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Abstract

The presence of lamination planes in shales poses significant challenges to borehole stability. The stability during drilling operations is closely related to the features of the weakness planes, such as strength properties and inclination of the wellbore axis. The mud pressure to avoid failure is affected by the induced state of stress, pore fluid pressure, coupled with the mechanical characteristics of the rock matrix and weak planes.
The thesis focuses on the comparison between the mud pressures calculated with the Weakness Plane Model and the Hoek and Brown criterion adapted for the transversely isotropic rocks. To this end, the interpretation of laboratory tests, carried out on Tournemire shale specimens was carried out. The difficulty of the data regression was investigated by excluding some confinements in triaxial tests.
In general, the data fitting carried out with the Hoek and Brown criterion can capture in a more appropriate way the transversely isotropic behavior of the shale. However, the Weakness Plane Model needs a lower number of triaxial tests.
The study uses the Kirsch solution, Mohr Coulomb criterion, Hoek and Brown criterion to calculate the limit mud pressure establish the drilling instability equation, and analyzes the influence of the weak planes dip angle, far field stresses on the mud pressure. The results reveal limitations of the weakness plane model in capturing shale behavior across all inclination angles. Furthermore, it is observed that mud pressure decreases with increasing the degree of anisotropy, and a critical inclination of the weak planes is identified, which depends on the location of the minimum strength.
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The oil and gas industry remains concerned about preserving stability in a wellbore during drilling operations, as any instability can lead to heightened drilling expenses. [1]
Wellbores that are drilled to reach reservoirs encounter various types of rocks that may contain structural discontinuities, ranging from large-scale faults to finely layered planes. Specifically, when drilling through shale formations, wellbores are prone to encountering significant instabilities caused by sliding along the bedding planes. [2]
Several studies have examined wellbore failure in different fields. Last and McLean [3], Twynam et al. [4], and Willson et al. [5] conducted analyses on the Cusiana Field in Colombia and the Pedernales Field in Venezuela. They observed instability during drilling operations in the intra-reservoir shales, which are characterized by fissility and natural fractures. The researchers found that stability was enhanced by increasing mud pressure [6] and maintaining a wellbore axis that was nearly perpendicular to the bedding planes (up-dip). Conversely, drilling in a down-dip or cross-dip direction resulted in significant instability.
Oakland and Cook [7] investigated wellbore instabilities in the Osenberg Field in the North Sea. They encountered instability issues while drilling in the Draupne formation, which is a fissile shale. Based on their field experience, they concluded that stability was improved when the wellbore trajectory was perpendicular to the bedding planes, while severe instability occurred when the hole axis was parallel to the bedding planes.
In their study (Brehm et al., [8], it was documented that the Shenzi Field in the Gulf of Mexico experienced wellbore instabilities due to weakly bedded rocks. They observed that drilling down-dip at low attack angles resulted in increased instability, while drilling up-dip (almost perpendicular to the bedding planes) showed minimal instability [9-10-11]. To mitigate instability while drilling down-dip, the mud pressures were raised, but this led to lost circulation issues.
In a separate study by Wu and Tan [12] in Bohai Bay, China, significant instability problems were encountered, particularly when drilling at high angles (exceeding 60 degrees) and drilling horizontal wells in shales with nearly horizontal bedding planes. Vertical or sub-vertical wellbores experienced fewer drilling problems.
Narayanasamy et al. [13] also reported wellbore instabilities in the Clair Oilfield, located west of Shetlands, UK. The instabilities were observed in cretaceous mudstones with bedding planes. They found that wellbores drilled with the axis nearly parallel to the weakness planes experienced severe problems. Although a successful wellbore was drilled by increasing the mud pressure, it was noted that the required mud pressure to prevent slip was close to the tensile fracturing pressure of the mudstones. This field evidence revealed the relationship between wellbore stability and the angle between the wellbore axis and the weakness planes. Wellbores drilled parallel to the weakness planes required the highest mud pressures to prevent slip, but these high mud pressures could result in mud leakage or even lost circulation.
Software based on the weakness plane model [14] was utilized for stability analyses of wellbores drilled in these fields. This model is commonly used in the oil and gas industry to predict mud pressures necessary to prevent slip [4–5, 7-8, 12-13, 15–25].
The limitations of the weakness plane model [25] in accurately matching experimental strength data, especially within the inclination range represented by the constant strength plateau, are widely acknowledged. Transversely isotropic rocks may demonstrate strength patterns that deviate from the predicted constant strength. To ensure accurate prediction of mud pressures, it becomes necessary to conduct a comparative analysis between the weakness plane model and an alternative criterion, considering how well each approach aligns with the experimental data. In some cases, the mud pressures calculated with the Hoek and Brown criterion yielded different results from those calculated with the weakness plane model.
The cost of drilling operation is strongly affected by anisotropy. Transversely isotropic rocks are common in many oil and gas reservoirs, and their anisotropic behavior can significantly impact the wellbore stability. When a well is drilled, the borehole is typically stabilized by drilling mud or other fluids that exert hydrostatic pressure on the wellbore walls. This pressure counteracts the stresses imposed by the surrounding rock formations, maintaining the integrity of the wellbore. However, when there is a change in the confining stress, such as during drilling, production, or changes in reservoir conditions, the balance between the wellbore pressure and the surrounding rock stress can be disrupted, leading to wellbore instability. Wellbore instability is the most common and immediate effect of inducing a change in confinement stress is the potential for wellbore instability and it can lead to mechanical failure or collapse of the wellbore walls. This can result in lost circulation, stuck pipe, wellbore collapse, and difficulties in drilling or completing the well.
It can lead also to borehole breakout: When the wellbore pressure is lower than the pore pressure and the minimum horizontal stress in the surrounding rock, it can induce tensile stresses in the wellbore walls. This can cause the formation of borehole breakout, which refers to the extension or enlargement of the wellbore in the direction of the least horizontal stress [26]. Borehole breakout can negatively impact well stability, as it weakens the wellbore walls and can lead to further instability and pipe sticking [27]. 
Conversely, if the wellbore pressure exceeds the maximum horizontal stress in the rock, it can induce compressive stresses in the wellbore walls and borehole collapse occur. This can result in borehole collapse, where the wellbore walls deform inward and potentially close off the wellbore [28]. Borehole collapse can impede drilling progress, hinder production, and require remedial actions to reopen the wellbore.
Changes in confinement stress can also affect fluid flow and the potential for lost circulation. If the wellbore pressure is too high or if the stresses induce fractures or pathways in the rock, drilling fluids can escape into the formation, leading to lost circulation [29]. Lost circulation can reduce drilling efficiency, increase costs, and necessitate the use of specialized techniques and materials to regain fluid circulation.
A fitting between the experimental data with Mohr coulomb and Hoek and Brown is done as a first step in this thesis in order to obtain strength parameters. These parameters should be obtained very carefully in order to obtain good results.
The mud pressure is then calculated using the weakness plane model and Hoek and Brown modified for different degree of anisotropy, for different authors (Niandou and Abdi) and for different inclination angle .



The report is composed of three chapters: 

·    Chapter 1 Methods
Presentation and discussion of the methods used in this thesis as well, i will fit the experimental data with Hoek and brown and with Mohr Coulomb for two different authors Niandou and Abdi.

·    Chapter 2 Calculation of mud pressure using Hoek and Brown and the weakness plane model
Calculation of the mud pressure using Hoek and brown and the weakness plane model for both authors with and without fitting the data and with different degree of anisotropy.

·     Chapter 3 Conclusion
Analyzing and interpreting the results in order to conclude the report
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[bookmark: _Toc139349005]1.1 Terzaghi principle

Terzaghi principle assumes that the stress is opposed by the fluid that fill the pores in the material. Sedimentary rocks possess porosity and can experience a notable reduction in strength when subjected to increased pore water pressure caused by changes in loading. Consequently, it becomes imperative to consider the influence of pore water pressure in such situations. The deformation of the rock is directly related to the effective stress, a concept initially introduced by Terzaghi (1923, 1936) in the context of soils. The theory of poroelasticity states that the deformation of a porous medium is proportionate to the effective stress (Detournay and Cheng, 1993) [30]. 
                                                          (1)
Where pf is the pore pressure and it is equal in all directions on a certain point for a continuous medium; σ′ij and σij are the effective and the total stress tensor. The wellbore stability must be studied using effective stress approach. [31]
Terzaghi’s principle rely on several important assumptions: [32, 33]
1. The soil is homogenous and isotropic.
2. The soil is fully saturated, which means there is no air.
3. The solid particles are incompressible.
4. Compression and flow are one-dimensional (vertical axis being the one of interest).
5. Strains in the soil are relatively small.

[bookmark: _Toc139349006]1.2 Weakness plane model

The transversely isotropic rock is classified with two types: discontinuous and continuous models. In case of discontinuous model, we have to distinguish between the failure along the weakness plane and the failure in the rock matrix, the strength is constant when failure occur in the rock matrix, but when it fails along weakness plane, the strength changes with the orientation angle, while for the continuous model, the strength is changing with the inclination angle. [34]
The weakness plane model is a discontinuous model and is based on a constant cohesion and friction angle, and a constant value of strength for the rock matrix. Equation (30) has a minimum at βw = 45◦ + ϕ’w/2. Slip cannot occur for the values of βw less than ϕ’w and close to 90° [35].
The failure occurs over several modes: axial splitting, shearing, or a combination between splitting and shearing [36]. The mode of failure depends also on the confining pressure [37] and the loading orientation θ [38, 39]. For θ between 0 and 15° we have an axial splitting behavior of the “tournemire shale” for low confinement, while it fails by shear in the same inclination for high confining pressure. For any θ between 30 and 60° the failure generally takes place because of the sliding of bedding planes and thus the fracture orientation is nearly equal to θ for both high and low confinement. For θ between 60 and 90°, we have a combination between splitting and shearing for low confinement, for which it starts with splitting on the top of the rock and become shearing in the lower half of the specimen. But for high confinement “tournemire shale” will experience an increasing in shear stress along the bedding plane, causing it to deform and potentially slip.

[bookmark: _Toc139349007]1.3 Hoek and Brown modified

Hoek and brown criterion [40] is a continuous model, because the strength is varying continuously with the orientation of the weakness plane, but this criterion require a huge number of tensile test in order to determine Coβw and mβw within the range βw=0-90°. Hoek and Brown criterion is a non-linear criterion and is strongly recommended in case of transversely isotropic rock, which m and s are varying with the inclination of the weakness plane. Tien and Kuo [41] and Colak & Unlu [42] assumed s=1 and is instantaneously isotropic for each inclination of weakness plane, so we will have the following formula: 
                         (2) 
Where Coβw and mβw are the instantaneous uniaxial compressive strength of the rock and the empirical dimensionless constant respectively, which change with the inclination βw of the weakness planes.

[bookmark: _Toc139349008]1.4 Mohr Coulomb
Mohr coulomb criterion is a linear and it is widely used. This criterion states that failure occurs when the shear stress (τ) on a plane exceeds the shear strength of the material at that plane. Failure occur at 45+ . The shear strength of the material is determined by two parameters: the cohesion (c’) and the angle of internal friction (’).The equation for the Mohr-Coulomb criterion is [43-47]:
                                                                 (3)
Where:
τ is the shear stress acting on the plane,
c’ is the cohesion, which represents the shear strength of the material at zero normal stress,
σ’ is the normal stress acting perpendicular to the plane, and
’is the angle of internal friction, which represents the slope of the shear strength envelope.
However, ’1 vs.  is a very important plot because it allow us to calculate the uniaxial compressive stress and N which are respectively the intersection of the line with ’1 and the slope of the line, and from these two parameters, c’ and ’could be calculated using the following formulas:
N=                                                                (4)
                                                               (5)
Mohr coulomb criterion is widely used because it is a simple and linear criterion. However, it does not take into account the transition from shear to ductile in the compression zone and the occurrence of the intermediate principle stress in the compression zone [48]. It has some limitations because it is not in accord with lab test since it overestimates the tension zone [49]. So we fix a cutoff. For that reason, Hoek and Brown criterion is introduced. It is consistent with the experimental data and take the transition into account. However, the value of m depends on the confinement pressure and on the compression and the tension zone [50-51-52]. The experimental data shows that Hoek and brown is conservative for analyzing wellbore stability in the tension zone. The Hoek and brown criterion is not widely used because of the uncertainties in the determination of the main parameters.
After selecting the strength criterion, it is important to determine the strength properties of the rock. So a uniaxial compressive test is made in order to determine the uniaxial compressive strength. This test is not enough because we will have at failure the same Mohr circle, so we cannot determine the frictional component of the strength which are ɸ’ and m, for that reason a triaxial test is made. However, we still have to find the uniaxial tensile strength, so the Brazilian test is made and it is widely used because it is easy to prepare the specimen, but it usually overestimates the uniaxial tensile strength [53]. We normally need a reduction factor for the uniaxial tensile strength for the Brazilian test which is equal to 0.7[54]. If the tension zone is lower than the compression zone, it is more likely that the rock will fail in the tension zone. However, data fitting between experimental data and Hoek and brown criterion can give a good value of m in the tension zone. If the mud weight window is not narrow, using the Mohr-Coulomb criterion with a fixed cut-off value is advisable.

[bookmark: _Toc139349009]1.5 Kirsch solution 

Kirsch solution is used for anisotropic far field stresses. It is a solution which assumes an isotropic linear elastic material and a plane strain condition [55-56-57]. The general formulas of kirsch solution are the following [58-59]:
         (6)
                (7)
                                                  (8)
                                                  (9)
                                                                               (10)
Where:
Max is the maximum principal stress   
min  is the  minimum principal stress
Rw is the borehole radius
r is the radial direction
Pw is the pressure in the wellbore
 is the radial stress
θ is the tangential stress

At the borehole wall, we have r=Rw, and the formulas (6), (7), (8), (90 and (10) become:
                                                                            (11)
                              (12)
                                             (13)
                                                                             (14)

Our aim now is to provide the failure limit on the boundary of an excavation. The first step is to calculate the induced state of stress (S). At θ=0°, the induced state of stress is minimum, but at θ=90°, the induced state of stress is maximum [57]. Using kirsh solution in plane strain condition, and after applying pf, the formulas of the effective stresses are the following [60]:
                                                                          (15)
                                                                 (16)
                                                                        (17)
Where S is the induced state of the stress with the following formula:
                                  (18)
 (16) Shows that for a low value of S, that’s means for θ=0°, we may have σ′ϑ<0 in case Pw and Pf are high. But for θ=90°, σ′ϑ is always positive since S is maximum.
Mud pressure is more or less the only adjustable factor for wellbore stability. If for example the reason for the instability is hole collapse, then the standard solution is to increase the mud weight. If there are mud loss the solution is to reduce the mud weight.
We have three types of conditions: Drilling in overbalance (OBD), drilling in balance, and drilling in underbalance (UBD). In case the wellbore pressure is higher than the formation pore pressure, we are drilling in overbalance [61]. In case they are equal, we are drilling in balance. But if case the wellbore pressure is lower than the formation pore pressure, we are drilling in underbalance [62]. In an overpressure reservoir, we may have an unexpected high pore pressure and UBD may occur. OBD means that σ′r >0, while it is <0 for UBD and null for drilling in balance. An unexpected overpressure will lead to a decrease in the strength of a material and also the effective stress, so the analysis will move to the tension zone since the effective stress can become negative. However, drilling in balance is not a satisfied condition because it is not safe enough and it is controlled by the uniaxial compressive strength.
A high frictional component of strength in the tension zone underestimate the tension zone so we can say that it is conservative and is better especially in case of overpressured basin. It is the opposite for the compression zone, for which it is recommended to take low value of the frictional component of strength. So we suggest in case of overpressured basin to take two different values of the frictional component.
We define the mud pressure window: the range of mud pressure necessary in order to keep the wellbore stable during drilling operations, and it is the mud pressure to avoid tensile fracturing and slip for all the inclinations δ of the weakness planes [63]. This criterion fit well the Brazilian test and the results of the tensile test.   
The experimental data shows a good agreement with the Hoek and brown criterion for all the inclination angle while this matching didn’t occur with the weakness plane model because the plateau with constant strength cannot describe properly the behavior of the rock, it’s because the weakness plane model does not take into account for failure both along the weakness planes and in the rock matrix. If the uniaxial tensile strength at βw=90° is higher than that at βw=0°, so we will have the tensile strength at βw=90° is higher than that at βw=0°.
For an inclination δ of the weakness plane, beta change with theta using the following formulas:
                                      (19)
                          (20)
[image: ]
[bookmark: _Toc138236825]Figure 1  Definition of the angles, θ and βw around the wellbore for the analysis of slip. The red lines represent the weakness planes. The dotted line represents the normal to the planes.

The strength changes with βw and ϑ. We use Hoek and brown criterion and the weakness plane model in order to study this strength variation along the weakness plane.
Zhang [64] uses only the formula (19) but it was seldom valid for the inclination ϑ > δ + 90◦ because we will have βw greater than 90°, from here the need of the equation (20).
From the formulas (19) and (20) we can notice that for ϑ=0 and 180° we have βw= δ. However, it is very important to determine the highest mud pressure so we set δ= δcrit. After coupling kirsh solution and the weakness plane model, we will have the minimum mud pressure to avoid slip:

(21)
(22)
  (23)
                                                                           (24)
                                                                    (25) 
                              (26)
From equation (23), we have two maximums which are equal, independently from the value of δ at ϕ’w and occur at .. However, the extremum has not the same positions and locations, they change with δ. The slip condition does not occur in the case when ϑ = 0◦ and δ ≤ ϕ’w, the angle βw ≤ ϕ’w, in this condition, slip occur starting from ϑ > δ + ϕ’w. While, when δ = 90◦ at ϑ = 0◦, the angle βw = 90◦ and the slip condition always start for a theta higher than 0 degree, regardless of the friction angle ϕ’w. Equations (24) and (25) does not affect the results and show always a minimum at βwcrit = 45◦ + ϕ’w/2, so we can consider these 2 equations as 0. So we will have simply:
                                                            (27)
After calculations, we obtain:
                                                                                                                                   (28)                                       
Replacing (27) in (22) we obtain:
                                                                                                                     (29)                                                                                                     
The first derivative of (29) gives us a maximum at ϑ=90°, from here we can have the highest Pmud to avoid slip which depend on δ= δcrit and it is function of ϕ’w. The weakness plane model is not able to predict properly the behavior of the rock near βw=90° or for βw less than ϕ’w.
(19) And (20) show the existence of a critical inclination of the weakness plane which a function of ϕ’w.
In all cases, at θ=90° we require the lowest mud pressure. The weakness plane model coupled with Mohr coulomb criterion cannot predict some aspects and some phenomena, but it can predict local failure. The mud pressure to avoid slip is a function of δ, so we should study the minimum mud pressure to avoid slip with more than one inclination of the weakness plane. [65-66].With the weakness plane model the critical condition occur at . Choosing the critical mud pressure, may help us to save time when drilling and to avoid unexpected drilling problems. In case k=1, the mud pressure is independent of δ, and the peak of the mud pressure is lower than the case when k>1. When δ = 90°, we have the lowest mud pressure. We have a decrease in the difference of mud pressure in case of decrease in the strength anisotropy. For a wide range of δ, the mud pressure to avoid slip is high, so tensile failure can occur. The mud pressure window is strongly dependent on the strength anisotropy of the tensile strength. Nova and Zaninetti criterion helped us to know that the lowest fracturing pressure occur for δ between 0 and 30°.
When δ = 0◦ and δ = 90◦, the mud pressures show two equal maximum values. This behavior is due to the variation of both the tangential stress S and the inclination of the weak planes βw in the elements with the wellbore azimuth ϑ.
In general, the trend of Pw H&B, corresponding to different δ is very similar to the trend of Pw slip. The locations of the mud pressure peaks for a given δ, calculated with the two criteria, agree with and confirm the validity of the results obtained in the first set of analyses. When δ = δcrit, the mud pressures are highest, and occur at a wellbore azimuth ϑ = 90◦

[bookmark: _Toc139349010]1.6 Mud pressure 
Our objective is to study the stability of the wellbore using the weakness plane model and Hoek and brown modified. We consider the condition where the stress in theta direction is higher than that in the axial direction and radial direction. However, we encountered a contradiction between kirsch solution and the selected criteria since kirsh assume an elastic, isotropic, linear and homogeneous material [67], while the weakness plane model or Hoek and brown modified are drilled in transverse isotropic material. The result of the numerical simulation show that the variation of strength is negligible, so the anisotropy is also negligible and so we can use kirsh solution for the tournemire shale. Our purpose is to determine the failure at the wellbore of the borehole drilled for the tournemire shale.
We have two mode of failure for the weakness plane model: failure along the intact rock material and failure along the discontinuity. For the values of βw close to 90° and between 0 and ɸ’w we define a plateau with a continuous strength which is not always in agreement with the experimental data. Coupling kirsh equation with the weakness plane equation:
                                                (30)
We will have:
                                     (31)
For the Hoek and brown modified, Coβw and mβw are used in order to calculate the value of strength for each value of inclination of the weakness plane and it is considered isotropic instantaneously [68-69]. Coupling kirsh solution with H&B criterion   (32), we obtain: [70]
	                  (33)
We use these 2 equations of P in order to compare the wellbore stability using two different criterions. 
With H&B criterion we found that mβw range between 3.6 and 5MPa for the different inclination angle, and we obtain maximum values of Coβw at βw=0 and 90° and a minimum close to βw=45°, but for the WPM we have a constraint location of the minimum strength at βw =45+ɸw’/2. After comparison of experimental data with H&B we find a very good matching while we don’t observe this agreement between the experimental data and the WPM.
[bookmark: _Toc139349011]B. Analytical

This part aims to fit the experimental data for both authors (Niandou and Abdi) with both Hoek and brown and Mohr Coulomb.
[bookmark: _Toc139349012]1.7 Working procedure in calculation for the first author

We are working only on the compression zone 
[bookmark: _Toc139349013]1.7.1 for Hoek and Brown
1. Plot (1-3)2 vs. 3 in order to find m , C0
2. Using the values of m and Co already found, we calculate the values of ơ1 with Hoek and Brown 
3. We plot 1 vs. 3 and we see if Hoek and Brown fit the experimental data 
4. In case they didn’t fit, we repeat the procedure already mentioned (1-2-3) with removing the highest value of stress
[bookmark: _Toc139349014]1.7.2 for Mohr Coulomb
1. We plot 1 vs. 3 that contain the values of experimental data , and from the equation of the line, we find C0 and Nɸ
2. Using the values of C0 and Nɸ already found, we calculate the value of 1 with Mohr Coulomb Criterion
3. We plot 1 vs. 3 and we see if Mohr Coulomb fit the experimental data 
4. In case they didn’t fit, we repeat the procedure already mentioned (1-2-3) with removing the highest value of stress 

[bookmark: _Toc139349015]1.8 Working procedure in calculation for the second author

[bookmark: _Toc139349016]1.8.1 for Hoek and Brown
1. Plot (1-3)2 vs. 3 in order to find m , C0
2. Using the values of m and Co already found, we calculate the values of ơ1 with Hoek and Brown
3. We plot 1 vs. 3 and we see if Hoek and Brown fit the experimental data 
4. In case they didn’t fit, we change the straight line equation so we can repeat the first three steps already mentioned 
5. If 4 was not enough, that’s mean that the value of m is not the same value for both compression and tension zone and we need to work on the zone that is not matching by repeating the first three steps
[bookmark: _Toc139349017]  1.8.2 for Mohr Coulomb
We work only on the compression zone. We have only three confinements so we can’t do any correction
1. We plot 1 vs. 3 that contain the values of experimental data , and from the equation of the line, we find C0 and Nɸ
2. Using the values of C0 and Nɸ already found, we calculate the value of 1 with Mohr Coulomb Criterion
3. We plot 1 vs. 3 and we see how much Mohr Coulomb fit the experimental data

