitored during stimulation operation in La Salle 

County utilizing a permanent buried array which consists of total 270 channels. Each array 

consists of 90 stations with three channels at varying depths covering an area of approximately 

15 sq. miles (Grossi 2015). Microseismic monitoring is also used to estimate the overall fracture 

length, fracture height, event location and amplitude, and lineament analysis. The analysis of 

microseismic data is used to infer the fracture growth behavior as the events are recorded 

through time (Figure 3.6) showing the direction and orientation leading the identification of the 

growth and propagation of fracture energy as well as the quantity and size of the fractures that 

are created during the hydraulic fracture treatment (Grossi 2015). 
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Figure 3.4: Image log for the studied well that shows multiple natural fractures with a general 
NE-SW trend and dip magnitude that ranges from 40-60 degrees for the Austin Chalk (Left). 
One natural fracture that is located at 8022 ft. Fracture Strike is NNW-SSE with a 72 degree 
dipping angle the WSW direction for the Eagle Ford (Figure 3.5)(UNGI CIMMM Progress 
Report, 2013). 
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Figure 3.5: Fracture Strike is NNW-SSE with a 72 degree dipping angle in a direction to the 
WSW (UNGI CIMMM Progress Report, 2013). 

Figure 3.6: Event locations and amplitude displays for two wells in two distinct structural 
environments in La Salle County. Lineament analysis suggest that the most dominant orientation 
of fracture growth is NE-SW (Grossi 2015). 
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3.8 Magnitudes of the Minimum and Maximum Horizontal Stresses 

The direct methods of obtaining the minimum and maximum horizontal stresses are very 

expensive and time consuming and more importantly they do not give a continuous minimum 

horizontal stress profile. In the Eagle Ford formation, most of the wells are drilled horizontally 

and equipped with Multi-Stage-Fracturing (MSF) completions to maximize the reservoir contact. 

Therefore, it is fairly important to identify the continuous stress profile along the wellbore in 

order to properly plan the perforation and fracture stages. Moreover, in areas with abnormally 

high pressure, it is very important to obtain a continuous minimum horizontal stress profile for a 

safe and accurate calculation of the mud weight window during the drilling of the well (Boyer et 

al. 2006).  

The Eaton method was used to estimate the fracture propagation pressure which is 

assumed to be equal to the minimum horizontal stress using the following Equation 3.25 

! ! !"# !
!

! ! !
! ! !" ! ! ! ! ! ! ! ! ! ! ! ! ! (3.25) 

where !  is PoissonÕs Ratio, and !  is BiotÕs coefficient, minimum horizontal stress (! ! !"#  ), 

overburden stress (! !"  ), pore pressure (! !  ), and rock tensile strength (! !  ) are in psi. 

It is difficult to calculate the maximum horizontal stress magnitude without the 

availability of the borehole image along with the multi-arm caliper log. Zoback (2010) 

introduced the following equations utilizing the borehole image and the caliper log to calculate 

the maximum horizontal stress using wellbore tensile fractures. 

!" !"# ! ! ! ! ! !"# ! ! ! ! ! ! !" ! ! !  (3.26) 

where !"  is the difference between drilling ECD and pore pressure in psi. A width of breakouts 

was used Equation 4.41 to constrain the magnitude of !" !"#  . 

!" !"# !
!"# ! ! ! ! ! ! !" ! ! ! ! ! ! !"# ! ! ! ! ! ! !"# ! ! ! !

! ! ! ! !"# ! ! !
(3.27) 

where !"  is the difference between the wellbore pressure (swab pressure) and pore pressure (in 

psi), and ! ! ! !equals ! ! ! ! ! ! !  is the width of a breakout in degrees. 
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CHAPTER 4. MODELING STRESSES AROUND THE WELLBORE 

4.1 Stress Effect 

Stress magnitudes and orientations play a major role in the oil and gas industry. 

Generally, the formation is in equilibrium in terms of stress prior to any disruptive operations. 

The drilling/completion operations as well as the fluids introduced in these phases to the well 

will create an alteration in state of stress, resulting in well integrity issues and hole collapse if 

these changes are not accounted for during the planning stage.  

The need to build a geomechanical model becomes critical since the industry moved 

toward more geologically challenging formations that are usually characterized by high pore 

pressure causing the wellbore instability along with the physical and chemical rock-fluid 

interactions. The knowledge of the in-situ stresses is the building block for proper formation 

evolution and characterization of the shale basins in order to optimize the production from these 

formations.  

According to Aadnoy and Looyeh (2011), the main reasons to determine the in-situ stress 

is to know the basic formation structure and anomalies, finding out the stress state in the 

formation, determine the orientation and magnitude of the major principal stresses, the effect of 

drilling and production operations on the stress alterations, and to identify the main boundary 

conditions for any modeling study (Figure 4.1). There are two types of stress that we deal with. 

They are in-situ (far-field) stress and the stress around the wellbore that changes during the 

drilling operation. 

