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1. Introduction 
 

One of the vital aspects of a successful well construction 

is wellbore stability, as in recent years many instability 

problems are reported. Wellbore instability issues are 

complicated and costly to solve and may endanger the 

whole drilling operation. Therefore, a comprehensive 

wellbore stability assessment is essential to mitigate the 

possible failure of the wellbore (Simangunsong et al. 2006, 

Tabatabaee Moradi et al. 2016, Zhu et al. 2016). 

Wellbore stability studies require full understanding of 

the rock behavior around the wellbore. The rock behavior is 

determined by numerous factors, such as state of in-situ 

stresses, pore pressure, rock strength properties, 

temperature, pressure, drilling fluid characteristics and well 

trajectory specifications (azimuth and inclination). Among 

these factors, drilling fluid characteristics and well 

trajectory specifications are adjustable, while the other 

factors cannot be controlled (Aslannezhad et al. 2015).   

Mechanical, thermal or chemical effects may alter the 

state of in-situ stresses. Mechanical effects are associated to 

the stress alternation around the wellbore caused by the 

rock removal during the drilling process. The drilling fluid 

should replace the drilled-out rock and surrounding rocks 

must burden the weight that was previously burdened by the 

removed rock (Khaksar Manshad et al. 2014). Chemical  

                                           

Corresponding author, Ph.D. Student 

E-mail: s.sh.tabatabaee@gmail.com 
a
Ph.D. 

E-mail: nikinik@mail.ru 

 

 

effects are related to the water adsorption in shale layers, 

where the shale swelling may jeopardize the borehole 

stability.  Thermal effects are due to the temperature 

difference between the drilling fluid and the formation rock, 

which may induce a stress alternation at the wall of the 

wellbore (Farahani et al. 2006).  

These effects have been analyzed in many papers and 

several mathematical models are developed to study the 

wellbore stability. The main models are pure elastic, 

poroelastic, thermoporoelastic and chemical. In recent 

years, thermoporoelastic models are widely used in 

borehole stability applications. These models describe the 

behavior of the rock under in-situ stress field coupled with 

the hydraulic and thermal effects.  

Different circumstances are applied in the wellbore 

stability analyses. In the work of Zare et al. (2010), the 

mechanical stability analysis of directional wells is 

presented. Zhang et al. (2006) developed a wellbore 

stability model, which considers the mechanical, thermal 

and chemical effects. Using this model, the authors 

successfully optimized the well trajectory and drilling fluid 

formulation. Farahani et al. (2006) worked on a 

thermoporoelastic model and indicated the effects of 

pressure and temperature changes on the wellbore stability. 

Using a poroelastic model, Ma and Chen (2015) proposed a 

semi-analytical method to assess the failure areas around 

the wellbore for shale gas formations.  

Some researchers worked on the wellbore instability 

problems in the HPHT (high-pressure, high-temperature) 

conditions. Worldwide growth in energy demand is driving 

the oil and gas companies to extract from deeper reservoirs 

with challenges of drilling in HPHT environments. 

Increasing number of projects in HPHT environments 
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requires adjusting operations of the well construction 

process to the available hostile conditions (Tabatabaee 

Moradi et al. 2015).  

Wu et al. (2011) analyzed the wellbore stability of a 

HPHT well located in south China. They investigated the 

effects of elevated pore pressure gradient (up to 1.95 g/cm
3
) 

and temperature (up to 155˚C) and highlighted the 

significant role of coupled pore pressure and temperature 

effects on the wellbore stability. In the work of Liu et al. 

(2015), authors investigated the wellbore instability 

problems in HTHP fractured tight formations. Based on 

their research, critical mud weight window for oil-based 

muds, providing the stability of the HPHT wells, is 

calculated. 

All the developed numerical and analytical models in 

the above researches can be used to evaluate the stability of 

the wellbore based on the available circumstances. 

However, it should be noted that the model performance is 

significantly affected by the input parameters to the model. 

Rock mechanical properties are considered as one of the 

main input parameters for all models. The mechanical 

parameters for most of the calculations are derived based on 

the experimental analyses on the rock sample in the normal 

conditions (in terms of temperature and pressure). 