[bookmark: _Toc139349018]1.9 The experimental data 
The experimental data obtained from Niandou and Abdi are the following respectively:

[image: ]
[bookmark: _Toc138236826]Figure 2 Variation of failure stress vs. loading orientation for various confining pressure (Niandou)

[image: ]
[bookmark: _Toc138236827]Figure 3 Variation of peak strength with theta at different confining pressure (0, 4 and 10 MPa) (Abdi)
[bookmark: _Toc139349019]1.10 First author (Niandou)

[bookmark: _Toc139349020]1.10.1 Hoek and Brown

Figure 2 represents different values of 1-3 function of theta (orientation of bedding plane) when applying different values of 3.
Using figure (2), we can calculate different values of 1 for different orientation angle:
	3(MPa)
	0
	30
	45
	60
	90

	1
	45.45
	24.17
	21.96
	19.77
	35.64

	5
	56.22
	43.42
	41.16
	34.75
	61.61

	20
	100.77
	
	79.00
	85.24
	104.50

	40
	138.51
	107.00
	109.96
	112.85
	144.70

	50
	154.42
	
	128.43
	130.46
	159.87


[bookmark: _Toc137299335]Table 1   experimental data values
For θ=90°:
Using the values of experimental data with theta=90°, we have:
	3 (MPa)
	1 (MPa)
	(1-3)2

	1
	35.64
	1199.93

	5
	61.61
	3204.692

	20
	104.50
	7140.25

	40
	144.70
	10962.09

	50
	159.87
	12071.42


Now we can plot (1-3)2 vs. 3 in order to find m, C0:

[bookmark: _Toc138236828]Figure 4   (1-3)2 vs. 3, theta=90°, first fitting 
From the equation of the line: y = 217.93x + 1859.6 we can find mβw and Coβw
mβw Coβw=a =217.93 and b= Coβw2=1859.6
Coβw=43.12307967MPa and mβw===5.054369996MPa
Now, we try to fit the experimental data with Hoek and Brown criterion using equation 5.
We recalculate the values of ’1 using this formula and using the previous values of m and C0 respectively (5.054369996MPa and 43.12307967MPa), the formula became:
’1 =’3+ (217.93 ơ’3 + 1859.6)0.5
 We replace the different values of ’3: 1, 5, 20, 40,50MPa in the formula, we got:
	3(MPa)
	1(MPa)

	1
	46.58025888

	5
	59.30837873

	20
	98.8593685

	40
	142.8494045

	50
	162.9495463



Now we check if Hoek and brown fit with the experimental data by drawing 1 vs. 3

[bookmark: _Toc138236829]Figure 5   1 vs 3, first fitting
The one in orange are the experimental data, it is show that they are close but not everywhere, so we need a correction.
 Now we will work only on the first four points:

	3(MPa)
	1(MPa)

	1
	35.64

	5
	61.61

	20
	104.50

	40
	144.70



We can plot (1-3)2 vs. 3 in order to find a corrected value of m, C0:

[bookmark: _Toc138236830]Figure 6   (1-3)2 vs. 3, theta=90°, second fitting
From the equation of the line: y = 242.42x + 1626.8 we can find mβw and Coβw
mβwCoβw=a =242.42 and b= Coβw2=1626.8
Coβw=40.333MPa and mβw===6.01MPa
Now, we try to fit the experimental data with Hoek and Brown criterion using equation 5.
We recalculate the values of ’1 using this formula and using the previous values of m and c0 respectively (6.01MPa and 40.33MPa), the formula became:
’1 =’3+ (242.42ơ’3 + 1626.8)0.5
We replace the different values of ’3: 1, 5, 20,40MPa in the formula, we got:
	3(MPa)
	1(MPa)

	1
	44.233

	5
	58.28

	20
	100.46

	40
	146.41



Finally, we want to check if Hoek and brown fit with the experimental data by drawing 1 vs. 3

[bookmark: _Toc138236831]Figure 7   1 vs 3, second fitting
It is clear that the fitting between the experimental data and Hoek and brown values are getting better, however it is better to do a further correction:
So now we will work on the first 3 points:
	3(MPa)
	1(MPa)

	1
	35.64

	5
	61.61

	20
	104.5



Now we plot (1-3)2 vs. 3 to find m and co:

[bookmark: _Toc138236832]Figure 8   (1-3)2 vs. 3, theta=90°, third fitting
From the equation of the line: y = 298.87x + 1258.1we can find mβw and Coβw
mβwCoβw=a =298.87 and b= Coβw2=1258.1
Coβw=35.47MPa and mβw===8.426MPa
Now, we try to fit the experimental data with Hoek and Brown criterion using equation 5. 
We recalculate the values of ’1 using this formula and using the previous values of m and C0 respectively (8.426MPa and 35.47MPa), the formula became:
’1 =’3+ (298.87 ’3 + 1258.1)0.5
We replace the different values of ’3: 1, 5,20MPa in the formula, we got respectively:
’1=40.45, 57.463 and 105.06MPa
They are quite similar to the experimental data, so we have Co=35.47MPa and m=8.426MPa

Doing the same procedure with the same author and same criterion but with different values of theta we obtain the following values of m and co corrected:


	Theta(degree)
	m 
	Co (MPa)

	90
	8.428
	35.47

	60
	5.775
	22.738

	45
	4.33
	25.98

	30
	3.59
	26.55

	0
	6.156
	39.8


[bookmark: _Toc137299336]Table 2   m and co values for different theta, with correction, Hoek and Brown, first author





Now we are able to plot m and Co vs. theta:

[bookmark: _Toc138236833]Figure 9   m vs. theta, =0, Niandou with correction 
m has highest value at θ=0 and θ=90 in the range [0-90°], while it has the lowest value around 45. For =0°, theta has the highest value around beta=90 or 0 and the lowest around 45°. From this analysis, we can understand the trend of the plot, which start with a high value, then start to decrease till beta=45°, increase again to reach a peak at 90°, then decrease till theta= 135°, finally increase until theta=180°.


[bookmark: _Toc138236834]Figure 10 Co vs. theta, =0, Niandou with correction
Co has highest value at θ=0 and θ=90 in the range [0-90°], while it has the lowest value around 45 or 60°. For =0°, theta has the highest value around beta=90 or 0 and the lowest around theta=30 or 45°. From this analysis, we can understand the trend of the plot, which start with the highest value, then start to decrease till beta=45°, increase again to reach a peak at 90°, then decrease till theta= 135°, finally increase se again to a maximum at beta=180°.
Neglecting the fitting between the experimental data and Hoek and brown, we will have the following values of m and co:

	Theta(degree)
	m 
	Co (MPa)

	90
	5.054
	43.123

	60
	4.973
	24.66

	45
	4.182
	26.374

	30
	3.59
	26.55

	0
	4.1645
	44.857


[bookmark: _Toc137299337]Table 3   m and co values for different theta, without correction, Hoek and Brown, first author

[bookmark: _Toc138236835]Figure 11 Co vs. theta, =0, Niandou without correction
Co has highest value at θ=0 and θ=90 in the range [0-90°], while it has the lowest value around 45. For =0°, theta has the highest value around beta=90 or 0 and the lowest around theta=30 or 45°. From this analysis, we can understand the trend of the plot, which start with the highest value, then start to decrease until theta=45°, increase again to reach a peak at 90°, then decrease till theta= 135°, finally increase se again to a maximum at theta=180°.


[bookmark: _Toc138236836]Figure 12  m vs. theta, =0, Niandou without correction
Without a well-fitting of the data with Hoek and Brown, the plot shows a small change in the range of m along the inclination theta, which start with a minimum at theta=0, increase slowly to reach a peak at theta=90°, then decrease to a minimum at theta=0°.

[bookmark: _Toc139349021]2.10.2 Mohr Coulomb

It’s time to fit Jaeger’s linear regression (Mohr coulomb criterion) with fit the experimental data:
Mohr Coulomb Criterion equation: 	
                           (34)
Co is b and Nɸ is the slope a of the linear equation of line y=ax+b of the plot ’1 vs. ’3 
We will start working on all the values found from the experimental data:
	’3(MPa)
	’1(MPa)

	1
	35.64

	5
	61.61

	20
	104.50

	40
	144.70

	50
	159.87



[bookmark: _Toc138236837]Figure 13   '1 vs '3, first author, first fitting, mohr coulomb
We found that C0=44.76MPa and Nɸ=2.4355
So now we calculate the values of ’1s:
’1s =44.76+2.4355 ’3
We Calculate ’1s for different values of ’3 (1, 5, 20, 40,50MPa) we will have the following values of ’1s: 47.1975, 56.9395, 93.472, 142.182, 166.537MPa
Now we plot ’1 vs. ’3 in order to see how well the fitting is.

[bookmark: _Toc138236838]Figure 14   '1 vs '3, first author, fitting comparaison, mohr coulomb
The orange point are the experimental data. It is shown that we have a poor fitting in some points, so it is better to ameliorate the fitting 

Now I will work on the first four points:
	’3(MPa)
	’1(MPa)

	1
	47.1975

	5
	56.9395

	20
	93.472

	40
	142.182



[bookmark: _Toc138236839]Figure 15   '1 vs '3, first author, second fitting, mohr coulomb

The equation of line y=ax+b of the plot ’1 vs. ’3 is the same, a and b are the same, so Nɸ and C0 are the same, so we will obtain the same values of ’1s. However, we will go for a further correction
We will work now on the first three values of 3:


	3(MPa)
	1(MPa)

	1
	35.64

	5
	61.61

	20
	104.5




From the plot 1 vs. 3 we got:

[bookmark: _Toc138236840]Figure 16   '1 vs '3, first author, second  fitting comparaison, mohr coulomb
The equation of the line is: y = 3.4146x + 37.657, so co=37.657 and Nɸ=3.4146MPa
Now we calculate the values of ’1s for different values of ’3 (1, 5,20MPa) and using the following formula:
’1s =37.657+3.4146 ’3
We obtain respectively: ’1s= 41.0716, 54.73, and 105.95 MPa.
They are in agreement with the experimental data.
Doing the same procedure with the same author and same criterion but with different values of theta we obtain the following values of Nɸ and co corrected:
	Theta(degree)
	Nɸ 
	Co (MPa)

	90
	3.4146
	37.657

	60
	3.4239
	16.913

	45
	2.9707
	22.494

	30
	2.0031
	27,482

	0
	2.9276
	42.108


[bookmark: _Toc137299338]Table 4   Co and N values for different theta, with correction, Mohr Coulomb

Neglecting the fitting between the experimental data and Hoek and brown, we will have the following values of Nɸ and co:

	Theta(degree)
	Nɸ 
	Co (MPa)

	90
	2.4355
	44.76

	60
	2.21
	25.428

	45
	2.071
	28.055

	30
	2.0031
	27,482

	0
	2.24
	47.096


[bookmark: _Toc137299339]Table 5   Co and N values for different theta, without correction, Mohr Coulomb

[bookmark: _Toc139349022]1.11 Second author
[bookmark: _Toc139349023]1.11.1 Hoek and Brown

For θ=0°:
From the experimental data, we have:


	3  (MPa)
	1 (MPa)

	-4.64
	0.00

	0
	28.13

	4
	40.38

	10
	49.01






We plot (1- 3)2 vs. 3 in order to get m and co:

[bookmark: _Toc138236841]Figure 17   (1-3)2 vs. 3, theta=0°, first fitting, second author
From the equation of the line: y = 151.09x + 744.34 we can find mβw and Coβw
From equation 1 and 2, we have: 
mβwCoβw=a =151.09 and b= Coβw2=744.34
Coβw=27.286and mβw===5.537963MPa
Finally, we can calculate T0
T0= ((m2+4)0.5-m) = ((5.537963)2+4)0.5-5.537963) =- 4.77553MPa
We use the formula of H-B in order to calculate ơ1:



We will have:
	3(MPa)
	1(MPa)

	-4.775526797
	-3.19744E-14

	-4.225526797
	6.06549629

	-3.675526797
	10.07236963

	-3.125526797
	13.3700531

	-2.575526797
	16.27132058

	-2.025526797
	18.91016417

	-1.475526797
	21.35871626

	-0.925526797
	23.66109876

	-0.375526797
	25.84663284

	0.174473203
	27.93597814

	0.724473203
	29.94434069

	1.274473203
	31.88329801

	1.824473203
	33.76190667

	4
	40.72465112

	10
	57.48936723


















Now we plot 1 vs. 3 with mc=mt=5.5MPa in order to see If Hoek and brown criterion fit the experimental data:


[bookmark: _Toc138236842]Figure 18   '1 vs '3, second author, first fitting, θ=0
We don’t see a good fitting between the experimental data and Hoek and brown criterion for mc=mt=5.5MPa in both compression and tension zone so we have to do some correction.
We plot (1- 3)2 vs. 3 in order to get m and co with another line.
 So now we can plot (1- 3)2 vs. 3:

[bookmark: _Toc138236843]Figure 19   (1-3)2 vs. 3, theta=0°, second fitting, second author
From the equation of the line: y = 102.5x + 674.67 we can find mβw and Coβw
From equation 1 and 2, we have: 
mβwCoβw=a =102.5 and b= Coβw2=674.47
Coβw=25.97441048MPa and mβw===3.946191582MPa
Finally, we can calculate T0
T0= ((m2+4)0.5-m) = ((3.946191582)2+4)0.5-3.946191582) =- 6.20635MPa
We use the formula of H-B in order to calculate ơ1:




	3(MPa)
	1(MPa)

	-6.206352999
	3.4639E-14

	-5.656352999
	4.084992778

	-5.106352999
	7.192785895

	-4.556352999
	9.853498407

	-4.006352999
	12.24230287

	-3.456352999
	14.44319497

	-2.906352999
	16.50418068

	-2.356352999
	18.45575448

	-1.806352999
	20.31871915

	-1.256352999
	22.10801769

	-0.706352999
	23.83481277

	-0.156352999
	25.50770392

	0.393647001
	27.13348278

	4
	36.93432859

	10
	51.22705422






















Now we plot ơ1 vs. ơ3 with mc=mt=3.9MPa in order to see If Hoek and brown criterion fit the experimental data:
We obtain the dotted line:



[bookmark: _Toc138236844]Figure 20   '1 vs '3, theta=0°, second fitting, second author
	

So we can see, that for mc=mt=3.9MPa, Hoek and brown criterion fit the data in the tension zone but not for the compression zone, so we have to change the value of mc=3.9MPa.




We try another trend of line for only the compression zone, we will have:

[bookmark: _Toc138236845]Figure 21   (1-3)2 vs. 3, theta=0°, third fitting, second author
From the equation of the line: y = 68.89x + 886.04 we can find mβw and Coβw
From equation 1 and 2, we have: 
mβwCoβw=a =69.89 and b= Coβw2=886.04
Coβw=29.42855756MPa and mβw===2.374904032MPa
Finally, we can calculate T0 which is equal to -10.7408077MPa
We use the formula of H-B in order to calculate ơ1:




	3(MPa)
	1(MPa)

	-10.7408077
	0

	-10.1908077
	2.210984511

	-9.640807698
	4.224398756

	-9.090807698
	6.097459155

	-8.540807698
	7.864159538

	-7.990807698
	9.546650784

	-7.440807698
	11.16031996

	-6.890807698
	12.71637083

	-6.340807698
	14.2232617

	-5.790807698
	15.68756398

	-5.240807698
	17.11450375

	-4.690807698
	18.50831836

	-4.140807698
	19.87250007

	0
	29.42855756

	4
	37.84671328

	10
	49.55932254



Now we plot 1 vs. 3 with mt=3.9MPa and mc=2.374MPa in order to see If Hoek and brown criterion fit the experimental data:
We obtain:

[bookmark: _Toc138236846]Figure 22   '1 vs '3, second author, best fitting, θ=0
As it is shown, this graph with trend in red in compression zone, is the best fit for theta=0°.
Doing the same procedure with the same author and same criterion but with different values of theta we obtain the following values of m and co corrected:

	Theta(degree)
	m 
	Co (MPa)

	90
	7.16
	29.6

	60
	8.88
	13.79

	45
	4.39
	17.399

	30
	4.6
	20.026

	0
	2.374
	29.428


[bookmark: _Toc137299340]Table 6     m and co values for different theta, Hoek and Brown, second author


[bookmark: _Toc138236847]Figure 23   Co vs. theta, =0, Abdi
Co has the highest value at θ=0 and θ=90 in the range [0-90°], while it has the lowest value around 45. For =0°, theta has the highest value around beta=90 or 0 and the lowest around theta=30 or 45°. From this analysis, we can understand the trend of the plot, which start with the highest value, then start to decrease till beta=45°, increase again to reach a peak at 90°, then decrease till theta= 135°, finally increase se again to a maximum at theta=180°.



[bookmark: _Toc138236848]Figure 24   m vs. theta, =0, Abdi
m has the highest value at θ=0 and θ=90 in the range [0-90°], while it has the lowest value around 45. For =0°, theta has the highest value around beta=90 or 0 and the lowest around theta=30 or 45°. From this analysis, we can understand the trend of the plot, which start with the highest value, then start to decrease till beta=45°, increase again to reach a peak at 90°, then decrease till theta= 135°, finally increase se again to a maximum at beta=180°.

[bookmark: _Toc139349024]1.11.2 Mohr Coulomb

For θ=0°:
It’s time to match Jaeger’s linear regression (Mohr coulomb criterion) with the experimental data:
Mohr Coulomb Criterion equation: 
’1s=C0+’3Nɸ
Co is b and Nɸ is the slope a of the linear equation of line y=ax+b of the plot ơ’1 vs. ơ’3
	3(MPa)
	1(MPa)

	0
	28.13

	4
	40.38

	10
	49.01




[bookmark: _Toc138236849]Figure 25   '1 vs '3, second author, first fitting, θ=0
From the equation of the line: y = 2.0367x + 29.669 we found C0=29.669MPa and Nɸ=2.0367.
Now Calculating ’1s for different values of ’3 (0, 4 and 10MPa) we will have the following values of ’1s:
	3(MPa)
	1(MPa)

	0
	29.669

	4
	37.82

	10
	50.03




[bookmark: _Toc138236850]Figure 26   '1 vs '3, second author, second  fitting, θ=0
We have a very good fitting between the experimental data and Mohr coulomb data
Doing the same procedure with the same author and same criterion but with different values of theta we obtain the following values of Nɸ and co corrected:
	Theta(degree)
	Nɸ 
	Co (MPa)

	90
	3.4142
	30.934

	60
	3.2689
	15.392

	45
	2.5888
	17.246

	30
	2.5891
	20.948

	0
	2.0367
	29.669


[bookmark: _Toc137299341]Table 7   Co and N values for different theta, second author, Mohr Coulomb



[bookmark: _Toc139349025]Chapter 2: Mud pressure calculation

[bookmark: _Toc139349026]A. Mud pressure using Hoek and Brown modified

[bookmark: _Toc139349027]2.1 Procedure

My aim in the following calculations is to calculate the mud pressure using Hoek and Brown. After coupling kirsh solution with Hoek and Brown, we obtain the following formula:

In order to study the variation of PH&B with theta we will proceed the following steps:
1. We start by studying the variation of Co and m with beta using the relationships between δ, βw and ϑ:
βw = |ϑ − δ| 0 ◦ ≤ ϑ ≤ δ + 90◦
βw = 180◦ − |ϑ − δ| δ + 90◦ ≤ ϑ ≤ 180◦
a) For δ=0,45,90° we have different values of βw, so different values of m and co, consequently, different values of PH&B
b) After calculating βw, we start in the calculation of m and co for all the range of βw using the previous values of m and co found from the fitting of the experimental data with Hoek and Brown. Since we have the value of m and co for some values of θ, we can plot co and m vs. βw for each δ. We obtain a plot with an equation of a parabola, and we use it by substituting x by βw to obtain m and co along all the interval.

