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Abstract Accurate prediction of formation fracture pressure before drilling can
effectively reduce the occurrence of complex situations in the drilling process.
When drilling in high temperature formation with natural fracture development, the
current prediction model of fracture pressure is not very applicable. Therefore, by
analyzing the stress state of borehole wall affected by temperature and natural
fractures and combining with the fracture criterion of different borehole wall rocks,
the author established the fracture pressure prediction model of high-temperature
formation suitable for the development of natural fractures, and analyzed the
influence of fracture strike, fracture dip Angle and borehole wall temperature
changes on the fracture pressure. The research results show that: the fracture
pressure increases gradually with the increase of crack inclination angle. As the
angle between the fracture strike and the horizontal maximum principal stress
increases, the fracture pressure first increases, then remains unchanged, and finally
decreases. With the decrease of wall temperature, the fracture pressure decreases.
The model was verified with field data, and the error was 2.9%, and the accuracy
met the engineering requirements. The research results can provide a theoretical
reference for on-site borehole stability prediction and fracturing parameter design.
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1 Introduction

In drilling activities, formation fracture pressure is one of the important reference
data for well casing structure design, well control design and drilling fluid design. It
represents the minimum mud column pressure in the well that causes fracture of
open hole formation or re-opening of original fractures.

At present, the formation fracture pressure prediction models widely used in the
field include Eaton method, Stephen method, Anderson method, Huang Rongzun
method, etc. These models mainly consider the influence of overburden pressure,
tectonic stress and pore pressure on fracture pressure, but do not consider the
influence of temperature on fracture pressure [1–7]. The study by Maury [8] et al.
showed that: in deep wells, it is common for the temperature of the well wall to vary
between 25 and 50 °C, which can cause a thermal stress of 25 to 50 MPa on the
well wall. Such a large thermal stress will have a great impact on the wellbore
fracture pressure. To predict the fracture pressure of high-temperature Wells, Li [9]
et al. established a new model for the calculation of fracture pressure of coupled
temperature by studying the change of formation temperature caused by drilling
fluid circulation and formation heat exchange and the resulting thermal stress. Deng
[10] et al. proposed the calculation method of additional fracture pressure caused by
temperature and natural fracture, and established a new model for calculation of
fracture pressure of high-temperature and high-pressure formations with compre-
hensive consideration of the influence of temperature and natural fracture.
However, with the increasing efforts of petroleum exploration and development in
China, many new complex well conditions have emerged [11–13], and the effect of
temperature on fracture pressure alone cannot meet the engineering requirements of
field drilling. For example, when drilling in high-temperature formation with nat-
ural fractures, the wellbore path intersects the fracture surface, and the fracture
pressure is affected not only by temperature, but also by natural fractures to a
greater extent.

Aiming at the fracture pressure and prediction of high temperature formation
with natural fracture development, based on the full consideration of wellbore
thermal stress and the analysis of fracture stress state of wellbore fracture surface
and fracture criterion under different fracture forms of wellbore, a straight well
fracture pressure prediction model for high temperature formation with natural
fracture development is established in this paper.

2 Thermal Stress Model of Borehole Wall

In general, the straight well ophthalmology model can be simplified as a
two-dimensional plane strain model. In polar coordinates when the ground stress,
pore pressure and drilling fluid column pressure are considered, the stress on the
borehole wall can be expressed as [14]:
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rr1 ¼ p� d/ðp� ppÞ ð1Þ

rh1 ¼ ð1� 2 cos 2hÞrH þð1þ 2 cos 2hÞrh � pþAðp� ppÞ ð2Þ

rz1 ¼ rv � 2mðrH � rhÞ cos 2hþAðp� ppÞ ð3Þ

Where: rr1, rh1 and rz1 are respectively radial, circumferential and axial stress,
MPa; p is wellbore pressure, MPa; d is the permeability coefficient of the shaft wall,
when permeability occurs, d ¼ 1; when permeability does not occur, d ¼ 0; / is
formation porosity; Pp is the original formation pore pressure, MPa; m is Poisson’s