Therefore, a better knowledge of rock mechanical behavior 

is crucial for stability analysis in HPHT conditions.  

 In this work, two sets of hypothetical rock mechanical 

properties (compressive strength (σc), elastic modulus (E), 

Poisson’s ratio (ν), internal friction angle (∅) and cohesion 

(C)) in normal and HPHT conditions are entered into a 

thermoporoelastic model separately to analyze the wellbore 

stability in HPHT condition. The objective is to highlight 

the significance of rock mechanical properties evaluation in 

HPHT conditions for stability analysis of HPHT wells.  

 

 

2. Model development 
 

A thermoporoelastic model is used to analyze the 

stability of the wellbore in HPHT condition. A brief review 

of the model development is presented here. More details 

about the model development and equations are available in 

the works of Farahani et al. (2006) and Zhang et al. (2006).  

 

 

 

Fig. 1 Stress transformation for inclined borehole 

Fig. 1 shows a simple model for an inclined borehole 

with a plain strain condition, in which the strain 

components ϵz, γxz and γyz are assumed to have zero values 

(Kanfar et al. 2015). The in-situ stresses and hydraulic 

effects induce stress around the borehole. By considering 

the law of Biot’s effective stress, the components of the 

induced stress can be expressed in the cylindrical coordinate 

as follows (Bradely 1979, Lee et al. 2012) 

 

(1) 

 

(2) 

 

(3) 

 

(4) 

 

(5) 

 

(6) 

where σrr, σθθ and σzz are the radial, hoop and axial stress 

respectively σrθ, σθz, and σrz are components of the shear 

stress, Pw is the hydrostatic wellbore pressure, rw  is the 

borehole radius, p(r,t) is the pore pressure profile, θ is the 

point location angle, ν is drained Poisson’s ratio and α is the 

Biot’s effective stress coefficient. σx, σy, σz, σxy, σxz, and σyz 

are the local stress distribution around the borehole in 

Cartesian coordinate, which are expressed based on the in-

situ stresses in the virgin formation (Appendix A). 

In addition, stresses induced by the temperature and 

pressure changes can be expressed as follows (Zhang et al. 

2006) 

 

(7) 
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(8) 

 
(9) 

where 𝛼𝑚 is the volumetric thermal expansion constant of 

the rock matrix, E is the Elastic (Young’s) modulus and T 

(r,t) is the temperature profile. T
f
 (r,t) and P

f
(r,t) are defined 

as 

 
(10) 

 
(11) 

T0 and P0 are initial formation temperature and pressure 

respectively. Difference between the drilling fluid and 

formation temperature induces direct thermal stresses in the 

formation. Besides that, this temperature change may alter 

the pore pressure profile around the borehole, as the pore 

fluid has a much larger coefficient of thermal expansion in 

comparison to the rock matrix (Choi et al. 2004, Li et al. 

1998). Because of temperature variations, thermal stresses 

with magnitude of 10-50 MPa can be induced in the 

borehole wall (Liu et al. 2015).    

Adding Eqs. (1)-(6) and Eqs. (7)-(9) by superposition 

principle, the complete thermoporoelastic model can be 

expressed as follows 

 

(12) 

 

(13) 

 

(14) 

 

(15) 

 

(16) 

 

(17) 

To solve these equations and find the stress distribution 
around the borehole, temperature profile T (r,t) and pore 
pressure profile P(r,t) should be calculated. Formation 
temperature variations for a radial system can be found 
from the following diffusivity equation (Wang and 
Dusseault 2003)  

 

(18) 

 

(19) 

The expressions A, B and C demonstrate the effects of 

heat conduction, heat convection and pore pressure 

diffusion on the temperature variation respectively. In the 

case of low-permeability formations, the 𝑐0 ́  
becomes much 

smaller than c0 and consequently convective heat transfer 

effect on the temperature variations can be ignored. In most 

of the previous works, the models were developed based on 

this approximation and considered conductive heat effect 

only. c0 and  𝑐0 ́ are conductive and convective thermal 

diffusivity coefficients, which are found from the following 

equations (Chen and Ewy 2005) 

 
(20) 

 
(21) 

 
(22) 

where λ is thermal conductivity, ρ is the mass density, Ch is 
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the specific heat capacity of the rock, φ is formation 

porosity, k is formation permeability and μ is the pore fluid 

viscosity. Pore pressure profile can be calculated from a 

similar diffusivity equation too 

 

(23) 

Expressions D and E represent the effects of pore 

pressure diffusion and temperature change on the pore 

pressure distribution. c and 𝑐  ́ are hydraulic diffusivity and 

coupling coefficients, which can be defined by the Eqs. 