Kirsch equations are utilized in calculating the stresses around the wellbore as described 

in the following steps: 

1. Identify the principal in-situ stress state ($v, $H, $h).

2. Transform the stress state ($v, $H, $h) obtained using the field and laboratory data to the

stress state ($x, $y, $z) defined with respect to the Cartesian coordinate system attached to

the wellbore.

3. Find the stress state ($r, $! , $z) with respect to the cylindrical coordinate system attached

to the wellbore, in terms of the stress state ($x, $y, $z).
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#$ Find the stress state at the wellbore wall ($r, $! , $z)r=a by replacing radial distance r equal

to a, the radius of the wellbore.

Figure 4.1: (a) Rock formation with uniform stress state, (b) Rock formation with a drilled hole 

where the stress state will remain unchanged (Aadnoy and Looyeh 2011). 

The first step is to determine the principal in-situ stress ($v, $H, $h) which can be 

measured or estimated using different techniques, the $v can be measured by utilizing the density 

log. $H  and $h can be measured from offset data that have been hydraulically fractured, and they 

can be estimated from the breakouts, Leak-off tests and several other methods that are mentioned 

in Table 4.1. 

Table 4.1: Estimation and measurement for in-situ stress calculation (Aadnoy and Looyeh 2011). 
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The second step is to transform the stress state ($v, $H, $h) identified above to the stress 

state defined with respect to the Cartesian coordinate system ($x, $y, $z), which can be done 

through the utilizing Equations 4.1 through 4.6. 

! ! ! ! ! !"# ! ! ! ! ! !"# ! ! !"# ! ! ! ! ! !"# ! ! ! (4.1) 

! ! ! ! ! !"# ! ! ! ! ! !"# ! ! ! (4.2)!

! !! ! ! ! !"# ! ! ! ! ! !"# ! ! !"# ! ! ! ! ! !"# ! ! ! (4.3)!

! !" !
!

!
! ! ! ! ! !"# ! ! ! !"#$ ! (4.4)!

! !" !
!

!
! ! !"# ! ! ! ! ! !"# ! ! ! ! ! !"# ! ! ! (4.5)!

! !" !
!

!
! ! ! ! ! !"# ! ! ! !"#$ !! (4.6)!

The third step is to find the stress state with respect to the cylindrical coordinate system 

($r, $! , $z) by utilizing the stress state defined by the Cartesian coordinates ($x, $y, $z). 

! ! !
! ! ! ! !

!
! !

! !

! ! !
! ! ! ! !

!
! ! !

! !

! ! ! !
! !

! ! !"# ! !  

! ! !" ! ! !
! !

! ! ! !
! !

! ! !"# ! ! ! ! !
! !

! ! (4.7) 

! ! !
! ! ! ! !

!
! !

! !

! ! !
! ! ! ! !

!
! ! !

! !

! ! !"# ! ! !

! ! !" ! ! !
! !

! ! !"# ! ! ! ! !
! !

! ! (4.8) 

! ! ! ! ! ! ! ! ! ! ! ! !
! !

! ! !"# ! ! ! ! ! !"
! !

! ! !"# ! ! (4.9) 

! !" !
! ! ! ! !

!
! ! !

! !

! ! ! !
! !

! ! !"# ! ! ! ! !" ! ! !
! !

! ! ! !
! !

! ! !"# ! !  (4.10) 

! !" ! ! ! !" !"# ! ! ! !" !"# ! ! !
! !

! ! (4.11) 

! !" ! ! !" !"# ! ! ! !" !"# ! ! !
! !

! ! (4.12) 

¥ a = radius of wellbore

¥ r = outer radius
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¥ ! ! ! ! ! ! ! ! !

The fourth step is to replace the radial distance to the radius of the wellbore r=a as shown

in Equations 4.13 through 4.19. 

! ! ! ! ! !  (4.13) 

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !"# ! ! ! ! ! !" !"# ! !  (4.14) 

! ! ! ! !! ! ! ! ! ! ! ! ! !"# ! ! ! ! ! ! !" !"# ! !  (4.15) 

! !" ! ! !" ! !  (4.1��) 

! !" ! ! ! ! !" !"#$ ! ! !" !"#$ !   (4.1��) 

Therefore the effective principal stress are measured using the following equations. 

! !"#$ !
!

!
! ! ! ! ! !

!

!
! ! ! ! !

! ! ! ! !"
! (4.1��) 

! !"#$ !
!

!
! ! ! ! ! !

!

!
! ! ! ! !

! ! ! ! !"
! (4.1��) 

! !! ! ! ! ! ! ! !  (4.����) 

The final stresses calculated along with parameters that will be discussed in the next chapter 

are used to identify the breakouts or drilling induced fractures by utilizing one of the failure 

criterions such as Mohr-Coulomb or Mogi-Coulomb. 

