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Shale gas formations feature anisotropy both in mechanical properties and in strength, so it is 
necessary to take into consideration the influence of the anisotropy on the calculation of collapse 
pressure when drilling through shale gas formations. The shale gas formation is assumed to be a 
transversely isotropic material, and the modified Mohr-Coulomb criterion is adopted to describe 
the failure of the shale gas formation with consideration of the impact of the weak bedding plane. 
Then, the influence of the elasticity modulus anisotropy and the Poisson’s ratio anisotropy on 
collapse pressure is discussed. The calculation result reveals that the influence degree varies with 
the deviation angle and the azimuth angle of the wellbore. If the ratio of the horizontal elasticity 
modulus and the vertical elasticity modulus and that of the vertical Poisson’s ratio and the horizontal 
Poisson’s ratio are smaller than 2, the influence of the anisotropy is negligible since the degree of 
influence is smaller than 7 percent compared with the isotropic model. The research result can guide 
the calculation of collapse pressure when drilling through shale gas formations.
Keywords:  shale gas formation, transversely isotropic, collapse pressure, elasticity modulus, 
Poisson’s ratio
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Introduction
Collapse pressure is one of the most important 

parameters in drilling engineering, and it is the 
prerequisite of well structure design, selection of the 
proper drilling fluid density, the analysis of wellbore 
instability, etc. The main object of the drilling work 
in oil and gas engineering is sedimentary rock, many 
of which have the characteristic of anisotropy [1-4]. 
Researchers have done a lot of work about the rock 
anisotropy. In 1987, B.S.Aadnoy [5] calculated the stress 
field around the wellbore in the transversely isotropic 
formation, based on the model of anisotropic elastic 
body established by S.G.Lekhnitskii [6]. S.H.Ong [7]
took into consideration the effect of the nonlinearity 
and the poroelasticity based on the Aadnoy B S’s model. 
D.Gupta and M.Zaman [8] developed a program to 
calculate the fracture pressure and collapse pressure 
of anisotropic formation, and the result shows that 
the fracture pressure and collapse pressure have a 
closely relationship with the deviation angle of the 
wellbore and the formation, the anisotropic degree of 
the rock material, the in-situ stress state, etc. The weak 
bedding plane (bedding plane) generally present in 
the non-isotropic shale gas formation, but previous 
research about shale gas formation usually focused 
on the impact of the bedding plane and barely took 
into consideration both of the anisotropy influence 
and the impact of the weak bedding plane [9-12]. The 
frequent mechanical wellbore instability occurring in 
the shale gas formation indicates that the calculation 
of collapse pressure of shale gas formation should 
take into account both of the anisotropy of the 
rock property and the weak bedding plane. This 
paper assumes the shale gas formation as a kind 
of transversely isotropic material, and calculates 
collapse pressure with consideration of the impact of 
the weak bedding plane.

1. The stress field distribution around the 
wellbore in a transversely isotropic formation

The analyzed model and the in-situ stresses are 
shown in figure 1, and the formation is assumed to 
be horizontal and a transversely isotropic formation 
with a vertical axis of symmetry. This paper focuses 
on the mechanical stability of the wellbore, so the 
interaction between the rock material and the drilling 
fluid is ignored. In order to calculate the stress field 
around the wellbore, the in-situ stress tensor should 
be transformed from the coordinate system (�H, �h, 
��) to the coordinate system (xb, yb, zb ) to gain the far 
field stress around the wellbore. The transformation 
formula is given by eq.1. For transversely isotropic 
formation, the stiffness matrix can be expressed as 
eq.2. The deducing process of the calculation of the 
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Fig.1. Schematic sketch of the inclined borehole 
and the transversely isotropic formation
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stress field around the wellbore is very complicated, 
so in this paper the author just directly cites the 
result of previous researchers. According to the 
work of researchers such as [5-8], the stress field 
around the wellbore provided is given as eq.3, and 
the detail process can be seen in literature ([7]. 

                 (1a)

                           

                  (1b)

Where: L is the coordinate system transformation;
� = ab - as; as is the angle from the north direction 

counterclockwise to the direction of the maximum 
horizontal principle stress, °; ab is the angle from the 
north direction counterclockwise to the projection of 
the axis of the wellbore on the horizontal plane, °; � is 
the deviation angle of the wellbore, °.