ratio of borehole wall rock, dimensionless; A ¼ d að1�2mÞ
1�m � /

h i
, a is the effective

stress coefficient.
In drilling operations, the circulation of drilling fluid usually causes the lower

formation sidewall temperature to decrease and the upper formation sidewall
temperature to increase. The surrounding rock will produce thermal strain due to
temperature change, which will produce a heating stress field around the borehole.
For homogeneous isotropic and porous thermos elastic formation, the thermal stress
field around the well can be expressed by the heat conduction theory and thermos
elastic mechanics as follows [15]:

rrT ¼ Ek
3ð1� mÞr2

Zr

rw

T f ðr; tÞrdr ð4Þ

rhT ¼ � Ek
3ð1� mÞ ½

1
r2

Zr

rw

T f ðr; tÞrdr � T f ðr; tÞ� ð5Þ

rzT ¼ Ek
3ð1� mÞ T

f ðr; tÞ ð6Þ

Where, rr1, rh1 and rz1 are respectively radial, circumferential and axial thermal
stress, MPa; E is the formation elastic modulus, MPa; k is the thermal expansion
coefficient of rock, 1/°C; T f r; tð Þ ¼ T r; tð Þ � T0,T r; tð Þ is the distribution function
of formation temperature around the well, and at the borehole wall is Tw, °C; T0 is
the original formation temperature, °C; r is the radial distance, m.

When r ¼ R, the thermal stress expression at the borehole wall can be obtained:

rrT ¼ 0 ð7Þ

rhT ¼ rzT ¼ Ek
3ð1� mÞ ðTw � T0Þ ð8Þ
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It can be seen that the change of borehole wall temperature only produces
thermal stress in circumferential and vertical directions, and the thermal stress is
positively correlated with the change of borehole wall temperature. According to
the superposition criterion of small deformation stress of pore elasticity, the
expression of wellbore stress distribution at high temperature can be obtained by the
comprehensive Eq. (1)–(8) as follows:

rr ¼ p� d/ðp� ppÞ ð9Þ

rh ¼ ð1� 2 cos 2hÞrH þð1þ 2 cos 2hÞrh � pþAðp� ppÞþ Ek
3ð1� mÞ ðTw � T0Þ

ð10Þ

rz ¼ rv � 2mðrH � rhÞ cos 2hþAðp� ppÞþ Ek
3ð1� mÞ ðTw � T0Þ ð11Þ

3 Calculation Model of Fracture Pressure Considering
the Influence of Temperature and Natural Fracture
Property

When the natural fractures are not completely closed or the conductivity is strong,
the pressure of the liquid column in the wellbore is slightly greater than the pore
pressure of the formation, which will cause leakage. Such fractures are beyond the
scope of this article. This paper mainly studies the natural cracks with completely
closed crack surfaces and certain cementation strength. When drilling against such
natural fractures, excessively high wellbore liquid column pressure will lead to
three forms of wellbore failure [16]: tensile failure of wellbore rock, shear failure
along natural fractures, and tensile failure along natural fractures.

The fracture pressure prediction models for the three failure forms are respec-
tively established as follows:

3.1 Tensile Failure of Borehole Wall Rock

It can be seen from Eq. (10) that when the wellbore pressure increases gradually, it
will gradually decrease. When the wellbore pressure is large enough, rh will
decrease to a negative value. At this time, the wellbore rock is subjected to tensile
action. When the tensile stress on the rock on the wellbore wall reaches its tensile
strength St, the rock will undergo tensile failure, that is, the rock failure condition is
as follows [17]:
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rh ¼ �St ð12Þ