4.2 Chemical Osmosis in Shale Formations 

In shale formations, chemical interaction between drilling/completion fluid might cause a 

reaction between the fluid and the formation as a result of the difference between the chemical 

components and properties of both the fluid and the formation. According to the Lechatelier 

principle, Òwater will tend to minimize the imbalance in the activity and will migrate from 

regions with high activity to regions with low activityÓ, meaning that water will move from the 

less saline to the more saline parts in the formation creating a chemical potential flow in addition 

to the hydrostatic flow which is typically representative of the DarcyÕs flow with flow being 

from high pressure to low pressure areas as typically used in the petroleum literature. 
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One of the main characteristics of shale formations is the low permeability of the shale 

matrix; this can cause well integrity issues since there will be no filter cake developed over a 

long period of time or very poor quality cake is introduced. In addition, according to Fam and 

Dusseault (1999), drilling practices in shale formations favors to minimize the 

drilling/completion fluid flow into the formation to reduce the damage around the wellbore. 

The selection of the type of drilling fluid (mud) used is also important to minimize the 

damage caused by chemical osmosis. Adding salts to the mud (NaCl, KCl, and CaCl2) will result 

a reduction in the activity of the drilling mud. According to Fam and Dusseault (1999), better 

performance is achieved by using an Oil-Base-Mud (OBM) instead of Water-Base-Mud (WBM) 

which is due to the less chemical interaction between the OBM and the formation when 

compared to the interaction between the WBM and the formation. The reaction between water 

and shales results in clay swelling which leads to blocking of the pores resulting in lower 

permeability of the formation. WBM can still be used in shale formations with proper evaluation 

of the chemical interaction between the shales and the WBM. There is extensive research is 

being conducted at UNGI in order to identify the differences in these properties for customizing 

drilling, completion and fracturing fluid composition for Eagle Ford formation and other US 

unconventional basins such as Bakken and Niobrara as well as Vaca Muerta formation in 

Argentina (Padin et al., 2016) 

It is highly important to understand and evaluate the chemistry of the drilling mud in 

order not to damage the formation. This requires an integration of chemical and geomechanical 

properties for better evaluation of such potential interactions and mitigating them before it 

occurs.  

The osmotic pressure calculations must be performed to understand the impact of the 

stress alteration caused by the chemical reactions taking place between the mud and formation. 

According to Fam and Dusseault (1998) and utilizing the class notes provided by Dr. Tutuncu 

(2015), the osmotic pressure can be calculated using the Equations 4.18 through 4.26 in order to 

determine the effect of this pressure alteration on the in situ stress state (Figure 4.2). 

!" ! !! !
! ! !

! !
!" !!

! ! !!"

! ! !! !
!  (4.2��) 

!! ! !"#$"%&'() !!"#$$%!%#&'! !"#$%&!!"#$ !! ! ! ! !"#$%&"'%($&&!
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! ! !"# !! ! !!"#
!

! ! !"#$
! !

! ! ! !"#$%&'( !!"#$"%&!'%" "!#!

! ! ! !"#$%!!"#$%&!!" !!"#$%!! ! !

! ! !!" ! ! ! !"#$%&!!"#$%$#&!!" !!"#$$#%&!!"#$%!

! ! !! ! ! ! ! !"#$%&!!"#$%$#&!!" !! ! !"# !

Figure 4.2 Fluid and Rock interactions exposed at the wellbore (Tutuncu 2015).

Then the stress alteration can be calculated using the following equations: 

! !
! ! !  (4.2��) 

! !
! ! !

! ! ! !

! ! !
!"  (4.2��) 

! !
! ! !

! ! ! !

! ! !
!"   (4.2��) 

! !
! ! !"#$%!#&'(!!" !!"#$"%!!"#$!!  

! !
! ! !"#$%!#&'(!!" !! !!" !!"#$!!   

! !
! ! !"#$%!#&'(!!" !!"#!$ !!"#$!!   

! ! !"#$ !!"#$$%&%#'( 

! ! !"#$$"%!! !!"#$%

!" ! !"#$%&' !!"#$$%"#

Now coupling both the mechanical and chemical effects on these equations, we get: 

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !"# ! ! ! ! ! !" !"# ! ! ! !
! ! ! !

! ! !
!"                (4.2��) 
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! ! ! ! !! ! ! ! ! ! ! ! ! !"# ! ! ! ! ! ! !" !"# ! ! ! !
! ! ! !

! ! !
!"  (4.2��) 

! ! ! ! ! ! !  (4.2��) 

! !" ! ! !" ! !    (4.2��) 

! !" ! ! ! ! !" !"#$ ! ! !" !"#$ !  (4.2��) 

Based on the Eagle Ford drilling data reported by Guo et al. (2012), 76% of the wells 

have been drilled using Oil Based Mud (OBM) with 1.47 days per 1000 ft compared to 1.65 days 

per 1000 ft for the Water Based Mud (WBM) as shown in Figure 4.3. The reactive nature of the 

(WBM) resulted in increasing the wellbore stability issues including tight spots, shale reaction, 

hole pack offs and stuck pipe resulted in increasing the drilling days resulting in increasing the 

total cost of the well, for the WBM.  