2. Finally, we calculate the state of stress using the following formula:


All this procedure is done for both author Niandou and Abdi, for different values of max (36, 23 and 20MPa) with a constant min=20MPa and pf=8MPa, with the values of m and co corrected after fitting the experimental data and removing some increment and without the fitting. However, the correction for the second author is not done since we have only three values of increments, so no room for any correction.
[bookmark: _Toc139349028]2.2 For the first author (Niandou)

[bookmark: _Toc139349029]With and without correction comparison
We start with a detailed calculation as an example with the first author without correcting the data, and after that we put directly in each plot for the same author and same δ with and without correction in order to do the comparison.
[bookmark: _Toc139349030]2.2.1For max =36MPa, min=20MPa, k=1.8
For δ=0°:
Using equation (19) and (20), we obtain: 
We can find βw for δ=0◦ and for different values of ϑ.
From the values of Co already found for different theta, we can plot Co vs. beta:
	Beta(degree)
	C0(MPa)

	0
	44.857

	30
	26.55

	45
	26.374

	60
	24.668

	90
	43.123




[bookmark: _Toc138236851]Figure 27 Co vs beta, δ=0, Niandou without correction
Using the equation of parabola from the plot, I can calculate all the possible values of c0
From the values of m already found for different theta, we can plot m vs. beta to calculate co for all the possible values of beta:
	theta(degree)

	Beta(degree)
	m

	0
	0
	4.1645

	30
	30
	3.58984

	45
	45
	4.182

	60
	60
	4.9734

	90
	90
	5.054




[bookmark: _Toc138236852]Figure 28 m vs beta, δ=0, Niandou without correction

Using the equation of parabola from the plot, I can calculate all the possible values of m along all the interval:
Now we calculate the state of stress S using equation (18)
For max =36MPa and min =20MPa, we calculate Pw H&B using the formula (33)



	Theta(degree)
	Beta(degree)
	Co(MPa)
	m
	mc0(MPa)
	S(MPa)
	PwH&B WITHOUT CORRECTION

	0
	90
	44.936
	4.0037
	179.9103
	24
	-0.01436

	5
	85
	40.7545
	3.9887
	162.5575
	24.48615
	0.931165

	10
	80
	37.053
	3.9837
	147.608
	25.92984
	1.972991

	15
	75
	33.8315
	3.9887
	134.9437
	28.28719
	3.120149

	20
	70
	31.09
	4.0037
	124.475
	31.48658
	4.382363

	25
	65
	28.8285
	4.0287
	116.1414
	35.4308
	5.76378

	30
	60
	27.047
	4.0637
	109.9109
	40
	7.255394

	35
	55
	25.7455
	4.1087
	105.7805
	45.05536
	8.829428

	40
	50
	24.924
	4.1637
	103.7761
	50.44326
	10.43805

	45
	45
	24.5825
	4.2287
	103.952
	56
	12.01679

	50
	40
	24.721
	4.3037
	106.3918
	61.55674
	13.49136

	55
	35
	25.3395
	4.3887
	111.2075
	66.94464
	14.78589

	60
	30
	26.438
	4.4837
	118.5401
	72
	15.83064

	65
	25
	28.0165
	4.5887
	128.5593
	76.5692
	16.56808

	70
	20
	30.075
	4.7037
	141.4638
	80.51342
	16.95672

	75
	15
	32.6135
	4.8287
	157.4808
	83.71281
	16.97306

	80
	10
	35.632
	4.9637
	176.8666
	86.07016
	16.61175

	85
	5
	39.1305
	5.1087
	199.906
	87.51385
	15.88482

	90
	0
	43.109
	5.2637
	226.9128
	88
	14.81991

	95
	5
	39.1305
	5.1087
	199.906
	87.51385
	15.88482

	100
	10
	35.632
	4.9637
	176.8666
	86.07016
	16.61175

	105
	15
	32.6135
	4.8287
	157.4808
	83.71281
	16.97306

	110
	20
	30.075
	4.7037
	141.4638
	80.51342
	16.95672

	115
	25
	28.0165
	4.5887
	128.5593
	76.5692
	16.56808

	120
	30
	26.438
	4.4837
	118.5401
	72
	15.83064

	125
	35
	25.3395
	4.3887
	111.2075
	66.94464
	14.78589

	130
	40
	24.721
	4.3037
	106.3918
	61.55674
	13.49136

	135
	45
	24.5825
	4.2287
	103.952
	56
	12.01679

	140
	50
	24.924
	4.1637
	103.7761
	50.44326
	10.43805

	145
	55
	25.7455
	4.1087
	105.7805
	45.05536
	8.829428

	150
	60
	27.047
	4.0637
	109.9109
	40
	7.255394

	155
	65
	28.8285
	4.0287
	116.1414
	35.4308
	5.76378

	160
	70
	31.09
	4.0037
	124.475
	31.48658
	4.382363

	165
	75
	33.8315
	3.9887
	134.9437
	28.28719
	3.120149

	170
	80
	37.053
	3.9837
	147.608
	25.92984
	1.972991

	175
	85
	40.7545
	3.9887
	162.5575
	24.48615
	0.931165

	180
	90
	44.936
	4.0037
	179.9103
	24
	-0.01436

	185
	85
	40.7545
	3.9887
	162.5575
	24.48615
	0.931165

	190
	80
	37.053
	3.9837
	147.608
	25.92984
	1.972991

	195
	75
	33.8315
	3.9887
	134.9437
	28.28719
	3.120149

	200
	70
	31.09
	4.0037
	124.475
	31.48658
	4.382363

	205
	65
	28.8285
	4.0287
	116.1414
	35.4308
	5.76378

	210
	60
	27.047
	4.0637
	109.9109
	40
	7.255394

	215
	55
	25.7455
	4.1087
	105.7805
	45.05536
	8.829428

	220
	50
	24.924
	4.1637
	103.7761
	50.44326
	10.43805

	225
	45
	24.5825
	4.2287
	103.952
	56
	12.01679

	230
	40
	24.721
	4.3037
	106.3918
	61.55674
	13.49136

	235
	35
	25.3395
	4.3887
	111.2075
	66.94464
	14.78589

	240
	30
	26.438
	4.4837
	118.5401
	72
	15.83064

	245
	25
	28.0165
	4.5887
	128.5593
	76.5692
	16.56808

	250
	20
	30.075
	4.7037
	141.4638
	80.51342
	16.95672

	255
	15
	32.6135
	4.8287
	157.4808
	83.71281
	16.97306

	260
	10
	35.632
	4.9637
	176.8666
	86.07016
	16.61175

	265
	5
	39.1305
	5.1087
	199.906
	87.51385
	15.88482

	270
	0
	43.109
	5.2637
	226.9128
	88
	14.81991

	275
	5
	39.1305
	5.1087
	199.906
	87.51385
	15.88482

	280
	10
	35.632
	4.9637
	176.8666
	86.07016
	16.61175

	285
	15
	32.6135
	4.8287
	157.4808
	83.71281
	16.97306

	290
	20
	30.075
	4.7037
	141.4638
	80.51342
	16.95672

	295
	25
	28.0165
	4.5887
	128.5593
	76.5692
	16.56808

	300
	30
	26.438
	4.4837
	118.5401
	72
	15.83064

	305
	35
	25.3395
	4.3887
	111.2075
	66.94464
	14.78589

	310
	40
	24.721
	4.3037
	106.3918
	61.55674
	13.49136

	315
	45
	24.5825
	4.2287
	103.952
	56
	12.01679

	320
	50
	24.924
	4.1637
	103.7761
	50.44326
	10.43805

	325
	55
	25.7455
	4.1087
	105.7805
	45.05536
	8.829428

	330
	60
	27.047
	4.0637
	109.9109
	40
	7.255394

	335
	65
	28.8285
	4.0287
	116.1414
	35.4308
	5.76378

	340
	70
	31.09
	4.0037
	124.475
	31.48658
	4.382363

	345
	75
	33.8315
	3.9887
	134.9437
	28.28719
	3.120149

	350
	80
	37.053
	3.9837
	147.608
	25.92984
	1.972991

	355
	85
	40.7545
	3.9887
	162.5575
	24.48615
	0.931165

	360
	90
	44.936
	4.0037
	179.9103
	24
	-0.01436


[bookmark: _Toc137299342]Table 8   PwH&B without correction detailed calculation
Now we will plot PwH&B  vs. theta:

[bookmark: _Toc138236853]Figure 29   PwH&B vs theta without correction, δ=0, max =36MPa

The mud pressure for θ =0 is 0 and then starts to increase significantly with the increase of θ to reach a peak of 17MPa at θ=70°. We have than a small decrease in mud pressure and it is followed by another peak at θ=110°. A significantly decrease in mud pressure is shown after θ=110° to reach 0MPa at θ=180°. The highest mud pressure is around 17MPa.The risk region is around the peak so around θ=70 and θ=110°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
With correction:

[bookmark: _Toc138236854]Figure 30   PwH&B vs theta with correction, δ=0, max =36MPa
The mud pressure for θ =0 is 2.7MPa and then starts to increase significantly with the increase of θ to reach a peak of 16.7MPa at θ=70°. We have than a small decrease in mud pressure and it is followed by another peak at θ=110°. A significantly decrease in mud pressure is shown after θ=110° to reach 2.71MPa at θ=180°. The highest mud pressure is around 17MPa.The risk region is around the peak so around θ=70 and θ=110°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
For δ=45°:

[bookmark: _Toc138236855]Figure 31 PwH&B vs theta, δ=45, max =36MPa
The mud pressure for Hoek and Brown modified with the corrected values of m and Co for θ =0 is 4.5MPa, and then it started to increase significantly with the increase of θ to reach a peak of 21.5MPa at θ=90°. A significantly decrease in mud pressure is shown after that peak to reach 4.5MPa at θ=180°. The highest mud pressure is around 21.5MPa. Both trend of pressure agrees in general for this degree of anisotropy and for this inclination angle. The risk region is around the peak so around θ=90°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window. 
At theta=0, the mud pressure is relatively low. This is because the rock mass is weakest in these directions, because the applied stress aligns with the preferred orientation of strength. The mud pressure increase with theta, because the stress applied to the shale is moving away from the preferred orientation of strength. The mud pressure after theta=90° starts to decrease because the stress applied to the shale is approaching again to a direction which is parallel to the preferred orientation of strength.
Both trend of mud pressure agrees in general for this case.


[bookmark: _Toc138236856]Figure 32   mβw vs. theta, =45, Niandou
The plot starts with a low value, then start to increase till theta=45°, decrease again to a minimum at 90°, and increase to reach a peak at theta= 135°and finally decrease again to a minimum at theta=180°. 
m vs. theta shows different trend in two cases: The first one with bleu trend in which the value of m is corrected, and the second one in orange in which the value of m is not corrected. The second case show a very small variation of m with theta because m is not corrected, and after each correction, the value of m normally increases and the range of m increase.


[bookmark: _Toc138236857]Figure 33   Coβw vs. theta, =45, Niandou
 The two plots start with a low value, then start to increase until theta=45°, decrease to a minimum at 90°, and increase to reach a peak at theta= 135° and finally decrease again to a minimum at theta=180°.
Co show very close trend in both cases, with and without correction in this case.
For δ=90°:

[bookmark: _Toc138236858]Figure 34  PwH&B vs theta, δ=90, max =36MPa
The mud pressure for Hoek and Brown modified with the corrected values of m and Co is 5MPa at θ =0, and then starts to increase significantly with the increase of θ to reach a peak of 17.3MPa at θ=70°. We have than a small decrease in mud pressure and it is followed by another peak at θ=110°. A significantly decrease in mud pressure is shown after θ=110° to reach 5MPa at θ=180°. The highest mud pressure is around 17.3 MPa. The risk region is around the peak so around θ=70 and θ=110°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window. 
For =90°, at theta=0, the mud pressure is relatively low. The rock is weak in these directions, because the applied stress aligns with the preferred orientation of strength. The mud pressure increase with theta, because the stress applied to the shale is moving away from the preferred orientation of strength to reach a peak at theta=45° and at 135°. The mud pressure is decreasing again after the second peak because the stress applied to the shale is approaching again to a direction which is parallel to the preferred orientation of strength.
The highest mud pressure is decreasing with the decrease of the degree of anisotropy.
The two plots of pressure match for a wide range of inclination angle theta, but shows different trend at the beginning and at the end of the plot.

[bookmark: _Toc138236859]Figure 35   Coβw vs. theta, =90, Niandou
The two plots start with the highest value, then start to decrease until theta=45°, increase to a maximum at 90°, decrease to reach a minimum at beta= 135° and finally increase again to a maximum at beta=180°.
Co show very close trend in both cases, with and without correction in this case.


[bookmark: _Toc138236860]Figure 36   mβw vs. theta, =90, Niandou
 The two plots start with a maximum value, then start to decrease till beta=45°, increase to a maximum at 90°, decrease to reach a minimum at beta= 135° and finally increase again to a maximum at beta=180°. 
m vs. beta shows different trend in two cases: The first one with bleu trend in which the value of m is corrected, and the second one in orange in which the value of m is not corrected. The second case show a very small variation of m with beta because m is not corrected, and after each correction, the value of m normally increases and the range of m increase.

[bookmark: _Toc139349031]2.2.2 For max =23MPa, min=20MPa, k=1.15
For δ=90°:

[bookmark: _Toc138236861]Figure 37  PwH&B vs theta, δ=90, max =23MPa
The mud pressure for Hoek and Brown modified with the corrected values of m and Co for θ =0 is 6MPa, and then starts to increase significantly with the increase of θ to reach a peak of 8.9MPa at θ=60°. We have than a small decrease in mud pressure and it is followed by another peak at θ=120°. A significantly decrease in mud pressure is shown after θ=120°. The highest mud pressure is around 9MPa.The risk region is around the peak so around θ=60 and θ=120°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
For =90°, at theta=0, the mud pressure is relatively low. The rock is weak in these directions, because the applied stress aligns with the preferred orientation of strength. The mud pressure increase with theta, because the stress applied to the shale is moving away from the preferred orientation of strength to reach a peak at theta=45° and at 135°. The mud pressure is decreasing again after the second peak because the stress applied to the shale is approaching again to a direction which is parallel to the preferred orientation of strength.
The highest mud pressure is decreasing with the decrease of the degree of anisotropy.
There is no matching at all between the two trends of mud pressure, with and without correction of the m and Co for δ=90° and k=1.15, and the mud pressure without correcting the data has higher trend comparing to the other mud pressure.
For δ=45°:

[bookmark: _Toc138236862]Figure 38  PwH&B vs theta, δ=45, max =23MPa
We have a decrease in mud pressure from 7.25 to 5.5MPa in the range θ=0 to θ=45°. Then, the mud pressure increase to peak at=90° for P=10MPa and decrease again to reach 6.8MPsat θ=140°. A small increase in mud pressure is showed again for higher values of θ. The risk region is around the peak so around θ=90°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window. 
The mud pressure increase with theta, because the stress applied to the shale is moving away from the preferred orientation of strength. The mud pressure after theta=90° starts to decrease because the stress applied to the shale is approaching again to a direction which is parallel to the preferred orientation of strength. The peak of mud pressure decrease, the margin between the mud pressures for different angle theta decrease, we can deduce that with decrease the degree of anisotropy, the mud pressure decrease.
There is no matching at all between the two trends of mud pressure, with and without correction of the m and Co for δ=45° and k=1.15 and the mud pressure without correcting the data has higher trend comparing to the other mud pressure.
For δ=0°:

[bookmark: _Toc138236863]Figure 39 PwH&B vs theta, δ=0, max =23MPa
The mud pressure for θ =0 is 4.5MPaand then starts to increase significantly with the increase of θ to reach a peak of 9.2MPa at θ=60°. We have than a small decrease in mud pressure and it is followed by another peak at θ=120°. A decrease in mud pressure is shown after θ=120° to reach 4.5MPa. The highest mud pressure is around 9.2MPa. The risk region is around the peak so around θ=60 and θ=120°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
For =0°, at theta=0, the mud pressure is relatively low. The rock is weak in these directions, because the applied stress aligns with the preferred orientation of strength. The mud pressure increase with theta, because the stress applied to the shale is moving away from the preferred orientation of strength to reach a peak at theta=65° and at 125°. The mud pressure is decreasing again after the second peak because the stress applied to the shale is approaching to a direction which is parallel to the preferred orientation of strength.
The highest mud pressure is decreasing with the decrease of the degree of anisotropy. There is no matching at all between the two trends of mud pressure, with and without correction of the m and Co for δ=0° and k=1.15 and the mud pressure without correcting the data has higher trend comparing to the other mud pressure.
[bookmark: _Toc139349032]2.2.3For max =min=20MPa, k=1
For δ=90°:

[bookmark: _Toc138236864]Figure 40  PwH&B vs theta, δ=90, max =20MPa
The mud pressure for θ =0 is 6MPa and starts to increase significantly with the increase of θ to reach a peak of 8MP around θ=40°. We have than a small decrease in mud pressure and it is followed by another peak at θ=140°. A significantly decrease in mud pressure is shown after θ=140°. The highest mud pressure is around 8MPa.The risk region is around the peak so around θ=40 and θ=140°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
For =90°, at theta=0, the mud pressure is relatively low. The rock is weak in these directions, because the applied stress aligns with the preferred orientation of strength. The mud pressure increase with theta, because the stress applied to the shale is moving away from the preferred orientation of strength to reach a peak at theta=45° and at 135°. The mud pressure is decreasing again after the second peak because the stress applied to the shale is approaching again to a direction which is parallel to the preferred orientation of strength.
The highest mud pressure is decreasing with the decrease of the degree of anisotropy.
In general, the two trends of mud pressure don’t match together, but they match for some ranges of theta.
For δ=45°:

[bookmark: _Toc138236865]Figure 41  PwH&B vs theta, δ=45, max =20MPa
We have a decrease in mud pressure between the range [θ=0-45°] from 8 to 5MPa. Then, the mud pressure increase to peak at=90° for P=8MPa and decrease again to reach 6.4MPa at θ=140°. A small increase in mud pressure is showed again for higher values of θ. The risk region is around the peak so around θ=90°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window. 
The mud pressure increase with theta, because the stress applied to the shale is moving away from the preferred orientation of strength. The mud pressure after theta=90° starts to decrease because the stress applied to the shale is approaching again to a direction which is parallel to the preferred orientation of strength. The peak of mud pressure decrease, the margin between the mud pressures for different angle theta decrease, we can deduce that with decrease the degree of anisotropy, the mud pressure decrease.
In general, the two trends of mud pressure don’t match together, but they match for some ranges of theta.
For δ=0°:

[bookmark: _Toc138236866]Figure 42   PwH&B vs theta, δ=0, max =20MPa
The mud pressure for θ =0 is 5MPa and then starts to increase significantly with the increase of θ to reach a peak of 8MPa at θ=50°. We have than a small decrease in mud pressure and it is followed by another peak at θ=130°. A significantly decrease in mud pressure is shown after θ=130°. The highest mud pressure is around 8MPa.The risk region is around the peak so around θ=50 and θ=130°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
For =0°, at theta=0, the mud pressure is relatively low. The rock is weak in these directions, because the applied stress aligns with the preferred orientation of strength. The mud pressure increase with theta, because the stress applied to the shale is moving away from the preferred orientation of strength to reach a peak at theta=60° and at 120°. The mud pressure is decreasing again after the second peak because the stress applied to the shale is approaching to a direction which is parallel to the preferred orientation of strength.
The highest mud pressure is decreasing with the decrease of the degree of anisotropy.
In general, the two trends of mud pressure don’t match together, but they match for some ranges of theta.

[bookmark: _Toc139349033]2.3 For the Second author (Abdi)

[bookmark: _Toc139349034]2.3.1For max =36MPa, min=20MPa, k=1.8

For δ=90°:

[bookmark: _Toc138236867]Figure 43     PwH&B vs theta second author, δ=90, max =36MPa
The mud pressure for θ =0 starts at 5.15MPa, and starts to increase with the increase of θ to reach a peak around θ=60°. We have than a small decrease in mud pressure and it is followed by another peak at θ=110°. A decrease in mud pressure is shown after θ=110°. The highest mud pressure is around 20MPa.The risk region is around the peak so around θ=70 and θ=110°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
For =90°, at theta=0, the mud pressure is relatively low. The rock is weak in these directions, because the applied stress aligns with the preferred orientation of strength. The mud pressure increase with theta, because the stress applied to the shale is moving away from the preferred orientation of strength to reach a peak at theta=45° and at 135°. The mud pressure is decreasing again after the second peak because the stress applied to the shale is approaching again to a direction which is parallel to the preferred orientation of strength.


[bookmark: _Toc138236868]Figure 44   Coβw vs. theta, =90, Abdi
Coβw starts with the highest value at theta=0°, then decrease till beta=45°, increase to a maximum at beta= 90°, decrease to reach a minimum at beta= 135°, and finally increase again to a maximum at beta=180°.


mβw starts with a maximum value at theta=0, then starts to decrease till beta=45°, increase to a maximum at 90°, decrease to a minimum at beta= 135°and finally increase again to a maximum to beta=180°. 
For δ=45°:

[bookmark: _Toc138236869]Figure 46    PwH&B vs theta second author, δ=45, max =36MPa
The mud pressure for θ =0 is 6.2MPa, and then starts to increase significantly with the increase of θ to reach a peak at θ=90°. A significantly decrease in mud pressure is shown after that peak. The highest mud pressure is around 24.5MPa. The risk region is around the peak so around θ=90°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window. 
At theta=0, the mud pressure is relatively low. This is because the rock mass is weakest in these directions, because the applied stress aligns with the preferred orientation of strength. The mud pressure increase with theta, because the stress applied to the shale is moving away from the preferred orientation of strength. The mud pressure after theta=90° starts to decrease because the stress applied to the shale is approaching again to a direction which is parallel to the preferred orientation of strength.

[bookmark: _Toc138236870]Figure 47   Coβw vs. theta, =45, Abdi
Coβw starts with a low value, then increase till beta=45°, decrease to a minimum at 90°, and increase to reach a peak at beta= 135°, to decrease again to a minimum at beta=180°.

[bookmark: _Toc138236871]Figure 48   mβw vs. theta, =45, Abdi
mβw starts with a low value, then increase until beta=45°, decrease to a minimum at 90°, and increase to reach a peak at beta= 135°, to decrease again to a minimum at beta=180°. 
For δ=0°:

[bookmark: _Toc138236872]Figure 49   PwH&B vs theta second author, δ=0, max =36MPa
The mud pressure for θ =0 starts at 4.7MPa, and starts to increase significantly with the increase of θ to reach a peak around θ=70°. We have than a small decrease in mud pressure and it is followed by another peak at θ=110°. A significantly decrease in mud pressure is shown after θ=110°. The highest mud pressure is around 20MPa.The risk region is around the peak so around θ=70 and θ=110°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window. 
For =0°, at theta=0, the mud pressure is relatively low. The rock is weak in these directions, because the applied stress aligns with the preferred orientation of strength. The mud pressure increase with theta, because the stress applied to the shale is moving away from the preferred orientation of strength to reach a peak at theta=65° and at 125°. The mud pressure is decreasing again after the second peak because the stress applied to the shale is approaching to a direction which is parallel to the preferred orientation of strength.

[bookmark: _Toc139349035]2.3.2 for max =23MPa, min=20MPa, k=1.15
For δ=90°:

[bookmark: _Toc138236873]Figure 50   PwH&B vs theta second author, δ=90, max =23MPa
The mud pressure for θ =0 starts at 9.5MPa, and starts to increase with the increase of θ to reach a peak of 12.6MPa around θ=60°. We have than a small decrease in mud pressure and it is followed by another peak at θ=120°. A decrease in mud pressure is shown after θ=120°. The highest mud pressure is around 12.6MPa. The risk region is around the peak so around θ=60 and θ=120°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
 For =90°, at theta=0, the mud pressure is relatively low. The rock is weak in these directions, because the applied stress aligns with the preferred orientation of strength. The mud pressure increase with theta, because the stress applied to the shale is moving away from the preferred orientation of strength to reach a peak at theta=45° and at 135°. The mud pressure is decreasing again after the second peak because the stress applied to the shale is approaching again to a direction which is parallel to the preferred orientation of strength.
The highest mud pressure is decreasing with the decrease of the degree of anisotropy.
.

For δ=45°:

[bookmark: _Toc138236874]Figure 51   PwH&B vs theta second author, δ=45, max =23MPa
We have a decrease in mud pressure from θ=0 to θ=45°.The pressure decrease from a pressure of 10.7MPa to 10MPa. Then, the mud pressure increase to peak at=90° for P=13.73MPa and decrease again to reach 10MPa at θ=135°. An increase in mud pressure is showed again for higher values of θ to reach 10.7MPa°. The risk region is around the peak so around θ=90°because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
The mud pressure increase with theta, because the stress applied to the shale is moving away from the preferred orientation of strength. The mud pressure after theta=90° starts to decrease because the stress applied to the shale is approaching again to a direction which is parallel to the preferred orientation of strength. The peak of mud pressure decrease, the margin between the mud pressures for different angle theta decrease, we can deduce that with decrease the degree of anisotropy, the mud pressure decrease.

For δ=0°:

[bookmark: _Toc138236875]Figure 52   PwH&B vs theta second author, δ=0, max =23MPa
The mud pressure for θ =0 starts at 6.433MPa, and starts to increase with the increase of θ to reach a peak around θ=60°. We have than a small decrease in mud pressure and it is followed by another peak at θ=120°. A significantly decrease in mud pressure is shown after θ=120°. The highest mud pressure is around 11MPa.The risk region is around the peak so around θ=60 and θ=120°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
For =0°, at theta=0, the mud pressure is relatively low. The rock is weak in these directions, because the applied stress aligns with the preferred orientation of strength. The mud pressure increase with theta, because the stress applied to the shale is moving away from the preferred orientation of strength to reach a peak at theta=60° and at 120°. The mud pressure is decreasing again after the second peak because the stress applied to the shale is approaching to a direction which is parallel to the preferred orientation of strength.
The highest mud pressure is decreasing with the decrease of the degree of anisotropy.