                          (2)

Where: Ez, �z are the elasticity modulus and the 
Poisson’s ratio normal to the isotropic plane, that is, at 
the vertical direction respectively; Eh, �h are the elasticity 
modulus and the Poisson’s ratio in the isotropic plane, 
that is, in the horizontal plane respectively; 

                                      (3a)

                                        (3b)

Where: �x, �y, �z,�xy, �xz, �yz are the stress components 
around the wellbore, MPa; �x,0, �y,0, �z,0,�xy,0, �xz,0, �yz,0 
are the stress components of the far field stress of the 
wellbore, MPa; The other components are the stress 
caused by the anisotropy of the formation and the 
wellbore pressure pW, and determined by the location 
of the researched point, the stiffness matrix of the 
formation, and the wellbore pressure; The detail 
calculation process can be found in the literature [7].

In the analysis of the mechanical wellbore stability, 
the principle stresses are often used and gained 
from the stress components of the researched point. 
According to elastic mechanics, the principle stresses 
are the eigenvalues of the stress tensor which is shown 
in eq.4 and the direction cosine of the principle stress 
is the eigenvectors of the stress tensor. So, if the in-situ 
stresses, the elasticity modulus and the Poisson’s ratio, 
the parameter of the wellbore and the wellbore pressure 
are known, the stress field around the wellbore can be 
calculated with the method discussed above.

                                                (4)

In order to illustrate the influence of the anisotropy 
on the stress distribution around the wellbore, the 
maximum principle stress, the minimum principle 
stress of the anisotropic formation and the isotropic 
formation and the percent ratio error between them 
are shown in figures 2 and 3 respectively with the 
parameters tabulated in Table 1 In the table, R is 
the radius of the wellbore and the others are the 
same as mentioned above. The percent ratio error 
is defined in eq.5. The results reveals that the 
anisotropy of the formation has a great impact on 
the stress distribution around the wellbore, and that 
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it has a greater influence on the maximum principle 
stress than on the minimum principle stress, which 
indicates that the anisotropy should be taken into 
consideration when calculating the wellbore stress 
distribution.

                                     (5)

Where, PRE is the percent ratio error of a certain 
parameter, %; VAnis, VIso are the value of the anisotropy 
model and isotropy model respectively.

�����������������������������
of the transversely isotropic formation

The rock mechanical property is another important 
factor for the formation stability. To determine the 
proper criteria of the rock failure in shale gas formation, 
the compressive strength was measured on specimens 
cored at different angles with respect to the normal 
of the shale bedding plane under different confining 
pressures. The suitable failure criteria for laminated 
formation is the continuously variable cohesion strength 
criterion developed by McLamore [3-14], which is 
expressed in eq.6.

                                           (6a)

    

                         (6b)

Where, �1, �3 are the maximum and the minimum 

principle stress respectively, MPa;
A1, B1, A2, B2, m, n are the constants that describe the 

behave of the �0 over the range 0o ��� � �1 and �1 ��� � 90o; 
� is the internal friction angle; 

According to the experiment result, the constant 
parameters in eq.6 can be gained with regression 
method, and the regression result is: 

A1 = -18.2, A2 = -15.8, B1 = -9.88, B2 = -7.94, 
�1 = 47°, � = 33.79°, m = 4, n = 4. 
The measured data and the regression surface are 

shown in figure 4, from which it can be concluded 
that when the angle between the axial stress and the 
isotropic plane is between 50°and 60°, the compressive 
strength is very low. In this paper, the angle within this 
range is called the weak plane angle.

3. Collapse pressure calculation
When the pressure in the wellbore, that is the 

wellbore pressure, is too low, the wellbore wall may 
collapse, and the critical wellbore pressure is called 
collapse pressure. In this paper, collapse pressure is 
calculated using the criteria described in eq.6. What 
should be noticed is that the stresses in eq.6 are effective 
stress, so the effective stress around the wellbore 
should be calculated at first. The effective stress can be 
gained by Biot’s effective stress theory:

                                                   (6)

Where �`ij is the effective stress component around 
the wellbore; � is the Biot’s coefficient; Pp is the pore 