Figure 4.3 Mud weight range in the Eagle Ford Shale (Guo et al. 2012). 

4.3 Temperature Alteration Effect 

Temperature difference between the drilling fluids and the formation will cause an 

alteration in the original in situ stress of the formation. Equation 4.7 is typically used to 

determine the temperature alteration effect on rock stresses (Zoback 2010). 
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! ! !
! ! !! ! ! ! ! ! !

! ! !
(4.����)!

! ! !"#$$"%$!!"#$%

! ! !"#$% !! !"#$#%

! ! ! ! !"#$%&'()* !! ! !"#$%!!"#$%&'(%!!"#$$%!%#&'

! ! ! !"#$#%&'!!"#$"%&'(%"

! ! ! !"#$%&'(")* !!"#$"%&'(%"

Equation 4.29 is added into Equations 4.24 through 4.28 to determine the combined stress 

alterations from the temperature, osmosis and mechanical sources.  

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !"# ! ! ! ! ! !" !"# ! ! ! !
! ! ! !

! ! !
!" ! ! ! !! ! ! ! ! ! !

! ! !
 (4.3��) 

! ! ! ! !! ! ! ! ! ! ! ! ! !"# ! ! ! ! ! ! !" !"# ! ! ! !
! ! ! !

! ! !
!" ! ! ! !! ! ! ! ! ! !

! ! !
 (4.3��) 

! ! ! ! ! ! !  (4.3��) 

! !" ! ! !" ! !   (4.3��) 

! !" ! ! ! ! !" !"#$ ! ! !" !"#$ !  (4.3��) 

4.4 Flow Induced Stress Effects 

The fluid flow in the formation will also alter the stress in the wellbore. The following 

equations are used to calculate the stress alteration due to the fluid flow. 

! !
!! ! ! ! !

! ! ! !

! ! !

! ! ! ! !

!
! ! !

!

!

!
! !

!

! !"#
!
!

!
!"#

!
!

!"#
!
!

! (4.3��) 

! !
!! ! ! ! !

! ! ! !

! ! !

! ! ! ! !

!
! ! !

!

!

!
! !

!

! !"#
!
!

! ! !
!"#

!
!

!"#
!
!

!  (4.3���� 

! !
!! ! ! ! !

! ! ! !

! ! !
! ! ! ! ! ! ! !! !

!"#
!
!

!"#
!
!

! (4.3��) 

At the wellbore, r = a, and the Equations 4.33, 4.34 and 4.35 are reduced to: 

! !
!! ! !  (4.3��) 
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! !
!! ! ! ! ! !

! ! ! !

! ! !
! ! ! ! ! ! !  (4.����) 

! !
!! ! ! ! ! !

! ! ! !

! ! !
! ! ! ! ! ! !  (4.����) 

Now adding the equation above to the total stress alteration equation we get the following set 

incorporating all the effect. 

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !"# ! ! ! ! ! !" !"# ! ! ! !
! ! ! !

! ! !
!" ! ! ! !! ! ! ! ! ! !

! ! !
! ! ! ! ! ! ! !

! ! !
! ! !

! ��! ! !   ����������(4.����)

! ! ! ! !! ! ! ! ! ! ! ! ! !"# ! ! ! ! ! ! !" !"# ! ! ! !
! ! ! !

! ! !
!" ! ! ! !! ! ! ! ! ! !

! ! !
! ! ! !

! ! ! !

! ! !
! ! ! ! ! ! ! (4.4��) 

! ! ! ! ! !
(4.4��) 

! !" ! ! !" ! !    (4.4��) 

! !" ! ! ! ! !" !"#$ ! ! !" !"#$ !  (4.4��) 
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CHAPTER 5. WELLBORE STABILITY MODELING RESULTS 

The two main wellbore stability problems are borehole collapse and reservoir fracturing. 

Any of these problems might lead to stuck pipes, fishing or remaining operations, sidetrack, and 

lost circulation. All of these problems will increase the NPT as well as an increase in the total 

cost of the well. These problems can be eliminated by proper planning of the well and proper 

estimation of the critical mud weight. 

The inputs for proper estimation of mud weight have been discussed in Chapter 4. The 

selection of an appropriate failure criterion is critical in determining the proper mud weight. An 

analytical solution to find the critical mud weight was described by Al-Ajmi and Zimmerman 

(2006) using the Mohr-Coulomb and Mogi-Coulomb criterions. 