(24)-(25). For high-permeability formations the coefficient 

𝑐 ́  becomes much smaller than c and consequently the pore 

pressure variation due to the temperature change can be 

neglected.  

 
(24) 

 
(25) 

In the above equations G is shear modulus, B is 

Skempton coefficient, 𝜈𝑢 is undrained Poisson ratio and 

𝛼𝑓 is the volumetric thermal expansion constant of pore 

fluid (Kurashige 1989, McTigue 1990). Eqs. (19) and (23) 

are solved numerically using an explicit finite difference 

method (FDM) to define the pore pressure and temperature 

profiles in the formation with respect to time (t) and space 

(r). Following spatial and time discretization are applied 

and a special computer program is developed to solve the 

equations 

 

(26) 

 

(27) 

The Eqs. (26)-(27) are solved for a semi-infinite model. 

Pressure at the wellbore wall is considered to be constant 

and equal to hydrostatic pressure of the drilling fluid (Pw). 

Tw is considered as the temperature at the wellbore wall for 

the inner boundary. The initial and boundary conditions for 

the inner and outer boundaries are summarized as follows 

 (28) 

 (29) 

 (30) 

Calculated pore pressure and temperatures profiles are 

used in Eqs. (12)-(17) to find the stress alternation around 
the borehole. Because of the stress alternation and strength 
reduction of the rocks around the borehole the formation 
failure may occur. Two mechanisms of rock failure are 
shear failure (also called breakout or compressive failure) 
and tensile failure, which may result in borehole breakout, 
stuck pipe, loss of drilling fluid, low-quality cementing, 
sidetracking, drilling operation delay and etc. (Abdideh and 
Fathabadi 2013, Chen et al. 1997, Zhang et al. 2010). 
Therefore, a suitable failure criterion is required to assess 
the rock stability and predict its failure before the drilling 
process. The most used failure criteria are Mohr-Coulomb, 
Drucker-Prager, Mogi-Coulomb and modified Lade. Mohr-
Coulomb failure criterion is considered as one of the oldest 
and simplest criteria, which has been used frequently to 
evaluate the compressive failure of the borehole wall. 
Drucker-Prager criterion is defined as the combination of 
the Mohr-Coulomb and Van-Mises criteria. In the Mohr–
Coulomb criterion, the effect of intermediate principal 
stress is neglected, and therefore overestimated values of 
required minimum mud pressure are calculated. On the 
opposite, in the Drucker-Prager the effect of intermediate 
principal stress is exaggerated, and therefore 
underestimated values of required minimum mud pressure 
are calculated (Elyasi and Goshtasbi 2015). The Mogi-
Coulomb failure criterion (Al-Ajmi and Zimmerman 2006, 
Ma et al. 2015) (Eq. (31)) is used in this work to assess the 
failure of the rock around the borehole, as it correctly takes 
into account the effect of intermediate principal stress and 
therefore shows more realistic results in comparison with 
the other criteria.  

 (31) 

 
(32) 

FC is the rock failure criterion. a and b are constants 

related to rock properties, 𝜎𝑚,2 is the mean stress and 𝜏𝑜𝑐𝑡  

is the octahedral shear stress 

 
(33) 

 
(34) 

 
(35) 

 
(36) 

The rock will fail if FC becomes less than zero. In above 

expressions C is rock cohesion, ∅ is internal friction angle, 

σ1, σ2, and σ3 are maximum, intermediate and minimum 

principal stresses respectively (Appendix B).  