Normally, vertical borehole wall fracture occurs at the point of minimum rh.
According to Eq. (10), when h ¼ 0� or h ¼ 0�, rh take the minimum value [18],
that is:

rh ¼ 3rh � rH � pþAðp� ppÞþ Ek
3ð1� mÞ ðTw � T0Þ ð13Þ

In actual working conditions, there is pore pressure in the formation, and the
above formula is rewritten as:

rh ¼ 3rh � rH � pþAðp� ppÞþ Ek
3ð1� mÞ ðTw � T0Þ � app ð14Þ

Combine Eq. (14) and Eq. (12), the fracture pressure expression of rock tensile
failure when thermal stress is considered is obtained:

pm1 ¼ 3ð1� mÞð3rh � rH � ðAþ aÞpp þ StÞþEkðTw � T0Þ
3ð1� AÞð1� mÞ ð15Þ

3.2 Shear Failure along Natural Fractures

The shear failure of the borehole wall usually occurs in the natural fracture surface
and other places where the cement strength is weak. The weak surface failure
criterion can be used to study the fracture pressure. The weak surface failure
criterion is [19]:

r1 � r3 ¼ 2ðCw þ lwr3Þ
ð1� lw cot bÞ sin 2b

ð16Þ

Where, r1 and r2 are the maximum and minimum principal stress, respectively,
MPa; Cw is the adhesion force of weak surface, MPa; lw is the tangent value of the
internal friction angle on the weak surface, lw ¼ tanuw; b is the angle between the
normal direction of the weak plane and the maximum principal stress.

It can be seen from the weak surface failure criterion that when b is close to or
90°, r1 � r2 approaches infinity. Therefore, only when b is greater than uw and less
than 90°, the well wall may be sheared along the fracture. In general, when natural
fractures in vertical wells undergo shear failure, the rock stress of the borehole wall
satisfies the relationship [20]: rz [ rr [ rh, that is r1 ¼ rz, r3 ¼ rh. At this time,
the fracture pressure expression is:
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pm2 ¼ 3ð1� mÞðb� a� e � CwÞ � e � lwð3ð1� mÞða� A � ppÞþEkðTw � T0ÞÞ
3ð1� mÞðe � lwðA� 1Þ � 1Þ

ð17Þ

Where,

a ¼ ð1� 2 cos 2hÞrH þð1þ 2 cos 2hÞrh
b ¼ rv � 2mðrH � rhÞ cos 2h

e ¼ 2
ð1� lw cot bÞ

sin 2b

3.3 Tensile Failure along Natural Fractures

Assuming that the strike of the natural fracture in the reservoir is TR (in the geodetic
coordinate system), the dip angle is hDIP. The angle between the natural fracture and
the wellbore wall is h1, and the horizontal maximum ground stress azimuth is hH .
The normal stress on the surface of the natural crack is expressed as [21]:

rn ¼ rzl
2
1 þ rhl

2
2 þ rrl

2
3 ð18Þ

where,

l1 ¼ sin hDIP

l2 ¼ cos h1 cos hDIP sinðTR� hHÞ � sin h1 cos hDIP cosðTR� hHÞ

l3 ¼ cos h1 cos hDIP cosðTR� hHÞþ sin h1 cos hDIP sinðTR� hHÞ

When the wellbore pressure is equal to the sum of the normal stress and tensile
strength of the fracture plane, tensile failure of natural fractures will occur. Fracture
criteria are as follows:

pm3 ¼ rn þ rt � app ð19Þ

Substituting Eq. (9), (10), (11), (18) into Eq. (19) to obtain the calculation
formula of rupture pressure:
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pm3 ¼ f � l21 þ g � l22 þ d/pp � l23 � app þ rt
h