The Mohr-Coulomb criterion relates the shearing resistance to the contact forces and 

friction. It depends on two principal stresses, maximum (! 1) and minimum (! &) principal 

stresses. Mohr-Coulomb compressional failure occurs when the value of the maximum shear 

stress is sufficient to exceed the formation cohesion and the frictional force. Even though the 

Mohr-Coulomb failure criterion is widely applied in geomechanical studies, several researchers 

emphasized that this criterion provides over predicted results (Vernik et al. 1992; Song and 

Haimson 1997; Ewy 1999; Al-Ajmi and Zimmerman 2006) 

5.1 Analytical Solution for Mohr-Coulomb Criterion 

In analyzing the borehole collapse (compressive failure) and fracturing (tensile failure), 

the radial stress ! r, tangential stress ! ! , and the axial stress ! z must be determined to analyze the 

Mohr-Coulomb criterion as discussed in Chapter 4.  

5.1.1 Modeling Borehole Collapse Using Mohr-Coulomb Criterion 

For the borehole collapse to occur, two conditions must be happen mutually, the first one is 

that the tangential stress must be higher than the radial stress ! ! "'" ! r, this can occur in of one of 

the three cases below: 

1. ! ! ! ! ! ! ! !

2. ! ! ! ! ! ! ! !
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3. ! ! ! ! ! ! ! !

The second condition is that the internal wellbore pressure Pw is less than Pwb (Pw < Pwb), and 

then borehole failure will occur. In this case Pw decreases and!! !  increases. Therefore, the lower 

limit of the mud pressure Pwb will be associated with borehole collapse. To calculate Pwb for each 

case the following equations are used: 

¥ ! !" ! !
! ! ! ! !

!
for case 1 (5.1) 

¥ ! !" ! !
! ! ! ! !

! ! ! ! !
for case 2 (5.2) 

¥ ! !" ! ! ! ! ! ! !"   for case 3 (5.3) 

where, 

! ! ! ! ! !"#$ ! ! ! !"# (5.4) 

! ! ! !" ! ! ! ! ! ! ! !"#$ ! ! ! !"# ! (5.5) 

! ! !"# ! ! ! !! ! ! ! ! (5.6) 

! ! !"# ! !
!

!
!

!

!
! (5.7) 

! ! !"#$%!!" !!"#$%#&'

5.1.2 Modeling Fracturing Occurrence using Mohr-Coulomb Criterion 

In order for fracturing to occur, the radial stress must be higher than the tangential stress, 

and the upper limit of the mud pressure should be calculated for each case when ! ! ! ! ! . 

1. ! ! ! ! ! ! ! !

2. ! ! ! ! ! ! ! !

3. ! ! ! ! ! ! ! !

And in any of these cases, when Pw is higher than Pwf, fracturing will occur, which can be 

calculated using the following equations: 

¥ ! !" ! ! ! ! !" For case 1 (5.8) 

¥ ! !" ! !
! ! ! !" !

! ! ! ! !
For case 2 (5.9) 
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¥ ! !" ! !
! ! ! ! !

! ! !
! !    For case 3 (5.10) 

where 

! ! ! ! ! ! !"# ! ! !"#$ (5.11) 

! ! ! !" ! ! ! ! ! ! ! !"#$ ! ! ! !"# ! (5.12) 

5.2 Analytical Solution for Mogi-Coulomb Criterion 

5.2.1 Modeling Borehole Collapse Using Mogi-Coulomb Criterion 

In a similar manner to Mohr-Coulomb, borehole collapse will occur if (Pw < Pwb) in one 

of the following three stress cases: 

1. ! ! ! ! ! ! ! !

2. ! ! ! ! ! ! ! !

3. ! ! ! ! ! ! ! !

and Pwb can be calculated using the following equations: 

! !" ! !
!

! ! ! ! ! !" ! ! ! ! ! ! ! ! ! ! ! ! ! !" ! ! ! ! ! ! ! ! ! ! For case 1 (5.13) 

! !" ! !
!

!
! ! !

!

!
! !" ! ! ! ! ! ! ! ! ! ! ! ! !

!
! ! ! ! ! ! ! ! ! ! !   For case 2 (5.14) 

! !" ! !
!

! ! ! ! ! !" ! ! ! ! ! ! ! ! !" ! ! ! ! ! !" ! ! ! ! ! ! ! ! ! ! ! ! For case 3 (5.15) 

where A and B are defined in Equations 5.4 and 5.5 and: 

! ! ! ! ! ! ! ! !" ! ! ! ! ! ! ! ! ! ! ! ! ! ! !" ! !" !  (5.16) 

! ! ! ! ! ! ! ! ! ! ! ! ! ! (5.17) 

! ! ! ! ! ! ! ! (5.18) 

! ! ! ! ! ! ! !"#$  (5.19) 

! ! ! !"#$   (5.20) 
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5.2.2 Modeling Fracturing Occurrence using Mogi-Coulomb Criterion 

Similar to the Mohr-Coulomb criterion, fracturing will occur if (Pw > Pwf) and ! ! ! ! ! : 

1. ! ! ! ! ! ! ! !

2. ! ! ! ! ! ! ! !

3. ! ! ! ! ! ! ! !

and Pwf can be calculated using the following equations: 

! !" ! !
!