[bookmark: _Toc139349036]2.3.3 for max =min=20MPa, k=1
For δ=90°:

[bookmark: _Toc138236876]Figure 53   PwH&B vs theta second author, δ=90, max =20MPa
The mud pressure for θ =0 starts at 7.62MPa, and starts to increase with the increase of θ to reach a peak of 10MPa around θ=40°. We have than a small decrease in mud pressure and it is followed by another peak at θ=130°. A decrease in mud pressure is shown after θ=130°. The highest mud pressure is around 10MPa.The risk region is around the peak so around θ=40 and θ=130°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
For =90°, at theta=0, the mud pressure is relatively low. The rock is weak in these directions, because the applied stress aligns with the preferred orientation of strength. The mud pressure increase with theta, because the stress applied to the shale is moving away from the preferred orientation of strength to reach a peak at theta=45° and at 135°. The mud pressure is decreasing again after the second peak because the stress applied to the shale is approaching again to a direction which is parallel to the preferred orientation of strength.
The highest mud pressure is decreasing with the decrease of the degree of anisotropy.

For δ=45°:

[bookmark: _Toc138236877]Figure 54   PwH&B vs theta second author, δ=45, max =20MPa
We have a decrease in mud pressure from θ=0 to θ=45°.The pressure decrease from a pressure of 10MPa to 6.9MPa. Then, the mud pressure increase to peak at=90° for P=10MPa and decrease again to reach 6.9MPa at θ=135°. An increase in mud pressure is showed again for higher values of θ to reach 10MPa. The risk region is around the peak so around θ=0,90 and 180°because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window. 
The mud pressure increase with theta, because the stress applied to the shale is moving away from the preferred orientation of strength. The mud pressure after theta=90° starts to decrease because the stress applied to the shale is approaching again to a direction which is parallel to the preferred orientation of strength. The peak of mud pressure decrease, the margin between the mud pressures for different angle theta decrease, we can deduce that with decrease the degree of anisotropy, the mud pressure decrease.

For δ=0°:

[bookmark: _Toc138236878]Figure 55   PwH&B vs theta second author, δ=0, max =20MPa
The mud pressure for θ =0 starts at 6.9MPa, and starts to increase with the increase of θ to reach a peak of 10MPa around θ=50°. We have than a small decrease in mud pressure and it is followed by another peak at θ=130°. A significantly decrease in mud pressure is shown after θ=130°. The highest mud pressure is around 10MPa.The risk region is around the peak so around θ=50 and θ=130°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
For =0°, at theta=0, the mud pressure is relatively low. The rock is weak in these directions, because the applied stress aligns with the preferred orientation of strength. The mud pressure increase with theta, because the stress applied to the shale is moving away from the preferred orientation of strength to reach a peak at theta=60° and at 120°. The mud pressure is decreasing again after the second peak because the stress applied to the shale is approaching to a direction which is parallel to the preferred orientation of strength.
The highest mud pressure is decreasing with the decrease of the degree of anisotropy.


[bookmark: _Toc138236879]Figure 56   S vs theta

S does not depend in case if the experimental data are fitted or no with Hoek and Brown or Mohr Coulomb and does not depend on . So here we have the plot of S vs. theta for different values of max. S depends on the degree of anisotropy. The state of stress increase with increase theta for a degree of anisotropy as it is shown is fig.56. The minimum state of stress occurs at theta=0 and theta=180° and the highest is at theta=90°. This behavior is mainly because as theta increase, the shale faces less normal stress and more shear stress. At theta=90°, the normal stress becomes zero, and the shear stress is maximum, so the induced state of stress is maximum.



B. [bookmark: _Toc139349037]Mud pressure using the weakness plane model 

[bookmark: _Toc139349038]2.4 Procedure
The weakness plane model divides failure between the matrix and in the plane of weakness, under the assumption a plateau with a constant strength for a range of inclination (beta). Two different formulas were used to calculate the shear mud pressure using the Mohr-Coulomb criterion, where one formula was applied along the matrix and another formula along the plane of weakness.
1. The first step is to draw ’1 vs.  in order to see the intersections between the plateau and the weakness plane model. 
a) The plateau can be drawn by using the equation:
                                                                                                                                           (34)
Co and Nɸ are respectively the intersection and the slope of the plot ’1 vs. ’3 for theta=90 and                                   theta=0 and they are fix along all the interval. For ’3=1MPa, we found the plateau
b) The weakness plane parabola can be obtained using the equation (20)
Cow and Nɸ are respectively the intersection and the slope of the plot ’1 vs. ’3 for theta=45 and theta=60 and they are fix along the interval. They are the average of the intersection of the two lines and the average of the slope.
From these two values, C’w and ɸ’w can be calculated using the following two formulas:
  (35)                                                                                                (36)
Knowing that  =  we can find  for βw*
For ’3=1MPa, we found the equation of parabola for the weakness plane
c) From the two equations already found (the equation of the horizontal line which refer to the plateau and using the equation of the parabola which belong to the weakness plane) we can find the intersection on the plot ’1 vs., so we will have the range at which the rock fail in the weakness plane.

2. I proceeded my work by calculating Pmatrix by coupling Mohr coulomb with kirsh solution, we obtain the following formula:
                                                    (37)
a) S is calculated using the formula (18)
Where min is fixed at 20MPa, but max take three different values: 30, 23 and 20MPa.It is only function of the far field stress and theta.
Pf has a fixed value which is equal to 8MPa.
b) Co and Nɸ are already calculated from part 1.a)

 So the formula of Pmatrix change with the change of max and the change of the author or the change of the correction and it is independent of delta.

3. Now I proceed with a detailed calculation of PWPM:
After coupling the weakness plane formula and kirsh solution, we obtain the following formula:

a) S is calculated in the same way as 2.d) and Pf is constant along all the interval and in all the studied cases.
b) Cow and Nɸ are already calculated from 1.b)
From these two values, c’w and ɸ’w can be calculated using the formulas (5) and (4).
So the formula of PWPM change with the change of max and the change of the author or the change of the correction.
We remove the range (1.c) at which “tournemire shale” fail along the matrix from the plot of PWPM

[bookmark: _Toc139349039]2.5 Detailed calculation 
I will start by a detailed calculation in order to show how my work is done in this part.
1. The range at which the “tournemire shale “fail in the weakness plane is our first step to go.
The plateau is calculated in the first place using the equation (34)
Nɸ is the slope of the plot '1 vs. '3 and Co is the interception with the axis of '1.

[bookmark: _Toc138236880]Figure 57   '1 vs '3, first author, theta=0 and 90

This is the combination of tables already found in part 3, which represent the plot '1 vs. '3.
I took an average of the slope and an average of the intercept of the two lines '1 vs. '3 at θ=0 and 90°, I got:
Co=39.8825MPa and N=3.171MPa.
For ’3=1MPa, we have that '1 at 0 and at 90° is equal to 43.0535MPa.
Using the formula (34) we are able to calculate '1 for the weakness plane
Nɸ is the slope of the plot '1 vs. '3 and Co is the interception with the axis of '1.

[bookmark: _Toc138236881]Figure 58   '1 vs '3, first author, theta=45 and 60
This is the combination of tables already found in part 3, which represent the plot '1 vs. '3.
I took an average of the slope and an average of the intercept and I got:
C0=19.7035(average), N=3.1473
Using equations (5) and (4), we got Cw'=5.55MPa, ɸ’w=31.182MPa  
βw*=60.6, using the fact that the minimum strength occur at 45+ .
 '3 is equal to 1MPa.
3 values of is taken: 45, 70 and at βw*
So we have the following values of '1 respectively: 109.43MPa, 90.446MPa and 82.638MPa
We obtain the following plot:
[bookmark: _Toc138236882]Figure 59   '1 vs βw

From the figure 59 we can reveal that “tournemire shale” with the first author and with correction, fail in the weakness plane between βw equal 37.34 and 85.19°

2. Now,  is calculated using equation(37)
Co and  are calculated from figure 58. Pf is fixed at 8MPa, and S is calculated using the following formula (18).
For the first author, with correction and for max=36MPa, we obtain the following values of Pmatrix:

	Theta
	Beta
	Co
	Nɸ
	Pf
	S
	Pw
	2*theta
	2*thetaradian

	0
	90
	39.8825
	3.171
	8
	24
	0.35615
	0
	0

	5
	85
	39.8825
	3.171
	8
	24.48615
	0.472705
	10
	0.174533

	10
	80
	39.8825
	3.171
	8
	25.92984
	0.818829
	20
	0.349066

	15
	75
	39.8825
	3.171
	8
	28.28719
	1.384006
	30
	0.523599

	20
	70
	39.8825
	3.171
	8
	31.48658
	2.151062
	40
	0.698132

	25
	65
	39.8825
	3.171
	8
	35.4308
	3.096691
	50
	0.872665

	30
	60
	39.8825
	3.171
	8
	40
	4.19216
	60
	1.047198

	35
	55
	39.8825
	3.171
	8
	45.05536
	5.404185
	70
	1.22173

	40
	50
	39.8825
	3.171
	8
	50.44326
	6.695938
	80
	1.396263

	45
	45
	39.8825
	3.171
	8
	56
	8.028171
	90
	1.570796

	50
	40
	39.8825
	3.171
	8
	61.55674
	9.360403
	100
	1.745329

	55
	35
	39.8825
	3.171
	8
	66.94464
	10.65216
	110
	1.919862

	60
	30
	39.8825
	3.171
	8
	72
	11.86418
	120
	2.094395

	65
	25
	39.8825
	3.171
	8
	76.5692
	12.95965
	130
	2.268928

	70
	20
	39.8825
	3.171
	8
	80.51342
	13.90528
	140
	2.443461

	75
	15
	39.8825
	3.171
	8
	83.71281
	14.67234
	150
	2.617994

	80
	10
	39.8825
	3.171
	8
	86.07016
	15.23751
	160
	2.792527

	85
	5
	39.8825
	3.171
	8
	87.51385
	15.58364
	170
	2.96706

	90
	0
	39.8825
	3.171
	8
	88
	15.70019
	180
	3.141593

	95
	5
	39.8825
	3.171
	8
	87.51385
	15.58364
	190
	3.316126

	100
	10
	39.8825
	3.171
	8
	86.07016
	15.23751
	200
	3.490659

	105
	15
	39.8825
	3.171
	8
	83.71281
	14.67234
	210
	3.665191

	110
	20
	39.8825
	3.171
	8
	80.51342
	13.90528
	220
	3.839724

	115
	25
	39.8825
	3.171
	8
	76.5692
	12.95965
	230
	4.014257

	120
	30
	39.8825
	3.171
	8
	72
	11.86418
	240
	4.18879

	125
	35
	39.8825
	3.171
	8
	66.94464
	10.65216
	250
	4.363323

	130
	40
	39.8825
	3.171
	8
	61.55674
	9.360403
	260
	4.537856

	135
	45
	39.8825
	3.171
	8
	56
	8.028171
	270
	4.712389

	140
	50
	39.8825
	3.171
	8
	50.44326
	6.695938
	280
	4.886922

	145
	55
	39.8825
	3.171
	8
	45.05536
	5.404185
	290
	5.061455

	150
	60
	39.8825
	3.171
	8
	40
	4.19216
	300
	5.235988

	155
	65
	39.8825
	3.171
	8
	35.4308
	3.096691
	310
	5.410521

	160
	70
	39.8825
	3.171
	8
	31.48658
	2.151062
	320
	5.585054

	165
	75
	39.8825
	3.171
	8
	28.28719
	1.384006
	330
	5.759587

	170
	80
	39.8825
	3.171
	8
	25.92984
	0.818829
	340
	5.934119

	175
	85
	39.8825
	3.171
	8
	24.48615
	0.472705
	350
	6.108652

	180
	90
	39.8825
	3.171
	8
	24
	0.35615
	360
	6.283185


[bookmark: _Toc137299343]Table 9   Pw calculation

[bookmark: _Toc138236883]Figure 60   Pmatrix vs theta, first author, with correction, max=36MPa

3. The mud pressure along the weakness plane is calculated with the formula (31).

Pf is fixed at 8MPa.
,  is calculated using the figure 57. 
change with the change of , so we obtain for the first author, with correction, for max=36MPa and for =0°, we obtain the following results:
After removing the range of beta as which the weakness plane is not able to predict the behavior of the “tournemire shale”, we obtain:

[bookmark: _Toc138236884]Figure 61   Pwpm vs theta, first author, with correction, max=36MPa
[bookmark: _Toc139349040]2.6 For the first author

The mud pressure of the two methods are putted on the same plot vs. theta, in order to make the comparison easier and clearer:
[bookmark: _Toc139349041]2.6.1 for max =36MPa, min=20MPa, k=1.8
2.6.1.1 with correction
For δ=0°:

[bookmark: _Toc138236885]Figure 62   Pmud vs theta, with correction, δ=0, max=36MPa
The highest mud pressure is around 17MPa. The risk region is around the peak so around θ=60 and θ=120°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window. 
For the weakness plane model: The peak near theta=60° and 120° occur because the wellbore is less likely to be stable at these inclinations. When =0°, β is around 60° which is aligned parallel to the bedding plane, so higher mud pressure should be used in order to maintain the stability of the wellbore. When the bedding plane are aligned parallel to the drilling direction (θ=0 or 180°), the mud requires the lowest pressure.
The weakness plane model matches Hoek and brown for all the inclination θ especially when it fails along the weakness plane in the range [40-85] and [95-140].

For δ=45°:

[bookmark: _Toc138236886]Figure 63   Pmud vs theta, with correction, δ=45, max=36MPa
The highest mud pressure is around 21.5MPa. The risk region is around the peak so around θ=90°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window. 
The peak near theta=90° occurs in the weakness plane model because the wellbore is less likely to be stable at the inclination. The wellbore is aligned along the inclination of the bedding plane (plane of weakness), so higher mud pressure should be used in order to maintain the stability of the wellbore. When the bedding plane are aligned parallel to the drilling direction (θ=0 or 180°), the mud requires the lowest pressure.
The weakness plane model matches Hoek and brown for all the inclination θ especially when it fails along the weakness plane in the range [0-10], [80-110] and [140-180].



For δ=90°:

[bookmark: _Toc138236887]Figure 64   Pmud vs theta, with correction, δ=90, max=36MPa
The highest mud pressure is around 17.3MPa. The risk region is around the peak so around θ=70 and θ=110°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
For the weakness plane model: The peak near theta=45° and 135° occur because the wellbore is less likely to be stable at these inclinations. When =90°, β is around 45 which is aligned parallel to the bedding plane, so higher mud pressure should be used in order to maintain the stability of the wellbore. When the bedding plane are aligned parallel to the drilling direction (θ=0 or 180°), the mud requires the lowest pressure.
 The weakness plane model matches Hoek and brown for all the inclination θ especially when it fails along the weakness plane in the range [0-50] and [135-180]. There is an average fitting between the two methods
2.6.1.2 without correction
For δ=0°:

[bookmark: _Toc138236888]Figure 65   Pmud vs theta, without correction, δ=0, max=36MPa
The highest mud pressure is around 17MPa.The risk region is around the peak so around θ=70 and θ=110°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
For the weakness plane model: The peak near theta=60° and 120° occur because the wellbore is less likely to be stable at these inclinations. When =0°, β is around 60 which is aligned parallel to the bedding plane, so higher mud pressure should be used in order to maintain the stability of the wellbore. When the bedding plane are aligned parallel to the drilling direction (θ=0 or 180°), the mud requires the lowest pressure.
There is a poor fitting between the weakness plane model and Hoek and brown.
For δ=45°:

[bookmark: _Toc138236889]Figure 66   Pmud vs theta, without correction, δ=45, max=36MPa
The highest mud pressure is around 21.5MPa. The risk region is around the peak so around θ=90°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
The peak near theta=90° occurs in the weakness plane model because the wellbore is less likely to be stable at the inclination. The wellbore is aligned along the inclination of the bedding plane (plane of weakness), so higher mud pressure should be used in order to maintain the stability of the wellbore. When the bedding plane are aligned parallel to the drilling direction (θ=0 or 180°), the mud requires the lowest pressure.
There is a poor fitting between the weakness plane model and Hoek and brown for all the inclination angle theta.
For δ=90°:

[bookmark: _Toc138236890]Figure 67   Pmud vs theta, without correction, δ=90, max=36MPa
The highest mud pressure is around 21MPa. The risk region is around the peak so around θ=80 and θ=110°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
For the weakness plane model: The peak near theta=50° and 130° occur because the wellbore is less likely to be stable at these inclinations. When =90°, β is around 45 which is aligned parallel to the bedding plane, so higher mud pressure should be used in order to maintain the stability of the wellbore. When the bedding plane are aligned parallel to the drilling direction (θ=0 or 180°), the mud requires the lowest pressure.
There is no fitting between the two methods in general for all the inclination angle theta.
[bookmark: _Toc139349042] 2.6.2 for max =23MPa, min=20MPa, k=1.15
2.6.2.1 with correction
For δ=0°:

[bookmark: _Toc138236891]Figure 68   Pmud vs theta, with correction, δ=0, max=23MPa
The highest mud pressure is around 9.2MPa. The risk region is around the peak so around θ=60 and θ=120°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
For the weakness plane model: The peak near theta=60° and 120° occur because the wellbore is less likely to be stable at these inclinations. When =0°, β is around 60 which is aligned parallel to the bedding plane, so higher mud pressure should be used in order to maintain the stability of the wellbore. When the bedding plane are aligned parallel to the drilling direction (θ=0 or 180°), the mud requires the lowest pressure.
The weakness plane model matches Hoek and brown for all the inclination θ especially when it fails along the weakness plane in the range [40-85] and [95-140]. There is an average fitting between the two methods


For δ=45°:

[bookmark: _Toc138236892]Figure 69   Pmud vs theta, with correction, δ=45, max=23MPa
The risk region is around the peak so around θ=90°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
The peak near theta=90° occurs in the weakness plane model because the wellbore is less likely to be stable at the inclination. The wellbore is aligned along the inclination of the bedding plane (plane of weakness), so higher mud pressure should be used in order to maintain the stability of the wellbore. When the bedding plane are aligned parallel to the drilling direction (θ=0 or 180°), the mud requires the lowest pressure.
The weakness plane model matches Hoek and brown for all the inclination θ especially when it fails along the weakness plane in the range [0-10], [80-110] and [140-180]. There is an average fitting between the two methods
For δ=90°:

[bookmark: _Toc138236893]Figure 70   Pmud vs theta, with correction, δ=90, max=23MPa
The highest mud pressure is around 9MPa.The risk region is around the peak so around θ=60 and θ=120°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
For the weakness plane model: The peak near theta 30° and 150° occur because the wellbore is less likely to be stable at these inclinations. When =90°, β is around 60 which is aligned parallel to the bedding plane, so higher mud pressure should be used in order to maintain the stability of the wellbore. When the bedding plane are aligned parallel to the drilling direction (θ=0 or 180°), the mud requires the lowest pressure.
We don’t have a good matching between Hoek and Brown and the weakness plane in general for almost all the inclination angle.
 2.6.2.2 without correction
For δ=0°:

[bookmark: _Toc138236894]Figure 71   Pmud vs theta, without correction, δ=0, max=23MPa
The highest mud pressure is around 12MPa.The risk region is around the peak so around θ=70 and θ=110°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
For the weakness plane model: The peak near theta=60° and 120° occur because the wellbore is less likely to be stable at these inclinations. When =0°, β is around 60 which require the highest mud pressure. Higher mud pressure should be used in order to maintain the stability of the wellbore. When the bedding plane are aligned parallel to the drilling direction (θ=0 or 180°), the mud requires the lowest pressure.
We don’t have a good matching between Hoek and Brown and the weakness plane in general for almost all the inclination angle.
For δ=45°:

[bookmark: _Toc138236895]Figure 72   Pmud vs theta, without correction, δ=45, max=23MPa
risk region is around the peak so around θ=90°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
The peak near theta=90° occurs in the weakness plane model because the wellbore is less likely to be stable at the inclination. The wellbore is aligned along the inclination of the bedding plane (plane of weakness), so higher mud pressure should be used in order to maintain the stability of the wellbore. When the bedding plane are aligned parallel to the drilling direction (θ=0 or 180°), the mud requires the lowest pressure.
We don’t have a good matching between Hoek and Brown and the weakness plane in general for almost all the inclination angle.
For δ=90°:

[bookmark: _Toc138236896]Figure 73   Pmud vs theta, without correction, δ=90, max=23MPa
The highest mud pressure is around 9MPa.The risk region is around the peak so around θ=60 and θ=120°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
For the weakness plane model: The peak near theta=40° and 140° occur because the wellbore is less likely to be stable at these inclinations. When =90°, β is around 45 which is aligned parallel to the bedding plane, so higher mud pressure should be used in order to maintain the stability of the wellbore. When the bedding plane are aligned parallel to the drilling direction (θ=0 or 180°), the mud requires the lowest pressure.
We don’t have a good matching between Hoek and Brown and the weakness plane in general for almost all the inclination angle.
[bookmark: _Toc139349043]2.6.3 for max =min=20MPa, k=1
2.6.3.1 with correction
For δ=0°:

[bookmark: _Toc138236897]Figure 74   Pmud vs theta, with correction, δ=0, max=20MPa
The highest mud pressure is around 8MPa.The risk region is around the peak so around θ=50 and θ=130°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
For the weakness plane model: The peak near theta=60° and 120° occur because the wellbore is less likely to be stable at these inclinations. When =0°, β is around 60 which is aligned parallel to the bedding plane, so higher mud pressure should be used in order to maintain the stability of the wellbore. When the bedding plane are aligned parallel to the drilling direction (θ=0 or 180°), the mud requires the lowest pressure.
We don’t have a good matching between Hoek and Brown and the weakness plane in general for almost all the inclination angle.
For δ=45°:

[bookmark: _Toc138236898]Figure 75   Pmud vs theta, with correction, δ=45, max=20MPa
The risk region is around the peak so around θ=90°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
The peak near theta=90° occurs in the weakness plane model because the wellbore is less likely to be stable at the inclination. The wellbore is aligned along the inclination of the bedding plane (plane of weakness), so higher mud pressure should be used in order to maintain the stability of the wellbore. When the bedding plane are aligned parallel to the drilling direction (θ=0 or 180°), the mud requires the lowest pressure.
We don’t have a good matching between Hoek and Brown and the weakness plane in general for almost all the inclination angle.
For δ=90°:

[bookmark: _Toc138236899]Figure 76   Pmud vs theta, with correction, δ=90, max=20MPa
The highest mud pressure is around 8MPa.The risk region is around the peak so around θ=40 and θ=140°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
For the weakness plane model: The peak near theta=30° and 150° occur because the wellbore is less likely to be stable at these inclinations. When =90°, β is around 60 which is aligned parallel to the bedding plane, so higher mud pressure should be used in order to maintain the stability of the wellbore. When the bedding plane are aligned parallel to the drilling direction (θ=0 or 180°), the mud requires the lowest pressure.
We don’t have a good matching between Hoek and Brown and the weakness plane in general for almost all the inclination angle.
2.6.3.2 without correction
For δ=0°:

[bookmark: _Toc138236900]Figure 77   Pmud vs theta, without correction, δ=0, max=20MPa
The highest mud pressure is around 8MPa.The risk region is around the peak so around θ=45 and θ=135°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
For the weakness plane model: The peak near theta=55° and 125° occur because the wellbore is less likely to be stable at these inclinations. When =0°, β is around 50 which is aligned parallel to the bedding plane, so higher mud pressure should be used in order to maintain the stability of the wellbore. When the bedding plane are aligned parallel to the drilling direction (θ=0 or 180°), the mud requires the lowest pressure.
We don’t have a good matching between Hoek and Brown and the weakness plane in general for almost all the inclination angle.