ð20Þ

Where,

f ¼ rv � 2mðrH � rhÞ cos 2h� A � pp þ Ek
3ð1� mÞ ðTw � T0Þ

g ¼ ð1� 2 cos 2hÞrH þð1þ 2 cos 2hÞrh � A � pp þ Ek
3ð1� mÞ ðTw � T0Þ

h ¼ 1� A � l21 � ðA� 1Þl22 � ð1� d/Þl23

3.4 Calculation Model of Fracture Pressure

In actual working conditions, for different formations, borehole wall rupture can
only be one of the three types. Therefore, the minimum value of the fracture
pressure under the three fracture types is the fracture pressure under the actual
working conditions. The comprehensive calculation model is the Eq. (21)

pf ¼ minfpm1; pm2; pm3g ð21Þ

Where,

pm1 ¼ 3ð1� mÞð3rh � rH � ðAþ aÞpp þ StÞþEkðTw � T0Þ
3ð1� AÞð1� mÞ

pm2 ¼ 3ð1� mÞðb� a� e � CwÞ � e � lwð3ð1� mÞða� A � ppÞþEkðTw � T0ÞÞ
3ð1� mÞðe � lwðA� 1Þ � 1Þ

pm3 ¼ f � l21 þ g � l22 þ k/pp � l23 � app þ rt
h
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4 Analysis of Factors Affecting Fracture Pressure

4.1 The Influence of Natural Fracture Inclination
on Fracture Pressure

Taking the fracture inclination angle from 5° to 90°, the trend of fracture pressure
with the fracture inclination angle is obtained (Fig. 1). With the increase of the
crack inclination angle, pm1(the fracture pressure of the borehole wall rock tensile
failure) remains unchanged; pm2(the fracture pressure of shear failure along natural
fractures) decreases rapidly, but the rate of decrease gradually decreases; pm3 (the
rupture pressure along the tensile failure of natural fractures) gradually increases,
and the increase rate is small. When the crack inclination is equal to 90°, pm1 and
pm3 are similar in size. This is due to the small angle between the fracture strike and
the horizontal maximum principal stress selected in the calculation. When the
inclination angle of the fracture surface is 90° (the fracture surface is parallel to the
axis of the wellbore), pm1 and pm3 mainly depend on the circumferential stress of the
well wall.

4.2 The Influence of Fracture Strike on Fracture Pressure

Taking the fracture strike from 79° to 169°, the change trend of the fracture pressure
with h2 (the angle between the fracture trend and the maximum principal stress) is
obtained (Fig. 2). As h2 increasing, pm1 remains unchanged; pm2 increases, and the
rate of increase first increases and then decreases; pm3 first increases and then
decreases, and the maximum value is taken at a certain angle, and the maximum
value is greater than pm1. Combining Eq. (21), it can be seen that the change of h2
will cause the change of the failure form of the borehole wall. In the calculation

Fig. 1 Trend diagram of
fracture pressure changing
with fracture dip Angle
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example in this paper, as h2 increases, the borehole wall fracture changes from the
fracture surface tensile failure form to the rock tensile failure form, and after h2
increases to a certain extent, it becomes the fracture surface tensile failure form.

4.3 Effect of Temperature on Fracture Pressure

Taking the temperature change of the borehole wall form −50 °C to 0 °C, the trend
of the change of the fracture pressure with the temperature of the well wall can be
obtained (Fig. 3). As the borehole wall temperature decreases, pm1, pm1 and pm3 all
decrease. The fracture pressure changes linearly with the temperature of the well
wall. The decrease of the well wall temperature will cause the fracture pressure to
decrease, but the failure form of the borehole wall will not change.

5 Example Calculation

In a fractured formation, the natural fracture inclination is 53° and the strike is 12°.
The azimuth of the maximum principal stress of the formation is 68° and the
magnitude is 181.4 MPa. The minimum ground stress is 145.3 MPa, and the
overburden pressure is 179.8 MPa, the pore pressure is 120.1 MPa, the rock tensile
strength is 9.1 MPa. Poisson's ratio is 0.254, effective stress coefficient is 0.91,
porosity is 0.132, fractured rock cohesion is 8.95, weak surface friction coefficient
is 0.491, formation temperature is 150 °C. The fracture pressure measured on site is
101.4 MPa.