! ! ! ! ! !" ! ! ! ! ! ! ! ! ! ! ! ! ! ! !" ! ! ! ! ! ! ! ! ! ! ! For case 1 (5.21) 

! !" ! !
!

!
! ! !

!

!
! !" ! ! ! ! ! ! ! ! ! ! ! ! !

!
! ! ! ! ! ! ! ! ! ! !   For case 2 (5.22) 

! !" ! !
!

! ! ! ! ! !" ! ! ! ! ! ! ! ! ! !" ! ! ! ! ! !" ! !" ! ! ! ! ! ! ! ! !  For case 3 (5.23) 

Here D, E, aÕ and bÕ are defined in Equations 5.11, 5.12, 5.19, 5.20 and: 

! ! ! ! ! ! ! ! !" ! ! ! ! ! ! ! ! ! ! ! ! ! ! !" ! !" !   (5.24) 

! ! ! ! ! ! ! ! ! ! ! ! ! ! (5.25) 

! ! ! ! ! ! ! ! (5.26) 

5.3 Input Data, Simulation Results and Analysis 

Mohr-Coulomb and Mogi Coulomb criterion have been used determining the critical mud 

weight to prevent tensile and compressive failures using the field data provided by UNGI 

CIMMM Consortium. Analysis to determine the mud window have been performed for the 

section starting from 5540 ft Ð 8100 ft. The input data used in model for obtaining an optimum 

mud weight for three arbitrary depths are shown in Tables 5.1, 5.2, 5.3 and Figures 5.1 through 

5.9. 

The results of the simulation for the optimum mud weight presents that Mohr-Coulomb 

derived mud weight is higher than the Mogi-Coulomb mud weight. This difference is based on 

Mohr-Coulomb criterion assumption that the intermediate principal stress is not incorporated 

into the calculations. Therefore, its impact on rock strength is neglected. Zhou (1994) developed 
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numerical models using various failure criteria and also found out that the Mohr-Coulomb 

criterion predicts higher values than any other failure. A mud window profile has been 

established for the well is shown in Fig 5.10, and it can be utilized for Eagle Ford formation to 

drill wells with minimum or no wellbore stability issues in the future developments planned for 

the same area.  

Table 5.1 Input data used at depth of 5600 ft. 

Depth = 5600 ft 

Tensile Strength (psi) 310 

YoungÕs Modulus (psi) 1.3 E06 

PoissonÕs Ratio 0.29 

Minimum Biot's coefficient 0.71 

Maximum Biot's coefficient 0.94 

Rock friction angle (Deg) 33.15 

Unconfined Compressive Strength (psi) 3723 

Azimuth of maximum horizontal stress (Deg) 46 

Overburden stress (psi) 5850 

Pore pressure  (psi) 2632 

Formation Temperature (F) 154 

Table 5.2 Input data used for at depth of 6300 ft. 

Depth= 6300 ft 

Tensile Strength (psi) 422 

YoungÕs Modulus (psi) 1.8*E06 

PoissonÕs Ratio 0.28 

Minimum Biot's coefficient 0.71 

Maximum Biot's coefficient 0.94 

Rock friction angle (Deg) 34.8 

Unconfined Compressive Strength (Psi) 5065 

Azimuth of maximum horizontal stress (Deg) 46 

Overburden stress (psi) 6616 

Pore pressure  (psi) 2961 

Formation Temperature(F) 164 
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Table 5.3 Input data used for at depth of 7200 ft. 

Depth= 7200 ft 

Tensile Strength (psi) 791 

YoungÕs Modulus (psi) 2.6 E06 

PoissonÕs Ratio 0.27 

Minimum Biot's coefficient 0.71 

Maximum Biot's coefficient 0.94 

Rock friction angle (Deg) 36.3 

Unconfined Compressive Strength (Psi) 9495 

Azimuth of maximum horizontal stress (Deg) 46 

Overburden stress (psi) 7615 

Pore pressure  (psi) 3384 

Formation Temperature(F) 176.6 

Based on the mud weight profile developed, the safest mud window to drill contentiously 

is between 10.1 Ð 13.1 ppg for a well with inclination )  0 (vertical wellbore). Two additional 

profiles were created for a deviated well starting at the depth of 5550 ft. to the target TD with an 

inclination of 45¡ drilled toward both the maximum (SE 136) and minimum horizontal stress (NE 

46) direction as shown in Figures 5.11 and 5.12.

Figure 5.1: Minimum mud weight (ppg) required to prevent breakout using Mohr-Coulomb at 
5600!%&$ 
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Figure 5.2: Minimum mud weight (ppg) required to prevent breakout using Mogi-Coulomb at 
5600 ft. 

Figure 5.3: Maximum mud weight (ppg) before wellbore fracturing occurs at 5600 ft. 