For δ=45°:

[bookmark: _Toc138236901]Figure 78   Pmud vs theta, without correction, δ=45, max=20MPa
The risk region is around the peak so around θ=0,90 and 180° because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
The peak near theta=90° occurs in the weakness plane model because the wellbore is less likely to be stable at the inclination. The wellbore is aligned along the inclination of the bedding plane (plane of weakness), so higher mud pressure should be used in order to maintain the stability of the wellbore. When the bedding plane are aligned parallel to the drilling direction (θ=0 or 180°), the mud requires the lowest pressure.
We don’t have a good matching between Hoek and Brown and the weakness plane in general for almost all the inclination angle.
For δ=90°:

[bookmark: _Toc138236902]Figure 79   Pmud vs theta, without correction, δ=90, max=20MPa
The risk region is around the peak so around θ=65 and θ=125°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
For the weakness plane model: The peak near theta=40° and 140° occur because the wellbore is less likely to be stable at these inclinations. When =90°, β is around 50 which is aligned parallel to the bedding plane, so higher mud pressure should be used in order to maintain the stability of the wellbore. When the bedding plane are aligned parallel to the drilling direction (θ=0 or 180°), the mud requires the lowest pressure.
We don’t have a good matching between Hoek and Brown and the weakness plane in general for almost all the inclination angle.
[bookmark: _Toc139349044]2.7For the second author (Abdi)

[bookmark: _Toc139349045]2.7.1 for max =36MPa, min=20MPa, k=1.8
For δ=0°:

[bookmark: _Toc138236903]Figure 80   Pmud vs theta, second author, δ=0, max=36MPa
The highest mud pressure is around 20MPa.The risk region is around the peak so around θ=70 and θ=110°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
For the weakness plane model: The peak near theta=60° and 120° occur because the wellbore is less likely to be stable at these inclinations. When =0°, β is around 30 which is aligned parallel to the bedding plane, so higher mud pressure should be used in order to maintain the stability of the wellbore. When the bedding plane are aligned parallel to the drilling direction (θ=0 or 180°), the mud requires the lowest pressure.
The weakness plane model matches Hoek and brown for all the inclination θ especially when it fails along the weakness plane in the range [30-80] and [100-145].
For δ=45°:

[bookmark: _Toc138236904]Figure 81   Pmud vs theta, second author, δ=45, max=36MPa
The highest mud pressure is around 24.5MPa. The risk region is around the peak so around θ=90°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
The peak near theta=90° occurs in the weakness plane model because the wellbore is less likely to be stable at the inclination. The wellbore is aligned along the inclination of the bedding plane (plane of weakness), so higher mud pressure should be used in order to maintain the stability of the wellbore. When the bedding plane are aligned parallel to the drilling direction (θ=0 or 180°), the mud requires the lowest pressure.
The weakness plane model matches Hoek and brown for all the inclination θ especially when it fails along the weakness plane in the range [0-20], [65-125] and [145-180].

For δ=90°:

[bookmark: _Toc138236905]Figure 82   Pmud vs theta, second author, δ=90, max=36MPa
The highest mud pressure is around 20MPa.The risk region is around the peak so around θ=70 and θ=110°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
For the weakness plane model: The peak near theta=60° and 120° occur because the wellbore is less likely to be stable at these inclinations. When =90°, β is around 30 which is aligned parallel to the bedding plane, so higher mud pressure should be used in order to maintain the stability of the wellbore. When the bedding plane are aligned parallel to the drilling direction (θ=0 or 180°), the mud requires the lowest pressure.
We have an average matching between Hoek and Brown and the weakness plane in general for almost all the inclination angle.

[bookmark: _Toc139349046]2.7.2 for max =23MPa, min=20MPa, k=1.15
For δ=0°:

[bookmark: _Toc138236906]Figure 83   Pmud vs theta, second author, δ=0, max=23MPa
The risk region is around the peak so around θ=60 and θ=120°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
For the weakness plane model: The peak near theta=60° and 120° occur because the wellbore is less likely to be stable at these inclinations. When =0°, β is around 30 which is aligned parallel to the bedding plane, so higher mud pressure should be used in order to maintain the stability of the wellbore. When the bedding plane are aligned parallel to the drilling direction (θ=0 or 180°), the mud requires the lowest pressure.
The weakness plane model matches Hoek and brown for all the inclination θ especially when it fails in the weakness plane in the range [35-80] and [95-140]. There is an average fitting between the two methods



For δ=45°:

[bookmark: _Toc138236907]Figure 84   Pmud vs theta, second author, δ=45, max=23MPa
The risk region is around the peak so around θ=90°because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
The peak near theta=90° occurs in the weakness plane model because the wellbore is less likely to be stable at the inclination. The wellbore is aligned along the inclination of the bedding plane (plane of weakness), so higher mud pressure should be used in order to maintain the stability of the wellbore. When the bedding plane are aligned parallel to the drilling direction (θ=0 or 180°), the mud requires the lowest pressure.
The weakness plane model matches Hoek and brown for all the inclination θ especially when it fails along the weakness plane in the range [0-10], [70-110] and [150-180]. There is an average fitting between the two methods.
For δ=90°:

[bookmark: _Toc138236908]Figure 85   Pmud vs theta, second author, δ=90, max=23MPa
The risk region is around the peak so around θ=60 and θ=120°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
For the weakness plane model: The peak near theta=45° and 135° occur because the wellbore is less likely to be stable at these inclinations. When =90°, β is around 45 which is aligned parallel to the bedding plane, so higher mud pressure should be used in order to maintain the stability of the wellbore. When the bedding plane are aligned parallel to the drilling direction (θ=0 or 180°), the mud requires the lowest pressure.
We don’t have a good matching between Hoek and Brown and the weakness plane in general for almost all the inclination angle.
[bookmark: _Toc139349047]2.7.3 for max =min20MPa, k=1
For δ=0°:

[bookmark: _Toc138236909]Figure 86   Pmud vs theta, second author, δ=0, max=20MPa
The highest mud pressure is around 10MPa.The risk region is around the peak so around θ=50 and θ=130°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
For the weakness plane model: The peak near theta=50° and 130° occur because the wellbore is less likely to be stable at these inclinations. When =0°, β is around 45 which is aligned parallel to the bedding plane, so higher mud pressure should be used in order to maintain the stability of the wellbore. When the bedding plane are aligned parallel to the drilling direction (θ=0 or 180°), the mud requires the lowest pressure.
We don’t have a good matching between Hoek and Brown and the weakness plane in general for almost all the inclination angle.
For δ=45°:

[bookmark: _Toc138236910]Figure 87   Pmud vs theta, second author, δ=45, max=20MPa
The risk region is around the peak so around θ=90° because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
The peak near theta=90° occurs in the weakness plane model because the wellbore is less likely to be stable at the inclination. The wellbore is aligned along the inclination of the bedding plane (plane of weakness), so higher mud pressure should be used in order to maintain the stability of the wellbore. When the bedding plane are aligned parallel to the drilling direction (θ=0 or 180°), the mud requires the lowest pressure.
The weakness plane model matches Hoek and brown for all the inclination θ especially when it fails along the weakness plane in the range [0-10], [80-110] and [140-180].
We don’t have a good matching between Hoek and Brown and the weakness plane in general for almost all the inclination angle.

For δ=90°:

[bookmark: _Toc138236911]Figure 88   Pmud vs theta, second author, δ=90, max=20MPa
The risk region is around the peak so around θ=40 and θ=130°, because the highest mud pressure exists, so the closer we are to the pressure to avoid the tensile fracturing and the narrower is the mud weight window.
For the weakness plane model: The peak near theta=40° and 140° occur because the wellbore is less likely to be stable at these inclinations. When =90°, β is around 45 which is aligned parallel to the bedding plane, so higher mud pressure should be used in order to maintain the stability of the wellbore. When the bedding plane are aligned parallel to the drilling direction (θ=0 or 180°), the mud requires the lowest pressure. 
We don’t have a good matching between Hoek and Brown and the weakness plane in general for almost all the inclination angle.

[bookmark: _Toc139349048]2.8 Results Analysis
[bookmark: _Toc139349049]2.8.1 for k=1.8
For both author Niandou and Abdi, we have the highest mud pressure at =45° compared to =0° and =90°. The region of risk changes with the change of . It is at θ=90° for =45°, while we have two regions of risk for =0 and =90° which are near 75 and 105°.
[bookmark: _Toc139349050]2.8.2 for k=1.15
For both author Niandou and Abdi, we have the highest mud pressure at =45° compared to =0° and =90°.The region of risk changes with the change of . It is at θ=90° for =45°, while we have two regions of risk for =0 and =90° which are near 60 and 120°.
[bookmark: _Toc139349051]2.8.3 for k=1
For both author Niandou and Abdi, we have the highest mud pressure at =45° compared to =0° and =90°. The region of risk changes with the change of . It is at θ=90° for =45°, while we have two regions of risk for =0 and =90° which are near 50 and 130°.
[bookmark: _Toc139349052]2.8.4 for =0°
The highest mud pressure changes with the change of max. It shows a maximum for k=1.8 and a minimum mud pressure for k=1. When the degree of anisotropy decrease, the first maximum mud pressure calculated with Hoek and Brown which take place for theta less than 90° occur for a lower value of theta, while the second maximum mud pressure which take place for theta higher than 90°, occur for a higher theta.
[bookmark: _Toc139349053]3.8.5 for =45°
The highest mud pressure changes with the change of max. It shows a maximum for k=1.8 and a minimum mud pressure for k=1. The maximum mud pressure occurs at θ=90°.
[bookmark: _Toc139349054]2.8.6 for =90°
The highest mud pressure changes with the change of max. It shows a maximum for k=1.8 and a minimum mud pressure for k=1. When the degree of anisotropy decrease, the first maximum mud pressure calculated with Hoek and Brown which take place for theta less than 90° occur for a lower value of theta, while the second maximum mud pressure which take place for theta higher than 90°, occur for a higher theta.

[bookmark: _Toc139349055]Chapter 3 Conclusion

After the mud pressure calculation using H&B and WPM in the section 3 with different degrees of anisotropy and different values of . My results show the following conclusions:

· The highest mud pressure is at delta=45°, so it is the most dangerous situation because the MWW has a closer maximum and minimum and it is easier to have tensile fracturing.

· We don’t have any matching between the weakness plane model and Hoek and brown in case the data is not corrected with different values of delta and with different degree of anisotropy, so the fitting is a crucial factor in order to have a true value of mud pressure with both methods.

· Without a well-fitting of the experimental data with Mohr coulomb or Hoek and Brown modified, we have a higher value of the mud pressure. So we obtain a higher value of the minimum value of mud pressure to avoid shear failure and thus the wellbore is more likely to fail.

· When the degree of anisotropy decrease, the mud pressure decrease (peak) and our wellbore is more likely to be stable compared when we have a certain degree of anisotropy (high or low)

· We have a good agreement between WPM and H&B for δ=0 and 45° for k= 1.8, but it’s not the case for δ=90°.

· We have a good fitting between WPM and H&B for k=1.15 for δ=0 and 45° and a poor fitting for δ=90°.

· For k=1, there is no agreement at all between the WPM and H&B for different values of δ

· When the degree of anisotropy decrease, the fitting between WPM and H&B decrease

· The WPM cannot capture the real behavior of the strength for the “tournemire shale “because the plateau assumes a constant value of strength along a range of inclination angles.

· We have an agreement between Niandou and Abdi with mud pressure calculation.









[bookmark: _Toc139349056]Outlook

This thesis utilizes experimental data obtained from laboratory tests, which are considered the most reliable method. However, conducting these tests can be prohibitively expensive. On the other hand, indirect measurements such as log data are not highly reliable for estimating the mechanical properties of shale or determining the weakness plane. To address this, mud pressure calculations can be performed using experimental data from indirect tests, considering the various cases that have already been investigated. By finding a compromise between cost-effectiveness and reliability, it is possible to achieve mud pressure estimates that are both economical and as accurate as possible.
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mud pressure vs theta


Pwpm	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	0.69901800000000003	4.8019499999999997	7.2721270000000002	8.9237310000000001	10.09061	10.91976	11.46763	11.734719999999999	11.673500000000001	11.176439999999999	10.033860000000001	7.8173539999999999	3.5193479999999999	3.5193479999999999	7.8173539999999999	10.033860000000001	11.176439999999999	11.673500000000001	11.734719999999999	11.46763	10.91976	10.09061	8.9237310000000001	7.2721270000000002	4.8019499999999997	0.69901800000000003	Pw	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	5.4942890000000002	5.5187850000000003	5.5915290000000004	5.7103140000000003	5.8715250000000001	6.0702670000000003	6.300503	6.5552339999999996	6.826721	7.1067159999999996	7.386711	7.6581979999999996	7.9129290000000001	8.1431649999999998	8.3419070000000008	8.5031169999999996	8.6219020000000004	8.6946469999999998	8.7191419999999997	8.6946469999999998	8.6219020000000004	8.5031169999999996	8.3419070000000008	8.1431649999999998	7.9129290000000001	7.6581979999999996	7.386711	7.1067159999999996	6.826721	6.5552339999999996	6.300503	6.0702670000000003	5.8715250000000001	5.7103140000000003	5.5915290000000004	5.5187850000000003	5.4942890000000002	PwH	&	B	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	9.2680129999999998	9.4923889999999993	9.7588019999999993	10.06724	10.41324	10.78702	11.17338	11.55261	11.90236	12.20013	12.425850000000001	12.56409	12.60561	12.5481	12.39607	12.160080000000001	11.855420000000001	11.500400000000001	11.114570000000001	11.500400000000001	11.855420000000001	12.160080000000001	12.39607	12.5481	12.60561	12.56409	12.425850000000001	12.20013	11.90236	11.55261	11.17338	10.78702	10.41324	10.06724	9.7588019999999993	9.4923889999999993	9.2680129999999998	Theta(degree)


mud pressure(MPa) 




mud pressure vs theta


Pwpm	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	1.1075569999999999	5.3587769999999999	7.7442159999999998	9.1785139999999998	10.04139	10.50975	10.665150000000001	10.53251	10.09061	9.2632370000000002	7.8834220000000004	5.5944089999999997	1.5478460000000001	1.5478460000000001	5.5944089999999997	7.8834220000000004	9.2632370000000002	10.09061	10.53251	10.665150000000001	10.50975	10.04139	9.1785139999999998	7.7442159999999998	5.3587769999999999	1.1075569999999999	Pw	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	Pw H	&	B	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	6.9133389999999997	7.3697470000000003	7.8319039999999998	8.2852230000000002	8.7130399999999995	9.0976809999999997	9.4218019999999996	9.6698629999999994	9.8295589999999997	9.8930410000000002	9.8577370000000002	9.7266499999999994	9.5080480000000005	9.2145989999999998	8.8620619999999999	8.4677570000000006	8.0490320000000004	7.6219260000000002	7.2001809999999997	7.6219260000000002	8.0490320000000004	8.4677570000000006	8.8620619999999999	9.2145989999999998	9.5080480000000005	9.7266499999999994	9.8577370000000002	9.8930410000000002	9.8295589999999997	9.6698629999999994	9.4218019999999996	9.0976809999999997	8.7130399999999995	8.2852230000000002	7.8319039999999998	7.3697470000000003	6.9133389999999997	Theta(degree)


mud pressure(MPa) 




mud pressure vs theta


Pwpm	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	10.50975	10.04139	9.1785139999999998	7.7442159999999998	5.3587769999999999	1.1075569999999999	1.1075569999999999	5.3587769999999999	7.7442159999999998	9.1785139999999998	10.04139	10.50975	10.665150000000001	10.53251	10.09061	9.2632370000000002	7.8834220000000004	5.5944089999999997	1.5478449999999999	1.5478449999999999	5.5944089999999997	7.8834220000000004	9.2632370000000002	10.09061	10.53251	10.665150000000001	10.50975	Pw	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	PwH	&	BW	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	9.8930410000000002	9.8295589999999997	9.6698629999999994	9.4218019999999996	9.0976809999999997	8.7130399999999995	8.2852230000000002	7.8319039999999998	7.3697470000000003	6.9133389999999997	7.3697470000000003	7.8319039999999998	8.2852230000000002	8.7130399999999995	9.0976809999999997	9.4218019999999996	9.6698629999999994	9.8295589999999997	9.8930410000000002	9.8577370000000002	9.7266499999999994	9.5080480000000005	9.2145989999999998	8.8620619999999999	8.4677570000000006	8.0490320000000004	7.6219260000000002	7.2001809999999997	7.6219260000000002	8.0490320000000004	8.4677570000000006	8.8620619999999999	9.2145989999999998	9.5080480000000005	9.7266499999999994	9.8577370000000002	9.8930410000000002	theta(degree)



mud pressure(MPa) 




mud pressure vs theta


Pwpm	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	1.5478460000000001	5.5944089999999997	7.8834220000000004	9.2632370000000002	10.09061	10.53251	10.665150000000001	10.50975	10.04139	9.1785139999999998	7.7442159999999998	5.3587769999999999	1.1075569999999999	1.1075569999999999	5.3587769999999999	7.7442159999999998	9.1785139999999998	10.04139	10.50975	10.665150000000001	10.53251	10.09061	9.2632370000000002	7.8834220000000004	5.5944089999999997	1.5478460000000001	Pw	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	6.300503	PwH	&	BW	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	7.6219260000000002	8.0490320000000004	8.4677570000000006	8.8620619999999999	9.2145989999999998	9.5080480000000005	9.7266499999999994	9.8577370000000002	9.8930410000000002	9.8295589999999997	9.6698629999999994	9.4218019999999996	9.0976809999999997	8.7130399999999995	8.2852230000000002	7.8319039999999998	7.3697470000000003	6.9133389999999997	7.3697470000000003	7.8319039999999998	8.2852230000000002	8.7130399999999995	9.0976809999999997	9.4218019999999996	9.6698629999999994	9.8295589999999997	9.8930410000000002	9.8577370000000002	9.7266499999999994	9.5080480000000005	9.2145989999999998	8.8620619999999999	8.4677570000000006	8.0490320000000004	7.6219260000000002	7.2001809999999997	7.6219260000000002	theta(degree)


mud pressure(MPa)





1	5	20	40	50	1199.9295999999999	3204.6920999999998	7140.25	10962.089999999998	12071.4169	ơ3(MPa)


(ơ1-ơ3)2(MPa)2 



1 vs 3


1	5	20	40	50	46.580258884740878	59.308378727411849	98.859368498612767	142.84940447080868	162.94954625849545	1	5	20	40	50	35.64	61.61	104.5	144.69999999999999	159.87	3(MPa)


1(MPa) 




(1-3)2 vs 3 


1	5	20	40	1199.9295999999999	3204.6920999999998	7140.25	10962.089999999998	3(MPa) 


(1-3)2  (MPa)2 



1 vs 3

1	5	20	40	44.232999999999997	58.28	100.46	146.41	1	5	20	40	35.64	61.61	104.5	144.69999999999999	3(MPa)


1(MPa)




(1-3)2 vs 3 

(s1-s3)2	
1	5	20	1199.93	3204.692	7140.25	3(MPa)


(1-3)2 (MPa)22 



m vs theta

m	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	5.9428999999999998	5.4753999999999996	5.0829000000000004	4.7653999999999996	4.5228999999999999	4.3554000000000004	4.2629000000000001	4.2454000000000001	4.3029000000000002	4.4353999999999996	4.6429	4.9253999999999998	5.2828999999999997	5.7153999999999998	6.2229000000000001	6.8053999999999997	7.4629000000000003	8.1953999999999994	9.0029000000000003	8.1953999999999994	7.4629000000000003	6.8053999999999997	6.2229000000000001	5.7153999999999998	5.2828999999999997	4.9253999999999998	4.6429	4.4353999999999996	4.3029000000000002	4.2454000000000001	4.2629000000000001	4.3554000000000004	4.5228999999999999	4.7653999999999996	5.0829000000000004	5.4753999999999996	5.9428999999999998	theta(degree)


m



Co vs theta

co	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	40.042999999999999	36.962000000000003	34.210999999999999	31.79	29.699000000000002	27.937999999999999	26.507000000000001	25.405999999999999	24.635000000000002	24.193999999999999	24.082999999999998	24.302	24.850999999999999	25.73	26.939	28.478000000000002	30.347000000000001	32.545999999999999	35.075000000000003	32.545999999999999	30.347000000000001	28.478000000000002	26.939	25.73	24.850999999999999	24.302	24.082999999999998	24.193999999999999	24.635000000000002	25.405999999999999	26.507000000000001	27.937999999999999	29.699000000000002	31.79	34.210999999999999	36.962000000000003	40.042999999999999	theta(degree)



Co(MPa)



Co vs theta

co	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	44.936	40.7545	37.052999999999997	33.831499999999998	31.09	28.828499999999998	27.047000000000001	25.7455	24.923999999999999	24.5825	24.721	25.339500000000001	26.437999999999999	28.016500000000001	30.074999999999999	32.613500000000002	35.631999999999998	39.130499999999998	43.109000000000002	39.130499999999998	35.631999999999998	32.613500000000002	30.074999999999999	28.016500000000001	26.437999999999999	25.339500000000001	24.721	24.5825	24.923999999999999	25.7455	27.047000000000001	28.828499999999998	31.09	33.831499999999998	37.052999999999997	40.7545	44.936	theta(degree)


Co(MPa)



m vs theta

m	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	4.0037000000000003	3.9887000000000001	3.9836999999999998	3.9887000000000001	4.0037000000000003	4.0286999999999997	4.0636999999999999	4.1086999999999998	4.1637000000000004	4.2286999999999999	4.3037000000000001	4.3887	4.4836999999999998	4.5887000000000002	4.7037000000000004	4.8287000000000004	4.9637000000000002	5.1086999999999998	5.2637	5.1086999999999998	4.9637000000000002	4.8287000000000004	4.7037000000000004	4.5887000000000002	4.4836999999999998	4.3887	4.3037000000000001	4.2286999999999999	4.1637000000000004	4.1086999999999998	4.0636999999999999	4.0286999999999997	4.0037000000000003	3.9887000000000001	3.9836999999999998	3.9887000000000001	4.0037000000000003	theta(degree)



m




1	5	20	40	50	35.64	61.61	104.5	144.69999999999999	159.87	'3(MPa)


'1(MPa)



’1 vs ’3 

1	5	20	40	50	47.197499999999998	56.939500000000002	93.471999999999994	142.18199999999999	166.53700000000001	1	5	20	40	50	35.64	61.61	104.5	144.69999999999999	159.87	’3(MPa) 



’1(MPa) 





1	5	20	40	47.197499999999998	56.939500000000002	93.471999999999994	142.18199999999999	'3(MPa)


1(MPa)



'1 vs '3

ơ1	
1	5	20	35.64	61.61	104.5	'3(MPa)



'1(MPa)



(1- 3)2 vs 3 


-4.6399999999999997	0	4	21.529599999999999	791.29689999999994	1323.5044000000003	3(MPa) 