Use the well data to calculate the fracture pressure. The calculation results are
shown in Table 1. When ignoring the influence of temperature and natural fractures,
the calculated fracture pressure is 188.4 MPa, which is quite different from the

Fig. 2 Trend chart of burst
pressure changing with h2
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actual measured value, with an error of 85.8%; When only considering the influence
of natural fractures, the calculated fracture pressure is 123.5 MPa, which is less
different from the actual measured value, but the error is still large; When con-
sidering the effects of natural fractures and temperature on the fracture pressure at
the same time, the calculated fracture pressure value is 104.3 MPa, which is close to
the measured fracture pressure value of 101.4, and the error is only 2.9%. It can be
seen that the error calculated by the model established in this paper is the smallest,
and it is suitable for the prediction of fracture pressure in high-temperature for-
mations with natural fractures.

6 Conclusion

In this paper, a prediction model of rupture pressure considering temperature and
natural fractures is established, and a series of analyses are carried out, and the
following conclusions are obtained:

Fig. 3 The relationship between the fracture pressure and the temperature of the borehole wall

Table 1 Calculation error table of fracture pressure

Calculation conditions Calculated
value /MPa

Measured
value /MPa

error

Ignore temperature and natural fracture effects 188.4 101.4 85.8%

Consider only natural fracture 123.5 21.8%

Consider natural fracture and temperature
effects (models in this article)

104.3 2.9%
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(1) The thermal stress distribution around the borehole caused by the circulation of
drilling fluid has nothing to do with the well circumference angle. The vertical
and circumferential thermal stresses at the well wall are equal. The radial
thermal stress is zero.

(2) The factors affecting the fracture pressure of high-temperature formations with
natural fractures are analyzed, and the analysis results show that: as the fracture
inclination angle increases, the fracture pressure gradually increases; as the
angle between the fracture direction and the horizontal maximum principal
stress increases, the fracture pressure first increases, then remains unchanged,
and finally decreases; as the borehole wall temperature decreases, the fracture
pressure decreases.

(3) Using the model in this paper to calculate the example well, the error of the
calculation result is 2.9%, which meets the field requirements. Therefore, the
fracture pressure prediction model established in this paper can provide a
theoretical reference for on-site borehole stability prediction and fracturing
parameter design.

Acknowledgements The authors gratefully acknowledge The National Natural Science Funds
(Grant No. 51774304), National Science and TechnologyMajor Project (Grant No. 2017ZX05009),
the Science Foundation of China University of Petroleum, Beijing (Grant No. 2462015QZDX05),
the State Key Laboratory of Petroleum Resources and Engineering.

References

1. Feng, Q.H., Cheng, Y.F., Zhang, J.G.: Elastic & plastic model for borehole stability and its
application. Pet. Drilling Tech. 04, 9–11 (2000)

2. Zhao, J.Z., Ren, L., Hu, Y.Q., Wang, L.: A calculation model of breakdown pressure for
perforated wells in fractured formations. Acta Petrolei Sin. 33(05), 841–845 (2012)

3. Li, M., Lian, Z.H., Chen, S.C., Wei, C.X., Lin, T.J., Li, X.J.: Rock mechanical parametric
experiments and the research of formation fracture pressure prediction. Oil Drilling Prod.
Technol. 31(05), 15–18 (2009)

4. Zhou, N.Y., Yang, Z.Z.: Overview on pressure prediction of formation fracture. J. Chongqing
Univ. Sci. Technol. (Nat. Sci. Ed.) 13(01), 36–39 (2011)

5. Nie, C.J., Zhao, J., Xia, H.Q.: Study on statistical model of predicting formation fracture
pressure using logging data. Nat. Gas Geosci. 06, 633–636 (2004)