Figure 5.4: Minimum mud weight required to prevent breakout using Mohr-Coulomb criterion at 
6300 ft. 
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Figure 5.5: Minimum mud weight required to prevent breakout using Mogi-Coulomb criterion at 
6300 ft. 

Figure 5.6: Maximum mud weight before wellbore fracturing occurs at 6300 ft.

Figure 5.7: Minimum mud weight required to prevent breakout using Mohr-Coulomb criterion at 
7200 ft. 
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Figure 5.8: Minimum mud weight required to prevent breakout using Mogi-Coulomb criterion at 
7200 ft. 

Figure 5.9 Maximum mud weight before wellbore fracturing occurs at 7200 ft. 

Based on the profiles created, as safer mud window is observed for a deviated well with 

up to 45o inclination towards the maximum stress direction rather than the minimum stress 

direction. The more inclined the well is, the more the less mud window observed.  

Studies conducted at UNGI CIMMM, Kadyrov (2012), Kosset (2015) and Adham (2016) 

analyzed the sensitivity of the input parameters on determining the optimum mud weight using 
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@Risk software. The results of these simulation runs indicated that the most dominant 

parameters affecting the minimum wellbore pressure to prevent breakouts are the pore pressure, 

friction angle, UCS, PoissonÕs Ratio and the maximum horizontal stress magnitudes, respectively 

(Figure 5.10, 5.11 and 5.12). On the other hand, PoissonÕs Ratio, BiotÕs coefficient, and tensile 

strength appear to have the highest contribution in determining the critical fracture pressure.

Figure 5.10 Mud weight window profile for the subject well for zero inclination angle. 

The data used for this calculation were from the initial drilling in La Salle County (Figure 

5.13) utilizing only a single well pad and there were no existing wells in the near vicinity in the 

wellpad area at the time UNGI was provided with the dataset. Shell developed 106,000 acres in 

the west of La Salle County covering parts of Dimmit and Webb Counties near the eastern 

border of La Salle County (Ridley et al., 2013). 

!!!"#

$"!"#

$!!"#

%"!"#

%!!"#

&"!"#

"# !# '"# '!# ("#

)*
+

,-
.#

/#

012#3*45-,#667#

!"#$%&'()

*"$+('"#)

,)-.+/0.$1&.)
)



65 

Figure 5.11 Mud weight window profile for a deviated well drilled towards the maximum stress 
direction and with 45o inclination. 

Figure 5.12: Mud weight window profile for a deviated well drilled towards the minimum stress 
direction and with 45o inclination. 
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Figure 5.13 Texas County Map near vicinity of the study well area enlarged. 
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CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

¥ A mud weight window profile has been developed for vertical section of the horizontal

wells in Eagle Ford in La Salle County, Texas using well data and cores provided by

UNGI CIMMM Consortium sponsors. The optimum window was calculated to be

ranging between 10.1 Ð 13.1 ppg. While the same drilling window is applicable in the

lateral sections of the well, it should be used with caution in the areas close by to this

research study area since Eagle Ford formation covers almost one third of Texas from

southwest to northeast crossing the state with an unconformity and thrust faults west to

east indicating varying tectonic conditions in different parts of the formation resulting

large heterogeneities in the formation.

¥ The profiles have been developed utilizing Mohr-Coulomb criterion. The Mogi-Coulomb

failure criterion was also used for calculating the mud window for comparison. Our

analysis indicated that the mud weights using Mohr-Coulomb failure criterion provide

higher mud weights than the Mogi-Coulomb.

¥ A mud weight window profile was also developed for the area assuming an inclination of

45o; the results showed that the more inclined the well is, the less margin for the mud

weight can be used. The proposed trajectories of the future wells must be carefully

studied to determine the safest design with minimization of wellbore stability issues.

¥ The mud window profiles created in this study showed that drilling toward the maximum

stress direction have a higher mud window margin than the drilling toward the minimum

stress direction, indicating that drilling toward the maximum stress direction is safer (SE

135o).

¥ Based on literature study, the mud weight profile created in this study might have a

narrower window in the case of utilizing multi-pads or using existing pads for drilling.

The stimulation operations in offset wells can create new fractures or re-open existing

natural fractures in the reservoir. This will affect the original stress state in the reservoir

leading to inaccurate failure calculations that can cause wellbore stability problems.
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¥ The elastic moduli calculations used in this study can be utilized for further applications

including optimizing the hydraulic fracturing design and selection of optimum

completion type in the study region of the Eagle Ford formation.

6.2 Recommendations 

¥ With increasing number of wells being drilled in the Eagle Ford each year, the logging,

drilling and core data from offset wells must be analyzed. Reservoir properties in the

Eagle Ford are different from one area to another. Therefore, correlations between core

and log data should only be in the areas with similar reservoir properties.

¥ Several correlations between core and logging data such as UCS and Biot coefficient

have been developed for the Eagle Ford, yet due to heterogeneities and anisotropic

characteristics of the Eagle Ford reservoir rock properties, correlations utilized in this

study obtained using the customized laboratory and field measurements should only be

used in the same region.