(1- 3)2 (MPa)2



0°	-4.6399999999999997	0	4	10	0	28.13	40.380000000000003	49.01	mc=mt=3.9	-4.7755267973262256	-4.2255267973262258	-3.675526797326226	-3.1255267973262262	-2.5755267973262264	-2.0255267973262265	-1.4755267973262265	-0.92552679732622645	-0.3755267973262264	0.17447320267377364	0.72447320267377369	1.2744732026737737	1.8244732026737738	4	10	-3.1974423109204508E-14	6.0654962903935088	10.072369630563408	13.37005310130057	16.271320583389215	18.910164167912548	21.358716264180771	23.661098757881231	25.84663284279458	27.93597813652022	29.944340693680306	31.883298011737917	33.76190666549261	40.724651121555944	57.489367230991824	mt=5.5	-6.2063529994725606	-5.6563529994725608	-5.1063529994725609	-4.5563529994725611	-4.0063529994725613	-3.4563529994725615	-2.9063529994725616	-2.3563529994725618	-1.8063529994725618	-1.2563529994725617	-0.70635299947256169	-0.15635299947256165	0.3936470005274384	4	10	3.4638958368304884E-14	4.0849927778860531	7.1927858953469652	9.8534984069112816	12.242302869677427	14.443194971190341	16.504180675675642	18.455754475602188	20.318719148524206	22.10801768655411	23.834812774672365	25.507703919768836	27.133482780764801	36.934328594947857	51.227054224137817	'3 (MPa)


'1 (MPa)





-4.6399999999999997	0	4	10	21.529599999999999	791.29689999999994	1323.5044000000003	1521.7800999999999	3


(1- 3)2 



0°	-4.6399999999999997	0	4	10	0	28.13	40.380000000000003	49.01	mc=mt=3.9	-4.7755267973262256	-4.2255267973262258	-3.675526797326226	-3.1255267973262262	-2.5755267973262264	-2.0255267973262265	-1.4755267973262265	-0.92552679732622645	-0.3755267973262264	0.17447320267377364	0.72447320267377369	1.2744732026737737	1.8244732026737738	4	10	-3.1974423109204508E-14	6.0654962903935088	10.072369630563408	13.37005310130057	16.271320583389215	18.910164167912548	21.358716264180771	23.661098757881231	25.84663284279458	27.93597813652022	29.944340693680306	31.883298011737917	33.76190666549261	40.724651121555944	57.489367230991824	mt=5.5	-6.2063529994725606	-5.6563529994725608	-5.1063529994725609	-4.5563529994725611	-4.0063529994725613	-3.4563529994725615	-2.9063529994725616	-2.3563529994725618	-1.8063529994725618	-1.2563529994725617	-0.70635299947256169	-0.15635299947256165	0.3936470005274384	4	10	3.4638958368304884E-14	4.0849927778860531	7.1927858953469652	9.8534984069112816	12.242302869677427	14.443194971190341	16.504180675675642	18.455754475602188	20.318719148524206	22.10801768655411	23.834812774672365	25.507703919768836	27.133482780764801	36.934328594947857	51.227054224137817	'3 (MPa)


'1 (MPa)





0	4	10	791.29689999999994	1323.5044000000003	1521.7800999999999	3(MPa)


(1- 3)2 (MPa)2 



0°	-4.6399999999999997	0	4	10	0	28.13	40.380000000000003	49.01	mc=mt=3.9	-4.7755267973262256	-4.2255267973262258	-3.675526797326226	-3.1255267973262262	-2.5755267973262264	-2.0255267973262265	-1.4755267973262265	-0.92552679732622645	-0.3755267973262264	0.17447320267377364	0.72447320267377369	1.2744732026737737	1.8244732026737738	4	10	-3.1974423109204508E-14	6.0654962903935088	10.072369630563408	13.37005310130057	16.271320583389215	18.910164167912548	21.358716264180771	23.661098757881231	25.84663284279458	27.93597813652022	29.944340693680306	31.883298011737917	33.76190666549261	40.724651121555944	57.489367230991824	mt=5.5	-6.2063529994725606	-5.6563529994725608	-5.1063529994725609	-4.5563529994725611	-4.0063529994725613	-3.4563529994725615	-2.9063529994725616	-2.3563529994725618	-1.8063529994725618	-1.2563529994725617	-0.70635299947256169	-0.15635299947256165	0.3936470005274384	4	10	3.4638958368304884E-14	4.0849927778860531	7.1927858953469652	9.8534984069112816	12.242302869677427	14.443194971190341	16.504180675675642	18.455754475602188	20.318719148524206	22.10801768655411	23.834812774672365	25.507703919768836	27.133482780764801	36.934328594947857	51.227054224137817	mc=2.4	0	4	10	29.428557558942639	37.846713282089887	49.55932254222764	'3 (MPa)


'1 (MPa)




Co vs theta

co	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	30.292999999999999	27.4085	24.853999999999999	22.6295	20.734999999999999	19.170500000000001	17.936	17.031500000000001	16.457000000000001	16.212499999999999	16.297999999999998	16.7135	17.459	18.534500000000001	19.940000000000001	21.6755	23.741	26.136500000000002	28.861999999999998	26.136500000000002	23.741	21.6755	19.940000000000001	18.534500000000001	17.459	16.7135	16.297999999999998	16.212499999999999	16.457000000000001	17.031500000000001	17.936	19.170500000000001	20.734999999999999	22.6295	24.853999999999999	27.4085	30.292999999999999	Theta(degree)


C0(MPa)



m vs theta

m	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	7.0667	6.5491999999999999	6.0967000000000002	5.7092000000000001	5.3867000000000003	5.1292	4.9367000000000001	4.8091999999999997	4.7466999999999997	4.7492000000000001	4.8167	4.9492000000000003	5.1467000000000001	5.4092000000000002	5.7366999999999999	6.1292	6.5867000000000004	7.1092000000000004	7.6966999999999999	7.1092000000000004	6.5867000000000004	6.1292	5.7366999999999999	5.4092000000000002	5.1467000000000001	4.9492000000000003	4.8167	4.7492000000000001	4.7466999999999997	4.8091999999999997	4.9367000000000001	5.1292	5.3867000000000003	5.7092000000000001	6.0967000000000002	6.5491999999999999	7.0667	Theta(degree)


m



'1 vs '3

s1	
0	4	10	28.13	40.380000000000003	49.01	'3 (MPa)



'1(MPa)  



'1 vs '3

s1	0	4	10	29.669	37.82	50.03	s1	0	4	10	28.13	40.380000000000003	49.01	'3(MPa)



'1(MPa) 




C0 vs beta

C0	
0	30	45	60	90	44.856999999999999	26.55	26.373999999999999	24.667999999999999	43.122999999999998	beta(degree)


C0(MPa)



m vs beta

m	
0	30	45	60	90	4.1645000000000003	3.5898400000000001	4.1820000000000004	4.9733999999999998	5.0540000000000003	beta(degree)



m



PwH&BWITHOUTCORRECTION vs theta

PwH	&	BWITHOUTCORRECTION	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	-1.436E-2	0.93116500000000002	1.9729909999999999	3.1201490000000001	4.3823629999999998	5.7637799999999997	7.2553939999999999	8.8294280000000001	10.43805	12.01679	13.49136	14.78589	15.830640000000001	16.568079999999998	16.956720000000001	16.97306	16.611750000000001	15.884819999999999	14.81991	15.884819999999999	16.611750000000001	16.97306	16.956720000000001	16.568079999999998	15.830640000000001	14.78589	13.49136	12.01679	10.43805	8.8294280000000001	7.2553939999999999	5.7637799999999997	4.3823629999999998	3.1201490000000001	1.9729909999999999	0.93116500000000002	-1.436E-2	theta(degree)


Pw H&B without correction(MPa)



Pw H&B vs theta

Pw H	&	B	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	2.712062	2.9546380000000001	3.3818640000000002	4.0298210000000001	4.9212069999999999	6.054989	7.4010150000000001	8.9014609999999994	10.477740000000001	12.04002	13.496779999999999	14.763210000000001	15.76779	16.457249999999998	16.79983	16.786860000000001	16.432690000000001	15.77277	14.860139999999999	15.77277	16.432690000000001	16.786860000000001	16.79983	16.457249999999998	15.76779	14.763210000000001	13.496779999999999	12.04002	10.477740000000001	8.9014609999999994	7.4010150000000001	6.054989	4.9212069999999999	4.0298210000000001	3.3818640000000002	2.9546380000000001	2.712062	theta(degree)


Pw H&B(MPa) 



PH&B with and without correction vs theta

Pw H	&	B	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	4.5912610000000003	4.5235000000000003	4.606535	4.8436070000000004	5.2234020000000001	5.7190890000000003	6.2911630000000001	6.8925900000000002	7.474513	7.991352	9.8808129999999998	11.93723	14.050240000000001	16.095379999999999	17.94699	19.49025	20.63081	21.301909999999999	21.46856	21.129280000000001	20.3155	19.089079999999999	17.537680000000002	15.768179999999999	13.89784	12.043699999999999	10.31101	8.7822829999999996	8.3151869999999999	7.7766919999999997	7.1979980000000001	6.6124470000000004	6.05253	5.5473819999999998	5.1217059999999996	4.7965840000000002	4.5912610000000003	PwH	&	BWITHOUTCPRRECTION	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	4.4058760000000001	4.3906539999999996	4.4655630000000004	4.6348029999999998	4.8963700000000001	5.2377940000000001	5.6349369999999999	6.053458	6.4516980000000004	6.7840040000000004	9.2194149999999997	11.628780000000001	13.941409999999999	16.079440000000002	17.96245	19.512889999999999	20.66198	21.355879999999999	21.561150000000001	21.26895	20.497039999999998	19.28895	17.71059	15.84454	13.78308	11.620570000000001	9.4460540000000002	7.3367339999999999	6.9908049999999999	6.5761399999999997	6.1313269999999997	5.6930149999999999	5.2926229999999999	4.9534779999999996	4.6894559999999998	4.5063230000000001	4.4058760000000001	theta(degree)



Pw H&B(MPa) 




mβw  with and without correction vs theta

m	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	4.4353999999999996	4.3029000000000002	4.2454000000000001	4.2629000000000001	4.3554000000000004	4.5228999999999999	4.7653999999999996	5.0829000000000004	5.4753999999999996	5.9428999999999998	5.4753999999999996	5.0829000000000004	4.7653999999999996	4.5228999999999999	4.3554000000000004	4.2629000000000001	4.2454000000000001	4.3029000000000002	4.4353999999999996	4.6429	4.9253999999999998	5.2828999999999997	5.7153999999999998	6.2229000000000001	6.8053999999999997	7.4629000000000003	8.1953999999999994	9.0029000000000003	8.1953999999999994	7.4629000000000003	6.8053999999999997	6.2229000000000001	5.7153999999999998	5.2828999999999997	4.9253999999999998	4.6429	4.4353999999999996	mwithout	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	4.2286999999999999	4.1637000000000004	4.1086999999999998	4.0636999999999999	4.0286999999999997	4.0037000000000003	3.9887000000000001	3.9836999999999998	3.9887000000000001	4.0037000000000003	3.9887000000000001	3.9836999999999998	3.9887000000000001	4.0037000000000003	4.0286999999999997	4.0636999999999999	4.1086999999999998	4.1637000000000004	4.2286999999999999	4.3037000000000001	4.3887	4.4836999999999998	4.5887000000000002	4.7037000000000004	4.8287000000000004	4.9637000000000002	5.1086999999999998	5.2637	5.1086999999999998	4.9637000000000002	4.8287000000000004	4.7037000000000004	4.5887000000000002	4.4836999999999998	4.3887	4.3037000000000001	4.2286999999999999	theta(degree)


mβw 




Coβw with and without correction vs theta

C0	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	24.193999999999999	24.635000000000002	25.405999999999999	26.507000000000001	27.937999999999999	29.699000000000002	31.79	34.210999999999999	36.962000000000003	40.042999999999999	36.962000000000003	34.210999999999999	31.79	29.699000000000002	27.937999999999999	26.507000000000001	25.405999999999999	24.635000000000002	24.193999999999999	24.082999999999998	24.302	24.850999999999999	25.73	26.939	28.478000000000002	30.347000000000001	32.545999999999999	35.075000000000003	32.545999999999999	30.347000000000001	28.478000000000002	26.939	25.73	24.850999999999999	24.302	24.082999999999998	24.193999999999999	Co without	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	24.5825	24.923999999999999	25.7455	27.047000000000001	28.828499999999998	31.09	33.831499999999998	37.052999999999997	40.7545	44.936	40.7545	37.052999999999997	33.831499999999998	31.09	28.828499999999998	27.047000000000001	25.7455	24.923999999999999	24.5825	24.721	25.339500000000001	26.437999999999999	28.016500000000001	30.074999999999999	32.613500000000002	35.631999999999998	39.130499999999998	43.109000000000002	39.130499999999998	35.631999999999998	32.613500000000002	30.074999999999999	28.016500000000001	26.437999999999999	25.339500000000001	24.721	24.5825	theta(degree)



Coβw(MPa)




PH&B with and without correction vs theta

Pw H	&	B	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	2.712062	2.9546380000000001	3.3818640000000002	4.0298210000000001	4.9212069999999999	6.054989	7.4010150000000001	8.9014609999999994	10.477740000000001	12.04002	13.496779999999999	14.763210000000001	15.76779	16.457249999999998	16.79983	16.786860000000001	16.432690000000001	15.77277	14.860139999999999	15.77277	16.432690000000001	16.786860000000001	16.79983	16.457249999999998	15.76779	14.763210000000001	13.496779999999999	12.04002	10.477740000000001	8.9014609999999994	7.4010150000000001	6.054989	4.9212069999999999	4.0298210000000001	3.3818640000000002	2.9546380000000001	2.712062	PwH	&	BWITHOUTCORRECTION	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	-1.436E-2	0.93116500000000002	1.9729909999999999	3.1201490000000001	4.3823629999999998	5.7637799999999997	7.2553939999999999	8.8294280000000001	10.43805	12.01679	13.49136	14.78589	15.830640000000001	16.568079999999998	16.956720000000001	16.97306	16.611750000000001	15.884819999999999	14.81991	15.884819999999999	16.611750000000001	16.97306	16.956720000000001	16.568079999999998	15.830640000000001	14.78589	13.49136	12.01679	10.43805	8.8294280000000001	7.2553939999999999	5.7637799999999997	4.3823629999999998	3.1201490000000001	1.9729909999999999	0.93116500000000002	-1.436E-2	Theta(degree)


Pw H&B(MPa) 




Coβw with and without correction vs theta

C0	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	35.075000000000003	32.545999999999999	30.347000000000001	28.478000000000002	26.939	25.73	24.850999999999999	24.302	24.082999999999998	24.193999999999999	24.635000000000002	25.405999999999999	26.507000000000001	27.937999999999999	29.699000000000002	31.79	34.210999999999999	36.962000000000003	40.042999999999999	36.962000000000003	34.210999999999999	31.79	29.699000000000002	27.937999999999999	26.507000000000001	25.405999999999999	24.635000000000002	24.193999999999999	24.082999999999998	24.302	24.850999999999999	25.73	26.939	28.478000000000002	30.347000000000001	32.545999999999999	35.075000000000003	Cowithoutcorrection	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	43.109000000000002	39.130499999999998	35.631999999999998	32.613500000000002	30.074999999999999	28.016500000000001	26.437999999999999	25.339500000000001	24.721	24.5825	24.923999999999999	25.7455	27.047000000000001	28.828499999999998	31.09	33.831499999999998	37.052999999999997	40.7545	44.936	40.7545	37.052999999999997	33.831499999999998	31.09	28.828499999999998	27.047000000000001	25.7455	24.923999999999999	24.5825	24.721	25.339500000000001	26.437999999999999	28.016500000000001	30.074999999999999	32.613500000000002	35.631999999999998	39.130499999999998	43.109000000000002	theta(degree)



Coβw(MPa)




mβw  with without correction vs theta 

m	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	9.0029000000000003	8.1953999999999994	7.4629000000000003	6.8053999999999997	6.2229000000000001	5.7153999999999998	5.2828999999999997	4.9253999999999998	4.6429	4.4353999999999996	4.3029000000000002	4.2454000000000001	4.2629000000000001	4.3554000000000004	4.5228999999999999	4.7653999999999996	5.0829000000000004	5.4753999999999996	5.9428999999999998	5.4753999999999996	5.0829000000000004	4.7653999999999996	4.5228999999999999	4.3554000000000004	4.2629000000000001	4.2454000000000001	4.3029000000000002	4.4353999999999996	4.6429	4.9253999999999998	5.2828999999999997	5.7153999999999998	6.2229000000000001	6.8053999999999997	7.4629000000000003	8.1953999999999994	9.0029000000000003	m without correction	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	5.2637	5.1086999999999998	4.9637000000000002	4.8287000000000004	4.7037000000000004	4.5887000000000002	4.4836999999999998	4.3887	4.3037000000000001	4.2286999999999999	4.1637000000000004	4.1086999999999998	4.0636999999999999	4.0286999999999997	4.0037000000000003	3.9887000000000001	3.9836999999999998	3.9887000000000001	4.0037000000000003	3.9887000000000001	3.9836999999999998	3.9887000000000001	4.0037000000000003	4.0286999999999997	4.0636999999999999	4.1086999999999998	4.1637000000000004	4.2286999999999999	4.3037000000000001	4.3887	4.4836999999999998	4.5887000000000002	4.7037000000000004	4.8287000000000004	4.9637000000000002	5.1086999999999998	5.2637	beta(degree)


mβw 




PH&B with and without correction vs theta

Pw H	&	B	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	6.063288	6.2835809999999999	6.537909	6.8254539999999997	7.1415680000000004	7.4769959999999998	7.8176769999999998	8.1453100000000003	8.4386899999999994	8.6756600000000006	8.8353859999999997	8.9006480000000003	8.8598239999999997	8.7083100000000009	8.4491589999999999	8.0928459999999998	7.6561909999999997	7.1605860000000003	6.6298079999999997	7.1605860000000003	7.6561909999999997	8.0928459999999998	8.4491589999999999	8.7083100000000009	8.8598239999999997	8.9006480000000003	8.8353859999999997	8.6756600000000006	8.4386899999999994	8.1453100000000003	7.8176769999999998	7.4769959999999998	7.1415680000000004	6.8254539999999997	6.537909	6.2835809999999999	6.063288	PwH	&	B WITHOUT CORRECTION	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	9.3528359999999999	11.01249	11.317589999999999	11.65907	12.031650000000001	12.426030000000001	12.829000000000001	13.224170000000001	13.59342	13.91877	14.1843	14.377700000000001	14.49112	14.52131	14.46916	14.33901	14.1379	13.874790000000001	13.56001	13.874790000000001	14.1379	14.33901	14.46916	14.52131	14.49112	14.377700000000001	14.1843	13.91877	13.59342	13.224170000000001	12.829000000000001	12.426030000000001	12.031650000000001	11.65907	11.317589999999999	11.01249	10.74554	Theta(degree)


Pw H&B(MPa) 




PH&B with and without correction vs theta

Pw H	&	B	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	7.2570100000000002	7.1634700000000002	7.040616	6.8897630000000003	6.712815	6.5122609999999996	6.2911630000000001	6.0530949999999999	5.8020550000000002	5.5423369999999998	6.1978929999999997	6.8919139999999999	7.5950230000000003	8.2731510000000004	8.8907539999999994	9.4143910000000002	9.8160939999999997	10.07606	10.18435	10.14148	9.9580350000000006	9.653219	9.2528030000000001	8.7864260000000005	8.2846600000000006	7.7761380000000004	7.2851569999999999	6.8300890000000001	6.9713250000000002	7.0950150000000001	7.1979980000000001	7.2774720000000004	7.3310760000000004	7.3569339999999999	7.3536849999999996	7.3204840000000004	7.2570100000000002	PwH	&	B WITHOUT CORRECTION	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	10.37082	10.3941	10.420590000000001	10.44969	10.480119999999999	10.50995	10.53668	10.55735	10.56883	10.56798	10.92934	11.30472	11.680300000000001	12.039400000000001	12.36345	12.6333	12.83098	12.94172	12.95594	12.87073	12.690580000000001	12.42689	12.09656	11.719889999999999	11.318149999999999	10.911530000000001	10.51735	10.14912	10.196020000000001	10.232710000000001	10.261049999999999	10.28313	10.30115	10.31723	10.33324	10.35074	10.37082	Theta(defree)


Pw H&B(MPa) 




PH&B with and without correction vs theta

Pw H	&	B	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	4.5384729999999998	4.9192669999999996	5.3545369999999997	5.8363839999999998	6.3512170000000001	6.8802760000000003	7.4010150000000001	7.8891450000000001	8.3209789999999995	8.6756600000000006	8.9369859999999992	9.0946390000000008	9.1447939999999992	9.0901119999999995	8.9391850000000002	8.7055009999999999	8.4060400000000008	8.0596549999999993	7.6854240000000003	8.0596549999999993	8.4060400000000008	8.7055009999999999	8.9391850000000002	9.0901119999999995	9.1447939999999992	9.0946390000000008	8.9369859999999992	8.6756600000000006	8.3209789999999995	7.8891450000000001	7.4010150000000001	6.8802760000000003	6.3512170000000001	5.8363839999999998	5.3545369999999997	4.9192669999999996	4.5384729999999998	PwH	&	B WITHOUT CORRECTION	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	9.6516289999999998	9.7889379999999999	9.9555670000000003	10.15169	10.374980000000001	10.62003	10.878030000000001	11.136990000000001	11.38259	11.59962	11.773759999999999	11.89329	11.95035	11.94159	11.86802	11.73451	11.548859999999999	11.320869999999999	11.06142	11.320869999999999	11.548859999999999	11.73451	11.86802	11.94159	11.95035	11.89329	11.773759999999999	11.59962	11.38259	11.136990000000001	10.878030000000001	10.62003	10.374980000000001	10.15169	9.9555670000000003	9.7889379999999999	9.6516289999999998	Theta(degree)


Pw H&B(MPa) 




PH&B with and without correction vs theta

PwH	&	B	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	6.4349340000000002	6.6867720000000004	6.9441680000000003	7.1979980000000001	7.4369509999999996	7.6480769999999998	7.8176769999999998	7.9324560000000002	7.9808029999999999	7.9540540000000002	7.8475739999999998	7.6614979999999999	7.4010150000000001	7.076092	6.700634	6.2911630000000001	5.865202	5.4396310000000003	5.0292649999999997	5.4396310000000003	5.865202	6.2911630000000001	6.700634	7.076092	7.4010150000000001	7.6614979999999999	7.8475739999999998	7.9540540000000002	7.9808029999999999	7.9324560000000002	7.8176769999999998	7.6480769999999998	7.4369509999999996	7.1979980000000001	6.9441680000000003	6.6867720000000004	6.4349340000000002	PwH	&	B WITHOUT CORRECTION	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	4.2069150000000004	4.9017229999999996	5.5462170000000004	6.1313269999999997	6.647424	7.0845529999999997	7.4328279999999998	7.6829830000000001	7.8270280000000003	7.8588680000000002	7.7747339999999996	7.5732869999999997	7.2553939999999999	6.8236739999999996	6.2819750000000001	5.6349369999999999	4.8877079999999999	4.0458049999999997	3.115097	4.0458049999999997	4.8877079999999999	5.6349369999999999	6.2819750000000001	6.8236739999999996	7.2553939999999999	7.5732869999999997	7.7747339999999996	7.8588680000000002	7.8270280000000003	7.6829830000000001	7.4328279999999998	7.0845529999999997	6.647424	6.1313269999999997	5.5462170000000004	4.9017229999999996	4.2069150000000004	Theta(degree)


Pw H&B(MPa) 