6. Guo, Y.B.: Predicting formation fracture pressure on high temperature high pressure wells.
China University of Petroleum (2010)

7. Wang, L., Zhang, Y.C., Yan, Z.M.: Application of formation pressure prediction and analysis
method in an oil field in Qinhuangdao. Technol. Innov. Appl. 02, 161–162 (2018)

8. Maury, V.: Practical advantages of mud cooling systems for drilling. Int. J. Rock Mech. Min.
Sci. Geomech. Abstracts, 33(2): A82 (1996)

9. Li, S.G., Deng, J.G., Wei, B.H., Yu, L.J.: Formation fracture pressure calculation in high
temperatures wells. Chin. J. Rock Mechan. Eng. S2, 5669–5673 (2005)

10. Deng, J.G., Liu, Y., Wei, B.H.: Formation fracture pressure prediction method in high
temperature and high pressure formations. Pet. Drilling Tech. 37(05), 43–46 (2009)

11. Wang, H.G., Liu, Y.S., Yang, L.P.: Effect of temperature and pressure on drilling fluid density
in HTHP wells. Drill. Prod. Technol. 01, 58–62 (2000)

Fracture Pressure Prediction Model … 177



12. Lu, Y.H., Xiao, X.H., Zhao, L., Jin, Y., Chen, M.: The effect of temperature on stability of
borehole wall in ultra-deep fractured formation. Drilling Fluid Completion Fluid 37(02), 160–
167 (2020)

13. Wang, X., Chen, Z.H., Shang, W.T.: The leakage law of drilling fluid in fractured formations.
Chem. Enterp. Manage. 19, 89–90 (2020)

14. Zhang, W.D., Chang, L., Gao, J.J.: Stress analysis at the borehole wall in transverse isotropic
formations. Eng. Mech. 32(11), 243–250 (2015)

15. Tang, L., Luo, P.: The effect of the thermal stress on wellbore stability. Soc. Pet. Eng. 3(1)
(1993)

16. Jin, Y., Chen, M., Zhang, X.D.: Hydraulic fracturing initiation pressure models for directional
wells in naturally fractured formation. Acta Petrolei Sinica 05, 124–126 (2006)

17. Huang, R.Z.: Discussion on the prediction model of formation fracture pressure. J. China
Univ. Pet. (Ed. Nat. Sci.) 04, 335–347 (1984)

18. Huang, R.Z., Zhang, J.J.: A model for prediction formation fracture pressure. Oil Drilling
Prod. Technol. 03, 1–14 (1986)

19. Li, K. Ch.: Study on fracture mechanism and wellbore initiation pressure of ultra-deep
fractured sandstone in Tarim Oilfield. China University of Petroleum (2018)

20. Jin, Y., Chen, M., Zhang, X. D.: Initiation pressure models for hydraulic fracturing of vertical
wells in naturally fractured formation. Acta Petrolei Sinica (06), 113–114+118 (2005)

21. Song, B.: Study on the mechanism of fracture and extension of hydraulic fracture in fractured
reservoir. Yangtze University (2018)

178 S. L. Xia et al.


	14 Fracture Pressure Prediction Model for Vertical Wells Considering Temperature and Natural Fractures
	Abstract
	1 Introduction
	2 Thermal Stress Model of Borehole Wall
	3 Calculation Model of Fracture Pressure Considering the Influence of Temperature and Natural Fracture Property
	3.1 Tensile Failure of Borehole Wall Rock
	3.2 Shear Failure along Natural Fractures
	3.3 Tensile Failure along Natural Fractures
	3.4 Calculation Model of Fracture Pressure

	4 Analysis of Factors Affecting Fracture Pressure
	4.1 The Influence of Natural Fracture Inclination on Fracture Pressure
	4.2 The Influence of Fracture Strike on Fracture Pressure
	4.3 Effect of Temperature on Fracture Pressure

	5 Example Calculation
	6 Conclusion
	Acknowledgements
	References