Fig.3. The minimum principle stress of the isotropic formation 
and the transversely isotropic formation and their percent ratio error
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pressure, and �ij is the Kronecker symbol. 
The analytic solution of collapse pressure is very 

difficult to get, so numerical calculation method is 
applied to determine collapse pressure. A brief describe 
of the process is as following: 

1) Get constant parameters such as the in-situ stress, 
the pore pressure, the deviation angle and the azimuth 
angle of the wellbore, the parameters in the failure 
criteria eq.5, etc by experiments or referencing other 
research result; 

2) Assume a very small wellbore pressure (small 
enough to make sure the wellbore will collapse) and 
then calculate the effective principle stress around the 
wellbore; 

3) Use the criteria in eq.5 to check if the wellbore will 
collapse or not; 

4) If the well will collapse, then increase the 
wellbore pressure by a proper value; if the well will 
not collapse, then the current wellbore pressure could 
be regarded as collapse pressure and the calculation is 
accomplished; 

5) Calculate the effective principle stress around the 
wellbore and go to the step 3.

������!����!�������������"�����#���$���"�
and the Poisson’s ratio on collapse pressure
The focus of this paper is to analyze the influence 

of the anisotropy on collapse pressure, so some of 

the parameters should be fixed and some should 
be variable. The parameters used for analysis are 
tabulated in table  2. 

4.1 The influence of the elasticity modulus on 
collapse pressure

To analyze the influence of the elasticity modulus 
on collapse pressure, the elasticity modulus in the 
isotropic plane is the only variable and the value of 
the others is fixed as in the table 2. The anisotropic 
coefficient of the elasticity modulus is defined as 
the ratio of the elasticity modulus in the isotropic 
plane and that normal to the isotropic plan, that 
is, KE = Eh/Ez. The variation of collapse pressure 
is calculated with different value of KE. Figure 5 
illustrates collapse pressure of anisotropy model and 
the isotropy model and the percent ratio error versus 
different deviation angle and azimuth angle of the 
wellbore when KE is 3.4. Form figure 5, it is clear 
that the influence degree of the elasticity modulus 
on collapse pressure varies with the azimuth angle 
and the deviation angle. Compared with isotropy 
model, when the wellbore azimuth is equal to the 
direction of the maximum horizontal stress and the 
deviation angle is close to the weak plane angle, the 
influence of the elasticity modulus reaches the peak 
and collapse pressure of the anisotropy model is 15 
percent greater than that of the isotropy model. It 
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the samples of the shale formation in Sichuan Basin, China.
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indicates that if the anisotropy of 
the formation is ignored, collapse 
pressure will be underestimated by 
15 percent, which may lead to serious 
wellbore collapsing problems in the 
drilling operation. Figure 6 shows 
the relationship of the elasticity 
modulus and the percent ratio error 
at the worst situation. It is obvious 
that the anisotropic coefficient of the 
elasticity modulus and the percent 
ratio error has a linear relationship 
and that the percent ratio error 
increase with the increasing of the 
elasticity modulus. 

4.2 The influence of the Poisson’s 
ratio on collapse pressure

To analyze the influence of 
the Poisson’s ratio on collapse 
pressure, the Poisson’s ratio in the 

isotropic plane is the only variable and the value of 
the others is fixed as in the table 2. The anisotropic 
coefficient of the Poisson’s ratio is defined as the 
ratio of the Poisson’s ratio in the isotropic plane 
and that normal to the isotropic plan, that is, K� = �z/ 
�h. The variation of collapse pressure is calculated 
with different value of K�. Figure 7 illustrates the 
collapse pressure of anisotropy model and the 
isotropy model and the percent ratio error versus 
different deviation angle and azimuth angle of the 
wellbore when K� is 2.4. Form figure 7, it is obvious 
that the degree of the impact of the Poisson’s ratio 
on collapse pressure also varies with the azimuth 
angle and the deviation angle. Compared with 
isotropy model, when the wellbore azimuth is 
equal to the direction of the maximum horizontal 
stress and the deviation angle is close to the weak 
plane angle, the influence of the Poisson’s ratio 
reaches maximum value and collapse pressure of 
the anisotropy model is 4.2 percent greater than 
that of the isotropy model. Figure 8 shows the 
relationship of the Poisson’s ratio and the percent 
ratio error of the worst situation. It is obvious 
that when the anisotropic coefficient of Poisson’s 
ratio increases the percent ratio error of collapse 
pressure will increase. However, compared with 