¥ The mineralogy of the Eagle Ford can slightly change from one area to another, further

studies must be done to understand the effect of mineralogy and its reaction with the

introduced fluid.

¥ In the Eagle Ford most of the development plans include drilling on multi-pads, the

effect of the fractures created in the nearby wells should be studied to determine the

proper mud weight and the spotting weighted pill which will results minimizing lost

circulation issues and reducing NPT and cost per well.

¥ Further studies on the effects of having multiple hydraulically fractured wells in the

same well pad on the stress magnitudes, orientations and mechanical properties must be

conducted to fully understand the effects of stimulated offset wells, as the original stress

state will be changed due to introducing or re-opening of natural fractures that might

cause wellbore issues while drilling new wells.
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NOMENCLATURE 

! BiotÕs coefficient, unitless

! !  Volumetric thermal expansion coefficient of rock matrix, K-1

(  Compaction strain coefficient, unitless

! Wellbore inclination from the vertical, degrees

%*  Osmotic pressure, MPa (psi)

%P Difference between wellbore pressure and pore pressure, MPa (psi)

!" !"  Compressional wave (µsec/p)

!" !  Shear wave (µsec/p)

! !  Friction coefficient, unitless

+ Bulk density, g/cm3

! !  Maximum principle stress, MPa (psi)

! !  Intermediate principle stress, MPa (psi)

! !  Least principle stress, MPa (psi)

! !""  Effective stress, MPa (psi)

! ! !!  Effective mean stress, MPa (psi)

! !"#  Max effective to reduce the mineral porosity to zero, MPa (psi)

! !  Radial stress at the wellbore, MPa (psi)

! !!  Radial effective stress at the wellbore, MPa (psi)

! !!
!  Radial stress alteration due to the flow induced stress effect, MPa (psi)
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! !  Thermal stress, MPa (psi) 

! ! ! !"#   Maximum effective principle stress at the wellbore, MPa (psi) 

! ! ! !"#  Minimum effective principle stress at the wellbore, MPa (psi) 

! !  Stress in the x-direction, MPa (psi) 

! !  Stress in the y-direction, MPa (psi) 

! !  Stress in the z-direction, MPa (psi) 

! !
!  Axial stress alteration due to the introduction of osmotic pressure, MPa (psi) 

! !
!!  Axial stress alteration due to the flow-induced stress effect, MPa (psi) 

! !!  Stress in z-axis in Cartesian coordinate system, MPa (psi) 

! !"#  Maximum shear stress, MPa (psi) 

! !"#  Octahedral shear stress, MPa (psi) 

! !"  Shear stress in the x-y plane, MPa (psi) 

! !"  Shear stress in the x-z plane, MPa (psi) 

! !"  Shear stress in the y-z plane, MPa (psi) 

! !"  Shear stress in the r-!  plane, MPa (psi)  

! !"  Shear stress in the r-z plane, MPa (psi)  

! !"  Shear stress in the ! -z plane, MPa (psi) 

! PoissonÕs Ratio, unitless

! !"#$  PoissonÕs Ratio calculated using fast shear-wave slowness, unitless

! !"#$  PoissonÕs Ratio calculated using slow shear-wave slowness, unitless

,  internal friction angle, degrees
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!   Porosity, unitless 

a  Coefficient, unitless 

a  Radius of the wellbore, inches 

a  Coulomb strength parameter, MPa (psi) 

! ! !!"   Chemical activity of the fresh water, unitless 

! ! !! !   Chemical activity of shale or formation pore water, unitless 

b  Coefficient, unitless 

b  Coulomb strength parameter, MPa (psi) 

C  Formation cohesion, MPa (psi) 

c  Coefficient, unitless 

!   YoungÕs modulus, Gpa (Mpsi) 

! !   Dynamic YoungÕs modulus, Gpa (Mpsi) 

! !"#"   Static YoungÕs modulus, Gpa (Mpsi) 

r  Outer radius, inches 

!!   Reflection coefficient, unitless 

K  Bulk modulus, GPa, (Mpsi) 

! !   Dynamic bulk modulus, GPa (Mpsi) 

M  Compressional modulus, GPa (Mpsi) 

P  External stress, MPa (psi) 

! !   Pore pressure, MPa (psi) 

! !" !   Critical wellbore breakout pressure, MPa (psi) 
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! !" !  Critical wellbore breakdown pressure, MPa (psi) 

R Universal gas constant 

SHmax Maximum horizontal stress, MPa (psi) 

Shmin Minimum horizontal stress, MPa (psi) 

Sov Overburden stress, MPa (psi) 

T Circulation temperature, ¡K 

To Absolute temperature, ¡K 

Ts Tensile strength, MPa (psi) 

Vp Compressional-wave velocity, m/sec (ft/sec)

Vs Shear-wave velocity, m/sec (ft/sec) 
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