PH&B with and without correction vs theta

Pw H	&	B	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	7.9540540000000002	7.8475739999999998	7.6614979999999999	7.4010150000000001	7.076092	6.700634	6.2911630000000001	5.865202	5.4396310000000003	5.0292649999999997	5.4396310000000003	5.865202	6.2911630000000001	6.700634	7.076092	7.4010150000000001	7.6614979999999999	7.8475739999999998	7.9540540000000002	7.9808029999999999	7.9324560000000002	7.8176769999999998	7.6480769999999998	7.4369509999999996	7.1979980000000001	6.9441680000000003	6.6867720000000004	6.4349340000000002	6.6867720000000004	6.9441680000000003	7.1979980000000001	7.4369509999999996	7.6480769999999998	7.8176769999999998	7.9324560000000002	7.9808029999999999	7.9540540000000002	PwH	&	B WITHOUT CORRECTION	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	7.8588680000000002	7.7747339999999996	7.5732869999999997	7.2553939999999999	6.8236739999999996	6.2819750000000001	5.6349369999999999	4.8877079999999999	4.0458049999999997	3.115097	4.0458049999999997	4.8877079999999999	5.6349369999999999	6.2819750000000001	6.8236739999999996	7.2553939999999999	7.5732869999999997	7.7747339999999996	7.8588680000000002	7.8270280000000003	7.6829830000000001	7.4328279999999998	7.0845529999999997	6.647424	6.1313269999999997	5.5462170000000004	4.9017229999999996	4.2069150000000004	4.9017229999999996	5.5462170000000004	6.1313269999999997	6.647424	7.0845529999999997	7.4328279999999998	7.6829830000000001	7.8270280000000003	7.8588680000000002	Theta(degree)


Pw H&B(MPa) 




PH&B with and without correction vs theta

Pw H	&	B	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	5.0292649999999997	5.4396310000000003	5.865202	6.2911630000000001	6.700634	7.076092	7.4010150000000001	7.6614979999999999	7.8475739999999998	7.9540540000000002	7.9808029999999999	7.9324560000000002	7.8176769999999998	7.6480769999999998	7.4369509999999996	7.1979980000000001	6.9441680000000003	6.6867720000000004	6.4349340000000002	6.6867720000000004	6.9441680000000003	7.1979980000000001	7.4369509999999996	7.6480769999999998	7.8176769999999998	7.9324560000000002	7.9808029999999999	7.9540540000000002	7.8475739999999998	7.6614979999999999	7.4010150000000001	7.076092	6.700634	6.2911630000000001	5.865202	5.4396310000000003	5.0292649999999997	PwH	&	BWITHOUTCORRECTION	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	3.115097	4.0458049999999997	4.8877079999999999	5.6349369999999999	6.2819750000000001	6.8236739999999996	7.2553939999999999	7.5732869999999997	7.7747339999999996	7.8588680000000002	7.8270280000000003	7.6829830000000001	7.4328279999999998	7.0845529999999997	6.647424	6.1313269999999997	5.5462170000000004	4.9017229999999996	4.2069150000000004	4.9017229999999996	5.5462170000000004	6.1313269999999997	6.647424	7.0845529999999997	7.4328279999999998	7.6829830000000001	7.8270280000000003	7.8588680000000002	7.7747339999999996	7.5732869999999997	7.2553939999999999	6.8236739999999996	6.2819750000000001	5.6349369999999999	4.8877079999999999	4.0458049999999997	3.115097	Theta(degree)


Pw H&B(MPa) 




Pw H&B vs theta


Pw H	&	B	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	5.1059039999999998	5.3472479999999996	5.7333230000000004	6.310797	7.1227479999999996	8.1920199999999994	9.5080480000000005	11.02318	12.6585	14.31521	15.88738	17.273319999999998	18.384640000000001	19.15259	19.532250000000001	19.504490000000001	19.076329999999999	18.279399999999999	17.16695	18.279399999999999	19.076329999999999	19.504490000000001	19.532250000000001	19.15259	18.384640000000001	17.273319999999998	15.88738	14.31521	12.6585	11.02318	9.5080480000000005	8.1920199999999994	7.1227479999999996	6.310797	5.7333230000000004	5.3472479999999996	5.1059039999999998	Theta(degree)


Pw H&B(MPa) 



Coβw vs theta

Co	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	28.861999999999998	26.136500000000002	23.741	21.6755	19.940000000000001	18.534500000000001	17.459	16.7135	16.297999999999998	16.212499999999999	16.457000000000001	17.031500000000001	17.936	19.170500000000001	20.734999999999999	22.6295	24.853999999999999	27.4085	30.292999999999999	27.4085	24.853999999999999	22.6295	20.734999999999999	19.170500000000001	17.936	17.031500000000001	16.457000000000001	16.212499999999999	16.297999999999998	16.7135	17.459	18.534500000000001	19.940000000000001	21.6755	23.741	26.136500000000002	28.861999999999998	theta(degree)


Coβw(MPa)



mβw  vs theta

m	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	7.6966999999999999	7.1092000000000004	6.5867000000000004	6.1292	5.7366999999999999	5.4092000000000002	5.1467000000000001	4.9492000000000003	4.8167	4.7492000000000001	4.7466999999999997	4.8091999999999997	4.9367000000000001	5.1292	5.3867000000000003	5.7092000000000001	6.0967000000000002	6.5491999999999999	7.0667	6.5491999999999999	6.0967000000000002	5.7092000000000001	5.3867000000000003	5.1292	4.9367000000000001	4.8091999999999997	4.7466999999999997	4.7492000000000001	4.8167	4.9492000000000003	5.1467000000000001	5.4092000000000002	5.7366999999999999	6.1292	6.5867000000000004	7.1092000000000004	7.6966999999999999	theta(degree)


mβw 



Pw H&B vs theta


Pw H	&	B	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	6.283766	6.32585	6.4997790000000002	6.801812	7.2186469999999998	7.7250399999999999	8.2852230000000002	8.8568829999999998	9.3959639999999993	9.8611120000000003	11.82226	13.96682	16.188369999999999	18.363240000000001	20.362549999999999	22.063859999999998	23.361080000000001	24.172619999999998	24.447320000000001	24.168209999999998	23.353919999999999	22.057559999999999	20.363140000000001	18.379280000000001	16.230689999999999	14.04745	11.952870000000001	10.0511	9.5862599999999993	9.0453159999999997	8.4677570000000006	7.8958719999999998	7.3704900000000002	6.926431	6.5888799999999996	6.3724429999999996	6.283766	Theta(degree)


Pw H&B(MPa) 



Coβw vs theta

c0	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	16.212499999999999	16.457000000000001	17.031500000000001	17.936	19.170500000000001	20.734999999999999	22.6295	24.853999999999999	27.4085	30.292999999999999	27.4085	24.853999999999999	22.6295	20.734999999999999	19.170500000000001	17.936	17.031500000000001	16.457000000000001	16.212499999999999	16.297999999999998	16.7135	17.459	18.534500000000001	19.940000000000001	21.6755	23.741	26.136500000000002	28.861999999999998	26.136500000000002	23.741	21.6755	19.940000000000001	18.534500000000001	17.459	16.7135	16.297999999999998	16.212499999999999	theta(degree)


Coβw(MPa)



mβw vs theta

m	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	4.7492000000000001	4.7466999999999997	4.8091999999999997	4.9367000000000001	5.1292	5.3867000000000003	5.7092000000000001	6.0967000000000002	6.5491999999999999	7.0667	6.5491999999999999	6.0967000000000002	5.7092000000000001	5.3867000000000003	5.1292	4.9367000000000001	4.8091999999999997	4.7466999999999997	4.7492000000000001	4.8167	4.9492000000000003	5.1467000000000001	5.4092000000000002	5.7366999999999999	6.1292	6.5867000000000004	7.1092000000000004	7.6966999999999999	7.1092000000000004	6.5867000000000004	6.1292	5.7366999999999999	5.4092000000000002	5.1467000000000001	4.9492000000000003	4.8167	4.7492000000000001	theta(degree)


mβw 



Pw H&B vs theta


Pw H	&	B	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	4.7070850000000002	4.9879319999999998	5.4243540000000001	6.0596110000000003	6.93147	8.0571470000000005	9.4218019999999996	10.975630000000001	12.639419999999999	14.31521	15.89832	17.28847	18.398779999999999	19.162400000000002	19.536670000000001	19.505109999999998	19.077459999999999	18.287839999999999	17.191379999999999	18.287839999999999	19.077459999999999	19.505109999999998	19.536670000000001	19.162400000000002	18.398779999999999	17.28847	15.89832	14.31521	12.639419999999999	10.975630000000001	9.4218019999999996	8.0571470000000005	6.93147	6.0596110000000003	5.4243540000000001	4.9879319999999998	4.7070850000000002	Theta(degree)


Pw H&B(MPa) 



PwH&B vs theta


PwH	&	B	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	9.2680129999999998	9.4923889999999993	9.7588019999999993	10.06724	10.41324	10.78702	11.17338	11.55261	11.90236	12.20013	12.425850000000001	12.56409	12.60561	12.5481	12.39607	12.160080000000001	11.855420000000001	11.500400000000001	11.114570000000001	11.500400000000001	11.855420000000001	12.160080000000001	12.39607	12.5481	12.60561	12.56409	12.425850000000001	12.20013	11.90236	11.55261	11.17338	10.78702	10.41324	10.06724	9.7588019999999993	9.4923889999999993	9.2680129999999998	Theta(degree)


Pw H&B(MPa) 



Pw H&B vs theta


Pw H	&	B	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	10.792899999999999	10.79086	10.77219	10.736649999999999	10.683949999999999	10.613860000000001	10.526400000000001	10.421989999999999	10.30158	10.166729999999999	10.64489	11.16311	11.70063	12.23067	12.72255	13.1447	13.4679	13.668559999999999	13.731389999999999	13.65123	13.433719999999999	13.094799999999999	12.65882	12.155760000000001	11.61786	11.076090000000001	10.557119999999999	10.08118	10.21997	10.346259999999999	10.45837	10.55513	10.635759999999999	10.699909999999999	10.747450000000001	10.77843	10.792899999999999	Theta(degree)


Pw H&B(MPa) 



PwH&B vs theta


PwH	&	B	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	6.4337540000000004	6.8586049999999998	7.3265989999999999	7.8310060000000004	8.3601740000000007	8.8974469999999997	9.4218019999999996	9.9092260000000003	10.33469	10.67446	10.908480000000001	11.02233	11.00869	10.867929999999999	10.607939999999999	10.24314	9.7930460000000004	9.2803240000000002	8.7288309999999996	9.2803240000000002	9.7930460000000004	10.24314	10.607939999999999	10.867929999999999	11.00869	11.02233	10.908480000000001	10.67446	10.33469	9.9092260000000003	9.4218019999999996	8.8974469999999997	8.3601740000000007	7.8310060000000004	7.3265989999999999	6.8586049999999998	6.4337540000000004	Theta(degree)


Pw H&B(MPa) 



PwH&BW vs theta


PwH	&	BW	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	7.6219260000000002	8.0490320000000004	8.4677570000000006	8.8620619999999999	9.2145989999999998	9.5080480000000005	9.7266499999999994	9.8577370000000002	9.8930410000000002	9.8295589999999997	9.6698629999999994	9.4218019999999996	9.0976809999999997	8.7130399999999995	8.2852230000000002	7.8319039999999998	7.3697470000000003	6.9133389999999997	7.3697470000000003	7.8319039999999998	8.2852230000000002	8.7130399999999995	9.0976809999999997	9.4218019999999996	9.6698629999999994	9.8295589999999997	9.8930410000000002	9.8577370000000002	9.7266499999999994	9.5080480000000005	9.2145989999999998	8.8620619999999999	8.4677570000000006	8.0490320000000004	7.6219260000000002	7.2001809999999997	7.6219260000000002	Theta(degree)


Pw H&B(MPa) 



PwH&BW vs theta


PwH	&	BW	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	9.8930410000000002	9.8295589999999997	9.6698629999999994	9.4218019999999996	9.0976809999999997	8.7130399999999995	8.2852230000000002	7.8319039999999998	7.3697470000000003	6.9133389999999997	7.3697470000000003	7.8319039999999998	8.2852230000000002	8.7130399999999995	9.0976809999999997	9.4218019999999996	9.6698629999999994	9.8295589999999997	9.8930410000000002	9.8577370000000002	9.7266499999999994	9.5080480000000005	9.2145989999999998	8.8620619999999999	8.4677570000000006	8.0490320000000004	7.6219260000000002	7.2001809999999997	7.6219260000000002	8.0490320000000004	8.4677570000000006	8.8620619999999999	9.2145989999999998	9.5080480000000005	9.7266499999999994	9.8577370000000002	9.8930410000000002	Theta(degree)


Pw H&B(MPa) 



Pw H&B vs theta


Pw H	&	B	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	6.9133389999999997	7.3697470000000003	7.8319039999999998	8.2852230000000002	8.7130399999999995	9.0976809999999997	9.4218019999999996	9.6698629999999994	9.8295589999999997	9.8930410000000002	9.8577370000000002	9.7266499999999994	9.5080480000000005	9.2145989999999998	8.8620619999999999	8.4677570000000006	8.0490320000000004	7.6219260000000002	7.2001809999999997	7.6219260000000002	8.0490320000000004	8.4677570000000006	8.8620619999999999	9.2145989999999998	9.5080480000000005	9.7266499999999994	9.8577370000000002	9.8930410000000002	9.8295589999999997	9.6698629999999994	9.4218019999999996	9.0976809999999997	8.7130399999999995	8.2852230000000002	7.8319039999999998	7.3697470000000003	6.9133389999999997	Theta(degree)


Pw H&B(MPa) 



S for max=36 , 23 and 20 vs theta

S for smax=36	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	24	24.486149999999999	25.929839999999999	28.287189999999999	31.48658	35.430799999999998	40	45.05536	50.443260000000002	56	61.556739999999998	66.944640000000007	72	76.569199999999995	80.513419999999996	83.712810000000005	86.070160000000001	87.513850000000005	88	87.513850000000005	86.070160000000001	83.712810000000005	80.513419999999996	76.569199999999995	72	66.944640000000007	61.556739999999998	56	50.443260000000002	45.05536	40	35.430799999999998	31.48658	28.287189999999999	25.929839999999999	24.486149999999999	24	S smax=23	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	37	37.091149999999999	37.361840000000001	37.803849999999997	38.403730000000003	39.143270000000001	40	40.947879999999998	41.958109999999998	43	44.041890000000002	45.052120000000002	46	46.856729999999999	47.596269999999997	48.196150000000003	48.638159999999999	48.908850000000001	49	48.908850000000001	48.638159999999999	48.196150000000003	47.596269999999997	46.856729999999999	46	45.052120000000002	44.041890000000002	43	41.958109999999998	40.947879999999998	40	39.143270000000001	38.403730000000003	37.803849999999997	37.361840000000001	37.091149999999999	37	S for smax=20	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	40	40	40	40	40	40	40	40	40	40	40	40	40	40	40	40	40	40	40	40	40	40	40	40	40	40	40	40	40	40	40	40	40	40	40	40	40	Theta(degree)


State of stress(MPa)




'1 vs '3


1	5	20	41.071599999999997	54.73	105.95	
1	5	20	45.035260000000001	56.744300000000003	100.6532	'3(MPa) 


'1(MPa) 




'1 vs '3

s'1 at 60	
1	5	20	20.3369	34.032499999999999	85.391000000000005	s'1 at 45	
1	5	20	25.364699999999999	36.847499999999997	79.908000000000001	'3(MPa)


'1(MPa) 




'1 vs βw 

s'1	
0	10	20	30	40	45	50	60.6	70	80	90	32.18	22.84	25.56	s'1	0	10	20	30	40	45	50	60.6	70	80	90	43.0535	43.0535	Beta(degree)


'1(MPa) 




 Pw vs theta


Pw	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	0.35615000000000002	0.47270400000000001	0.81882999999999995	1.3840060000000001	2.151062	3.0966909999999999	4.1921600000000003	5.4041860000000002	6.6959390000000001	8.0281710000000004	9.3604029999999998	10.65216	11.864179999999999	12.95965	13.905279999999999	14.67234	15.23751	15.583640000000001	15.700189999999999	15.583640000000001	15.23751	14.67234	13.905279999999999	12.95965	11.864179999999999	10.65216	9.3604029999999998	8.0281710000000004	6.6959390000000001	5.4041860000000002	4.1921600000000003	3.0966909999999999	2.151062	1.3840060000000001	0.81882999999999995	0.47270400000000001	0.35615000000000002	Theta(degree)


Pw(MPa)



Pwpm vs theta

Pwpm	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	7.0653449999999998	10.346159999999999	13.03791	15.18854	16.750499999999999	17.611979999999999	17.5961	16.429849999999998	13.6593	8.4292459999999991	8.4292459999999991	13.6593	16.429849999999998	17.5961	17.611979999999999	16.750499999999999	15.18854	13.03791	10.346159999999999	7.0653449999999998	Theta(degree)


Pwpm(MPa)



mud pressure vs theta

Pwpm	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	7.0653449999999998	10.346159999999999	13.03791	15.18854	16.750499999999999	17.611979999999999	17.5961	16.429849999999998	13.6593	8.4292459999999991	8.4292459999999991	13.6593	16.429849999999998	17.5961	17.611979999999999	16.750499999999999	15.18854	13.03791	10.346159999999999	7.0653449999999998	Pw	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	0.35615000000000002	0.47270400000000001	0.81882999999999995	1.3840060000000001	2.151062	3.0966909999999999	4.1921600000000003	5.4041860000000002	6.6959390000000001	8.0281710000000004	9.3604029999999998	10.65216	11.864179999999999	12.95965	13.905279999999999	14.67234	15.23751	15.583640000000001	15.700189999999999	15.583640000000001	15.23751	14.67234	13.905279999999999	12.95965	11.864179999999999	10.65216	9.3604029999999998	8.0281710000000004	6.6959390000000001	5.4041860000000002	4.1921600000000003	3.0966909999999999	2.151062	1.3840060000000001	0.81882999999999995	0.47270400000000001	0.35615000000000002	Pw H	&	B with correction	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	2.712062	2.9546380000000001	3.3818640000000002	4.0298210000000001	4.9212069999999999	6.054989	7.4010150000000001	8.9014609999999994	10.477740000000001	12.04002	13.496779999999999	14.763210000000001	15.76779	16.457249999999998	16.79983	16.786860000000001	16.432690000000001	15.77277	14.860139999999999	15.77277	16.432690000000001	16.786860000000001	16.79983	16.457249999999998	15.76779	14.763210000000001	13.496779999999999	12.04002	10.477740000000001	8.9014609999999994	7.4010150000000001	6.054989	4.9212069999999999	4.0298210000000001	3.3818640000000002	2.9546380000000001	2.712062	Theta(degree)


mud pressure(MPa) 




mud pressure vs theta

Pwpm	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	4.0292310000000002	3.0152510000000001	1.289369	6.5224739999999999	12.84948	16.663080000000001	18.809809999999999	19.70429	19.574059999999999	18.550799999999999	16.702729999999999	14.03425	10.451230000000001	6.7795680000000003	7.4893479999999997	7.3848050000000001	6.8812160000000002	6.2128360000000002	5.5044890000000004	4.7947870000000004	4.0292310000000002	Pw	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	0.35615000000000002	0.47270400000000001	0.81882999999999995	1.3840060000000001	2.151062	3.0966909999999999	4.1921600000000003	5.4041860000000002	6.6959390000000001	8.0281710000000004	9.3604029999999998	10.65216	11.864179999999999	12.95965	13.905279999999999	14.67234	15.23751	15.583640000000001	15.700189999999999	15.583640000000001	15.23751	14.67234	13.905279999999999	12.95965	11.864179999999999	10.65216	9.3604029999999998	8.0281710000000004	6.6959390000000001	5.4041860000000002	4.1921600000000003	3.0966909999999999	2.151062	1.3840060000000001	0.81882999999999995	0.47270400000000001	0.35615000000000002	Pw H	&	B	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	4.5912610000000003	4.5235000000000003	4.606535	4.8436070000000004	5.2234020000000001	5.7190890000000003	6.2911630000000001	6.8925900000000002	7.474513	7.991352	9.8808129999999998	11.93723	14.050240000000001	16.095379999999999	17.94699	19.49025	20.63081	21.301909999999999	21.46856	21.129280000000001	20.3155	19.089079999999999	17.537680000000002	15.768179999999999	13.89784	12.043699999999999	10.31101	8.7822829999999996	8.3151869999999999	7.7766919999999997	7.1979980000000001	6.6124470000000004	6.05253	5.5473819999999998	5.1217059999999996	4.7965840000000002	4.5912610000000003	Theta(degree)


mud pressure(MPa) 




mud pressure vs theta

Pwpm	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	1.695532	3.5714950000000001	5.0937479999999997	6.4914319999999996	7.820036	9.0363930000000003	10.020239999999999	10.566689999999999	10.346159999999999	8.7993839999999999	10.346159999999999	10.566689999999999	10.020239999999999	9.0363930000000003	7.820036	6.4914319999999996	5.0937479999999997	3.5714950000000001	1.695532	Pw	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	0.35615000000000002	0.47270400000000001	0.81882999999999995	1.3840060000000001	2.151062	3.0966909999999999	4.1921600000000003	5.4041860000000002	6.6959390000000001	8.0281710000000004	9.3604029999999998	10.65216	11.864179999999999	12.95965	13.905279999999999	14.67234	15.23751	15.583640000000001	15.700189999999999	15.583640000000001	15.23751	14.67234	13.905279999999999	12.95965	11.864179999999999	10.65216	9.3604029999999998	8.0281710000000004	6.6959390000000001	5.4041860000000002	4.1921600000000003	3.0966909999999999	2.151062	1.3840060000000001	0.81882999999999995	0.47270400000000001	0.35615000000000002	Pw H	&	B	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	4.7667739999999998	4.8487099999999996	5.0422349999999998	5.3950570000000004	5.9564389999999996	6.7617089999999997	7.8176769999999998	9.0954040000000003	10.53215	12.04002	13.51751	14.86116	15.975849999999999	16.783059999999999	17.227049999999998	17.278700000000001	16.93695	16.22795	15.201969999999999	16.22795	16.93695	17.278700000000001	17.227049999999998	16.783059999999999	15.975849999999999	14.86116	13.51751	12.04002	10.53215	9.0954040000000003	7.8176769999999998	6.7617089999999997	5.9564389999999996	5.3950570000000004	5.0422349999999998	4.8487099999999996	4.7667739999999998	Theta(degree)


mud pressure(MPa) 