The well vertical depth, H 3200 m

The pore pressure, Pp 46.3 MPa

The direction of the maximum 
horizontal principle stress, �s

N45°W

The maximum horizontal 
principle stress, �H

55 MPa

The minimum horizontal 
principle stress, �h

46.2 MPa

The vertical principle stress, �z 66 MPa

The elasticity modulus normal 
to the isotropic plane, Ez

12GPa

The elasticity modulus in 
the isotropic plane, Eh

36 GPa 
(variable)

The Poisson’s ratio normal 
to the isotropic plane, �z

0.25

The Poisson’s ratio in 
the isotropic plane, �h

0.125 
(variable)

The radius of the wellbore, R 0.108 m

The Biot’s coefficient, � 0.7

��%�����
The parameters used for analysis
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modulus on collapse pressure
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the anisotropy of elasticity modulus, the anisotropy 
of the Poisson’s ratio has a much less impact on 
collapse pressure. 

4.3 The combined effect of the elasticity 
modulus and the Poisson’s ratio on collapse 
pressure

In the most case, anisotropy of the 
elasticity modulus and that of the Poisson’s 
ratio present are concurrent in the shale gas 
formation. So it is necessary to discuss the 
combined effect of them. According to the 
calculation result above, it is found that when 
the wellbore azimuth is equal to the direction 
of the maximum horizontal stress and the 
deviation angle is close to the weak plane 
angle, the influence of the elasticity modulus 
or the Poisson’s ratio reaches maximum value. 
So, in this section, the wellbore azimuth is 
assumed to be equal to the direction of the 
maximum horizontal stress and the deviation 
angle is assumed to be 65°and the other 
parameters are constants. The percent ratio 
error of the isotropy model compared with 
the transversely model is calculated with 

different value of KE and K� and the 
result is shown in figure 9. The figure 
reveals that the impact of the elasticity 
modulus on collapse pressure is much 
higher than that of the Poisson’s ratio 
and that in this situation the isotropy 
model will underestimate collapse 
pressure which may lead to the 
improper use of drilling fluid with low 
density. Figure 9 also indicates that 
the biggest underestimate of collapse 
pressure is close to 15 percent and that 
if the anisotropy degree of the shale 
gas formation is within a low level (the 
anisotropic coefficient of the elasticity 
modulus and the Poisson’s ratio is less 
than 2), the percent ratio error of the 
isotropy model and the transversely 
model is smaller than 7 percent.

����	��&�����"�����""��������!�"�����#���$����!$������"�����#���$����!$�
���������!��������������(��"�"�$������!��$�(�����!��!�����!$��)�������!����*��!��"���

Fig.8. The influence of the Poisson’s ratio on collapse pressure

Fig.9. The combined effect of the elasticity 
modulus and the Poisson’s ratio on collapse pressure
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1. The anisotropy of the shale gas formation has a great impact on the stress distribution 
around the wellbore, so the anisotropy should be taken into consideration when calculating 
the wellbore stress distribution.

2. The degree of the influence of the elasticity modulus or the Poisson’s ratio on collapse 
pressure varies with the azimuth angle and the deviation angle. Compared with isotropy 
model, when the wellbore azimuth is equal to the direction of the maximum horizontal 
stress and the deviation angle is close to the weak plane angle, the influence of the elasticity 
modulus or the Poisson’s ratio reaches the peak. The impact of the elasticity modulus on 
collapse pressure is much higher than that of the Poisson’s ratio. Collapse pressure of the 
anisotropy model is 15 percent greater than that of the isotropy model when the anisotropy 
coefficient of elasticity modulus is 3.4 and that value is 4.2 percent when the anisotropy 
coefficient of Poisson’s ratio is 2.4. The percent ratio error increases with the increasing of 
anisotropic coefficient of the elasticity modulus or the Poisson’s ratio.

3. If the anisotropy degree of the shale gas formation is within a low level (both of the 
anisotropic coefficient of the elasticity modulus and the Poisson’s ratio are less than 2), 
the percent ratio error of the isotropy model and the transversely model is smaller than 7 
percent which may could be ignored.
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