mud pressure vs theta

Pwpm	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	3.8708550000000002	7.6605340000000002	10.806620000000001	13.409610000000001	15.449590000000001	16.828489999999999	17.374199999999998	16.81176	14.677899999999999	10.09376	10.09376	14.677899999999999	16.81176	17.374199999999998	16.828489999999999	15.449590000000001	13.409610000000001	10.806620000000001	7.6605340000000002	3.8708550000000002	Pw	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	-3.36381	-3.2181600000000001	-2.7856200000000002	-2.0793400000000002	-1.1207800000000001	6.0940000000000001E-2	1.429907	2.944531	4.5587859999999996	6.2236269999999996	7.8884679999999996	9.5027229999999996	11.01735	12.38631	13.56803	14.526590000000001	15.23287	15.66541	15.811070000000001	15.66541	15.23287	14.526590000000001	13.56803	12.38631	11.01735	9.5027229999999996	7.8884679999999996	6.2236269999999996	4.5587859999999996	2.944531	1.429907	6.0940000000000001E-2	-1.1207800000000001	-2.0793400000000002	-2.7856200000000002	-3.2181600000000001	-3.36381	PwH	&	BWITHOUTCORRECTION	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	-1.436E-2	0.93116500000000002	1.9729909999999999	3.1201490000000001	4.3823629999999998	5.7637799999999997	7.2553939999999999	8.8294280000000001	10.43805	12.01679	13.49136	14.78589	15.830640000000001	16.568079999999998	16.956720000000001	16.97306	16.611750000000001	15.884819999999999	14.81991	15.884819999999999	16.611750000000001	16.97306	16.956720000000001	16.568079999999998	15.830640000000001	14.78589	13.49136	12.01679	10.43805	8.8294280000000001	7.2553939999999999	5.7637799999999997	4.3823629999999998	3.1201490000000001	1.9729909999999999	0.93116500000000002	-1.436E-2	Theta(degree)


mud pressure(MPa) 




mud pressure vs theta

Pwpm	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	0.763324	-6.6930000000000003E-2	-1.30942	14.979990000000001	18.6965	20.849910000000001	21.784020000000002	21.675830000000001	20.6127	18.616019999999999	15.63083	11.47259	2.7155269999999998	3.3137259999999999	3.1802269999999999	2.7056179999999999	2.0974020000000002	1.4497	0.763324	Pw	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	-3.36381	-3.2181600000000001	-2.7856200000000002	-2.0793400000000002	-1.1207800000000001	6.0940000000000001E-2	1.429907	2.944531	4.5587859999999996	6.2236269999999996	7.8884679999999996	9.5027229999999996	11.01735	12.38631	13.56803	14.526590000000001	15.23287	15.66541	15.811070000000001	15.66541	15.23287	14.526590000000001	13.56803	12.38631	11.01735	9.5027229999999996	7.8884679999999996	6.2236269999999996	4.5587859999999996	2.944531	1.429907	6.0940000000000001E-2	-1.1207800000000001	-2.0793400000000002	-2.7856200000000002	-3.2181600000000001	-3.36381	PwH	&	BWITHOUTCPRRECTION	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	4.4058760000000001	4.3906539999999996	4.4655630000000004	4.6348029999999998	4.8963700000000001	5.2377940000000001	5.6349369999999999	6.053458	6.4516980000000004	6.7840040000000004	9.2194149999999997	11.628780000000001	13.941409999999999	16.079440000000002	17.96245	19.512889999999999	20.66198	21.355879999999999	21.561150000000001	21.26895	20.497039999999998	19.28895	17.71059	15.84454	13.78308	11.620570000000001	9.4460540000000002	7.3367339999999999	6.9908049999999999	6.5761399999999997	6.1313269999999997	5.6930149999999999	5.2926229999999999	4.9534779999999996	4.6894559999999998	4.5063230000000001	4.4058760000000001	Theta(degree)


mud pressure(MPa) 




mud pressure vs theta

Pwpm	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	2.1328010000000002	4.42204	6.4898300000000004	8.3236329999999992	9.8241180000000004	10.806620000000001	10.96903	9.7997110000000003	6.3303789999999998	6.3303789999999998	9.7997110000000003	10.96903	10.806620000000001	9.8241180000000004	8.3236329999999992	6.4898300000000004	4.42204	2.1328010000000002	Pw	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	-3.36381	-3.2181600000000001	-2.7856200000000002	-2.0793400000000002	-1.1207800000000001	6.0940000000000001E-2	1.429907	2.944531	4.5587859999999996	6.2236269999999996	7.8884679999999996	9.5027229999999996	11.01735	12.38631	13.56803	14.526590000000001	15.23287	15.66541	15.811070000000001	15.66541	15.23287	14.526590000000001	13.56803	12.38631	11.01735	9.5027229999999996	7.8884679999999996	6.2236269999999996	4.5587859999999996	2.944531	1.429907	6.0940000000000001E-2	-1.1207800000000001	-2.0793400000000002	-2.7856200000000002	-3.2181600000000001	-3.36381	PwH	&	B WITHOUT CORRECTION	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	8.1404809999999994	8.1970109999999998	8.3436780000000006	8.6253849999999996	9.0938250000000007	9.7903669999999998	10.73007	11.893990000000001	13.23122	14.66769	16.117619999999999	17.49428	18.718530000000001	19.724419999999999	20.462299999999999	20.9	21.022870000000001	20.83304	20.348289999999999	20.83304	21.022870000000001	20.9	20.462299999999999	19.724419999999999	18.718530000000001	17.49428	16.117619999999999	14.66769	13.23122	11.893990000000001	10.73007	9.7903669999999998	9.0938250000000007	8.6253849999999996	8.3436780000000006	8.1970109999999998	8.1404809999999994	Theta(degree)


mud pressure(MPa) 




mud pressure vs theta

Pwpm	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	5.7414050000000003	7.7799050000000003	9.1432599999999997	10.01947	10.48279	10.53969	10.140309999999999	9.165692	7.3805389999999997	4.3047890000000004	4.3047890000000004	7.3805389999999997	9.165692	10.140309999999999	10.53969	10.48279	10.01947	9.1432599999999997	7.7799050000000003	5.7414050000000003	Pw	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	3.4729079999999999	3.4947620000000001	3.5596610000000002	3.6656309999999999	3.8094540000000001	3.9867599999999999	4.1921600000000003	4.4194149999999999	4.661619	4.9114120000000003	5.161206	5.4034089999999999	5.6306640000000003	5.8360649999999996	6.0133700000000001	6.1571930000000004	6.2631639999999997	6.3280620000000001	6.3499160000000003	6.3280620000000001	6.2631639999999997	6.1571930000000004	6.0133700000000001	5.8360649999999996	5.6306640000000003	5.4034089999999999	5.161206	4.9114120000000003	4.661619	4.4194149999999999	4.1921600000000003	3.9867599999999999	3.8094540000000001	3.6656309999999999	3.5596610000000002	3.4947620000000001	3.4729079999999999	Pw H	&	B	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	4.5384729999999998	4.9192669999999996	5.3545369999999997	5.8363839999999998	6.3512170000000001	6.8802760000000003	7.4010150000000001	7.8891450000000001	8.3209789999999995	8.6756600000000006	8.9369859999999992	9.0946390000000008	9.1447939999999992	9.0901119999999995	8.9391850000000002	8.7055009999999999	8.4060400000000008	8.0596549999999993	7.6854240000000003	8.0596549999999993	8.4060400000000008	8.7055009999999999	8.9391850000000002	9.0901119999999995	9.1447939999999992	9.0946390000000008	8.9369859999999992	8.6756600000000006	8.3209789999999995	7.8891450000000001	7.4010150000000001	6.8802760000000003	6.3512170000000001	5.8363839999999998	5.3545369999999997	4.9192669999999996	4.5384729999999998	Thtea(degree)


mud pressure(MPa) 




mud pressure vs theta

Pwpm	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	6.5954819999999996	4.9820120000000001	6.8259309999999997	8.9643280000000001	10.225490000000001	10.86618	11.0122	10.71571	9.9727999999999994	8.7165180000000007	6.7790239999999997	6.0905880000000003	7.4893479999999997	8.2256870000000006	8.527666	8.5069769999999991	8.2037130000000005	7.5976730000000003	6.5954819999999996	Pw	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	3.4729079999999999	3.4947620000000001	3.5596610000000002	3.6656309999999999	3.8094540000000001	3.9867599999999999	4.1921600000000003	4.4194149999999999	4.661619	4.9114120000000003	5.161206	5.4034089999999999	5.6306640000000003	5.8360649999999996	6.0133700000000001	6.1571930000000004	6.2631639999999997	6.3280620000000001	6.3499160000000003	6.3280620000000001	6.2631639999999997	6.1571930000000004	6.0133700000000001	5.8360649999999996	5.6306640000000003	5.4034089999999999	5.161206	4.9114120000000003	4.661619	4.4194149999999999	4.1921600000000003	3.9867599999999999	3.8094540000000001	3.6656309999999999	3.5596610000000002	3.4947620000000001	3.4729079999999999	Pw H	&	B	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	7.2570100000000002	7.1634700000000002	7.040616	6.8897630000000003	6.712815	6.5122609999999996	6.2911630000000001	6.0530949999999999	5.8020550000000002	5.5423369999999998	6.1978929999999997	6.8919139999999999	7.5950230000000003	8.2731510000000004	8.8907539999999994	9.4143910000000002	9.8160939999999997	10.07606	10.18435	10.14148	9.9580350000000006	9.653219	9.2528030000000001	8.7864260000000005	8.2846600000000006	7.7761380000000004	7.2851569999999999	6.8300890000000001	6.9713250000000002	7.0950150000000001	7.1979980000000001	7.2774720000000004	7.3310760000000004	7.3569339999999999	7.3536849999999996	7.3204840000000004	7.2570100000000002	Theta(MPa)


mud pressure(MPa) 




mud pressure vs theta

Pwpm	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	3.0422169999999999	5.4890739999999996	7.0401730000000002	8.0581800000000001	8.7036949999999997	9.0363930000000003	9.0504169999999995	8.6799040000000005	7.7799050000000003	6.0665380000000004	6.0665380000000004	7.7799050000000003	8.6799040000000005	9.0504169999999995	9.0363930000000003	8.7036949999999997	8.0581800000000001	7.0401730000000002	5.4890739999999996	3.0422169999999999	Pw	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	3.4729079999999999	3.4947620000000001	3.5596610000000002	3.6656309999999999	3.8094540000000001	3.9867599999999999	4.1921600000000003	4.4194149999999999	4.661619	4.9114120000000003	5.161206	5.4034089999999999	5.6306640000000003	5.8360649999999996	6.0133700000000001	6.1571930000000004	6.2631639999999997	6.3280620000000001	6.3499160000000003	6.3280620000000001	6.2631639999999997	6.1571930000000004	6.0133700000000001	5.8360649999999996	5.6306640000000003	5.4034089999999999	5.161206	4.9114120000000003	4.661619	4.4194149999999999	4.1921600000000003	3.9867599999999999	3.8094540000000001	3.6656309999999999	3.5596610000000002	3.4947620000000001	3.4729079999999999	Pw H	&	B	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	6.063288	6.2835809999999999	6.537909	6.8254539999999997	7.1415680000000004	7.4769959999999998	7.8176769999999998	8.1453100000000003	8.4386899999999994	8.6756600000000006	8.8353859999999997	8.9006480000000003	8.8598239999999997	8.7083100000000009	8.4491589999999999	8.0928459999999998	7.6561909999999997	7.1605860000000003	6.6298079999999997	7.1605860000000003	7.6561909999999997	8.0928459999999998	8.4491589999999999	8.7083100000000009	8.8598239999999997	8.9006480000000003	8.8353859999999997	8.6756600000000006	8.4386899999999994	8.1453100000000003	7.8176769999999998	7.4769959999999998	7.1415680000000004	6.8254539999999997	6.537909	6.2835809999999999	6.063288	Theta(degree)


mud pressure(MP) 




mud pressure vs theta

Pwpm	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	2.760532	5.1364489999999998	6.7283299999999997	7.7605899999999997	8.3242650000000005	8.4300390000000007	8.0212120000000002	6.9580869999999999	4.960661	1.4515229999999999	1.4515229999999999	4.960661	6.9580869999999999	8.0212120000000002	8.4300390000000007	8.3242650000000005	7.7605899999999997	6.7283299999999997	5.1364489999999998	2.760532	Pw	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	0.531084	0.55839399999999995	0.63949400000000001	0.77192400000000005	0.95165200000000005	1.173224	1.429907	1.7138990000000001	2.0165709999999999	2.328729	2.6408870000000002	2.9435600000000002	3.2275520000000002	3.484235	3.7058059999999999	3.885535	4.0179640000000001	4.0990650000000004	4.1263740000000002	4.0990650000000004	4.0179640000000001	3.885535	3.7058059999999999	3.484235	3.2275520000000002	2.9435600000000002	2.6408870000000002	2.328729	2.0165709999999999	1.7138990000000001	1.429907	1.173224	0.95165200000000005	0.77192400000000005	0.63949400000000001	0.55839399999999995	0.531084	PwH	&	B WITHOUT CORRECTION	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	9.6516289999999998	9.7889379999999999	9.9555670000000003	10.15169	10.374980000000001	10.62003	10.878030000000001	11.136990000000001	11.38259	11.59962	11.773759999999999	11.89329	11.95035	11.94159	11.86802	11.73451	11.548859999999999	11.320869999999999	11.06142	11.320869999999999	11.548859999999999	11.73451	11.86802	11.94159	11.95035	11.89329	11.773759999999999	11.59962	11.38259	11.136990000000001	10.878030000000001	10.62003	10.374980000000001	10.15169	9.9555670000000003	9.7889379999999999	9.6516289999999998	Theta(degree)


mud pressure(MPa) 




mud pressure vs theta

Pwpm	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	4.8452120000000001	3.6875490000000002	1.789229	-1.4023300000000001	0.94846699999999995	4.8434949999999999	7.2056940000000003	8.6114479999999993	9.3307939999999991	9.4916850000000004	9.1395780000000002	8.2540510000000005	6.7366630000000001	4.3596659999999998	2.7177159999999998	4.4272030000000004	5.3598379999999999	5.7820010000000002	5.8207269999999998	5.5181060000000004	4.8452120000000001	Pw	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	0.531084	0.55839399999999995	0.63949400000000001	0.77192400000000005	0.95165200000000005	1.173224	1.429907	1.7138990000000001	2.0165709999999999	2.328729	2.6408870000000002	2.9435600000000002	3.2275520000000002	3.484235	3.7058059999999999	3.885535	4.0179640000000001	4.0990650000000004	4.1263740000000002	4.0990650000000004	4.0179640000000001	3.885535	3.7058059999999999	3.484235	3.2275520000000002	2.9435600000000002	2.6408870000000002	2.328729	2.0165709999999999	1.7138990000000001	1.429907	1.173224	0.95165200000000005	0.77192400000000005	0.63949400000000001	0.55839399999999995	0.531084	PwH	&	B WITHOUT CORRECTION	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	10.37082	10.3941	10.420590000000001	10.44969	10.480119999999999	10.50995	10.53668	10.55735	10.56883	10.56798	10.92934	11.30472	11.680300000000001	12.039400000000001	12.36345	12.6333	12.83098	12.94172	12.95594	12.87073	12.690580000000001	12.42689	12.09656	11.719889999999999	11.318149999999999	10.911530000000001	10.51735	10.14912	10.196020000000001	10.232710000000001	10.261049999999999	10.28313	10.30115	10.31723	10.33324	10.35074	10.37082	Theta(degree)


mud pressure(MPa) 




mud pressure vs theta

Pwpm	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	2.1167210000000001	4.2057799999999999	5.5926780000000003	6.4915399999999996	6.9881469999999997	7.0883099999999999	6.7283299999999997	5.7567940000000002	3.8721930000000002	0.45168599999999998	0.45168599999999998	3.8721930000000002	5.7567940000000002	6.7283299999999997	7.0883099999999999	6.9881469999999997	6.4915399999999996	5.5926780000000003	4.2057799999999999	2.1167210000000001	Pw	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	0.531084	0.55839399999999995	0.63949400000000001	0.77192400000000005	0.95165200000000005	1.173224	1.429907	1.7138990000000001	2.0165709999999999	2.328729	2.6408870000000002	2.9435600000000002	3.2275520000000002	3.484235	3.7058059999999999	3.885535	4.0179640000000001	4.0990650000000004	4.1263740000000002	4.0990650000000004	4.0179640000000001	3.885535	3.7058059999999999	3.484235	3.2275520000000002	2.9435600000000002	2.6408870000000002	2.328729	2.0165709999999999	1.7138990000000001	1.429907	1.173224	0.95165200000000005	0.77192400000000005	0.63949400000000001	0.55839399999999995	0.531084	PwH	&	B WITHOUT CORRECTION	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	9.3528359999999999	11.01249	11.317589999999999	11.65907	12.031650000000001	12.426030000000001	12.829000000000001	13.224170000000001	13.59342	13.91877	14.1843	14.377700000000001	14.49112	14.52131	14.46916	14.33901	14.1379	13.874790000000001	13.56001	13.874790000000001	14.1379	14.33901	14.46916	14.52131	14.49112	14.377700000000001	14.1843	13.91877	13.59342	13.224170000000001	12.829000000000001	12.426030000000001	12.031650000000001	11.65907	11.317589999999999	11.01249	10.74554	Theta(degree)


mud pressure(MPa) 




mud pressure vs theta

Pwpm	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	2.5136829999999999	5.4358810000000002	7.1876930000000003	8.2444930000000003	8.8266120000000008	9.0363930000000003	8.9076170000000001	8.4197380000000006	7.4893479999999997	5.9315930000000003	3.3529909999999998	3.3529909999999998	5.9315930000000003	7.4893479999999997	8.4197380000000006	8.9076170000000001	9.0363930000000003	8.8266120000000008	8.2444930000000003	7.1876930000000003	5.4358810000000002	2.5136829999999999	Pw	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	Pw H	&	B	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	5.0292649999999997	5.4396310000000003	5.865202	6.2911630000000001	6.700634	7.076092	7.4010150000000001	7.6614979999999999	7.8475739999999998	7.9540540000000002	7.9808029999999999	7.9324560000000002	7.8176769999999998	7.6480769999999998	7.4369509999999996	7.1979980000000001	6.9441680000000003	6.6867720000000004	6.4349340000000002	6.6867720000000004	6.9441680000000003	7.1979980000000001	7.4369509999999996	7.6480769999999998	7.8176769999999998	7.9324560000000002	7.9808029999999999	7.9540540000000002	7.8475739999999998	7.6614979999999999	7.4010150000000001	7.076092	6.700634	6.2911630000000001	5.865202	5.4396310000000003	5.0292649999999997	Theta(degree)


mud pressure(MPa) 




mud pressure vs theta

Pwpm	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	7.1876930000000003	5.4358810000000002	5.4358810000000002	7.1876930000000003	8.2444930000000003	8.8266120000000008	9.0363930000000003	8.9076170000000001	8.4197380000000006	7.4893479999999997	5.9315930000000003	3.3529909999999998	3.3529909999999998	5.9315930000000003	7.4893479999999997	8.4197380000000006	8.9076170000000001	9.0363930000000003	8.8266120000000008	8.2444930000000003	7.1876930000000003	Pw	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	Pw H	&	B	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	7.9540540000000002	7.8475739999999998	7.6614979999999999	7.4010150000000001	7.076092	6.700634	6.2911630000000001	5.865202	5.4396310000000003	5.0292649999999997	5.4396310000000003	5.865202	6.2911630000000001	6.700634	7.076092	7.4010150000000001	7.6614979999999999	7.8475739999999998	7.9540540000000002	7.9808029999999999	7.9324560000000002	7.8176769999999998	7.6480769999999998	7.4369509999999996	7.1979980000000001	6.9441680000000003	6.6867720000000004	6.4349340000000002	6.6867720000000004	6.9441680000000003	7.1979980000000001	7.4369509999999996	7.6480769999999998	7.8176769999999998	7.9324560000000002	7.9808029999999999	7.9540540000000002	Theta(degree)


mud pressure(MPa) 




mud pressure vs theta

Pwpm	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	3.3529909999999998	5.9315930000000003	7.4893479999999997	8.4197380000000006	8.9076170000000001	9.0363930000000003	8.8266120000000008	8.2444930000000003	7.1876930000000003	5.4358810000000002	5.4358810000000002	7.1876930000000003	8.2444930000000003	8.8266120000000008	9.0363930000000003	8.9076170000000001	8.4197380000000006	7.4893479999999997	5.9315930000000003	3.3529909999999998	Pw	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	4.1921600000000003	PwH	&	B	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	6.4349340000000002	6.6867720000000004	6.9441680000000003	7.1979980000000001	7.4369509999999996	7.6480769999999998	7.8176769999999998	7.9324560000000002	7.9808029999999999	7.9540540000000002	7.8475739999999998	7.6614979999999999	7.4010150000000001	7.076092	6.700634	6.2911630000000001	5.865202	5.4396310000000003	5.0292649999999997	5.4396310000000003	5.865202	6.2911630000000001	6.700634	7.076092	7.4010150000000001	7.6614979999999999	7.8475739999999998	7.9540540000000002	7.9808029999999999	7.9324560000000002	7.8176769999999998	7.6480769999999998	7.4369509999999996	7.1979980000000001	6.9441680000000003	6.6867720000000004	6.4349340000000002	Theta(degree)


mud pressure(MPa) 




mud pressure vs theta

Pwpm	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	2.5037929999999999	4.5535170000000003	5.7867709999999999	6.4565739999999998	6.6795689999999999	6.4915399999999996	5.8624140000000002	4.6837140000000002	2.7177159999999998	2.7177159999999998	4.6837140000000002	5.8624140000000002	6.4915399999999996	6.6795689999999999	6.4565739999999998	5.7867709999999999	4.5535170000000003	2.5037929999999999	Pw	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	1.429907	PwH	&	BWITHOUTCORRECTION	0	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	105	110	115	120	125	130	135	140	145	150	155	160	165	170	175	180	3.115097	4.0458049999999997	4.8877079999999999	5.6349369999999999	6.2819750000000001	6.8236739999999996	7.2553939999999999	7.5732869999999997	7.7747339999999996	7.8588680000000002	7.8270280000000003	7.6829830000000001	7.4328279999999998	7.0845529999999997	6.647424	6.1313269999999997	5.5462170000000004	4.9017229999999996	4.2069150000000004	4.9017229999999996	5.5462170000000004	6.1313269999999997	6.647424	7.0845529999999997	7.4328279999999998	7.6829830000000001	7.8270280000000003	7.8588680000000002	7.7747339999999996	7.5732869999999997	7.2553939999999999	6.8236739999999996	6.2819750000000001	5.6349369999999999	4.8877079999999999	4.0458049999999997	3.115097	Theta(degree)
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The anisotropy of strength is related to the failure
mechanism in shale. A direct analysis of fractures
observed on failed samples has been carried out. A
schematization of the main failure modes in function of
loading orientation and confining pressure is given in
Fig. 20. Generally, the fracture angle strongly depends
on the loading orientation as well as confining pressure.
The failure occurs in two principal modes, extension and
shearing. However, fractures can develop both in shale
matrix and in bedding planes. For loading orientations
15° < 0 < 60°, the failure generally takes place because
of the sliding of bedding planes and thus the fracture
orientation is nearly equal to 0. However, when
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Fig. 18. Variation of failure stress vs loading orientation for various
confining pressure.
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stress) increases with confining pressure.

In order to complete experimental values of failure
stress in triaxial tests, several proportional loading and
lateral extension tests have also been carried out.
Detailed data of these tests are given in ref. [9] and not
presented here. In proportional tests, axial and lateral
stresses are increased simultaneously with a constant
ratio. In lateral extension tests, samples are first
submitted to a hydrostatic stress state and then the
confining pressure is decreased by keeping a constant
axial stress. The whole data of failure stress from various
tests are presented in the classical p—g plane, shown in
Fig. 21 for two principal loading orientations. It is clear
that the experimental failure surfaces are of a non-linear
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Fig. 19. Variation of anisotropy degree parameters of failure stress vs
confining pressure.
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