 

 
3. Results and discussion 
 

The Eqs. (26)-(27) are solved using an explicit finite  
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Table 1 Used parameters for pore pressure and temperature 

profiles calculations (Simangunsong et al. 2006, Farahani et 

al. 2006) 

Parameter Value Parameter Value 

dt 1 s Pw 55 Mpa 

dr 0.005 m μ 1 cp 

rw 0.125 m c0 7.15 × 10-7 m2/s 

T0 155 ̊ C c0  ́  4.94 × 10-9  m2/Mpa.s 

P0 45 Mpa c 3.36 × 10-9  m2/s 

Tw 55 ̊ C c  ́  0.31 MPa/˚C 

 

 

Fig. 2 Pressure profile at close distances to borehole 

 

 

Fig. 3 Temperature profile at close distances to borehole 

 

 
(a) Pore pressure profile 

 
(b) Temperature profile 

Fig. 4 Pressure and temperature profile with respect to time 

 

Fig. 5 Temperature effect on pore pressure variation 

 

 

Fig. 6 Conductive and convective effects on pore 

pressure variation at 7200 s 

 

 

Fig. 7 Conductive and convective effects on temperature 

variation at 7200 s 

 

 

difference method for the input parameters in Table 1.  

The pore pressure and temperature profiles near the 

wellbore are calculated at four different times and shown in 

Figs. 2 and 3. Figs 4(a)-4(b) show the temperature and pore 

pressure variations with respect to time at close distances to 

the wellbore. By increasing the radial distance from the 

wellbore, the pore pressure and temperature reach their 

initial values. 

As the formation is considered to be situated at HPHT 

condition, the effect of temperature on the pore pressure 

profile cannot be ignored, i.e., the 𝑐  ́ cannot take the zero 

value. Fig. 5 shows the pore pressure profile with and 

without temperature effect.  

To better understand the conductive and convective 

effects on the temperature and pore pressure variations, they 

are shown separately in Figs. 6 and 7. As the equations are 

solved for a low-permeability formation, the convective 

heat transfer have a minor influence on the temperature and 

pore pressure variations, and therefore it may be neglected.   

The pore pressure and temperature profiles are 

calculated for different values of wellbore pressure (Pw). 

Theses profiles are used in Eqs. (12)-(17) to analyze the 

stress distribution around the borehole, and finally evaluate 

the minimum required density of the drilling fluid, which 

prevents from borehole collapse.  

To highlight the significant role of truly evaluated 

mechanical properties in HPHT conditions in borehole 

stability analysis, two sets of mechanical properties are used  
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Table 2 Input mechanical properties for stability 

calculations (Aslannezhad et al. 2015, Khaksar Manshad et 

al. 2014, Wu et al. 2011) 

Mechanical property 

Case I 

(mechanical properties are 

evaluated at normal 
conditions) 

Case II 

(effects of HPHT 
condition on the 

mechanical properties are 

considered) 

Compressive strength  

(MPa) 
90 200 

E (MPa) 3336 3386 

ν (-) 0.27 0.34 

C (MPa) 40 22 

∅ (deg) 32 32 

  

Table 3 Other used parameters for stability calculations 

(Aslannezhad et al. 2015, Khaksar Manshad et al. 2014, Wu 

et al. 2011) 

Parameter Value Parameter Value 

i 0-90 deg T0 155 ̊ C 

αa 0-180 deg P0 45 MPa 

Sv 75 MPa α 0.9 

SH 67 MPa αm 3.5 × 10-5 1/˚C 

Sh 60 MPa Reservoir depth 5000 m 

 

 

Fig. 8 Evaluated FC for case I 

 

 

in the calculations and the results are compared together. 

The considered mechanical properties are compressive 

strength (σc), elastic modulus (E), Poisson’s ratio (ν), 

internal friction angle (∅) and cohesion (C). At elevated 

temperatures and pressures, the value of these mechanical 

properties change. The combined effect of temperature and 

pressure on these properties is complex and variable; 

however, in some researches the general trend of the 

mechanical properties variation versus temperature and 

pressure is presented. Using these general trends, two 

hypothetical sets of mechanical properties are assumed and 

used in the calculations: case I, in which the mechanical 

properties are assumed to be evaluated at normal 

temperature and pressure condition and case II, in which the 

mechanical properties are affected by elevated temperature  

 

Fig. 9 Evaluated FC for case II 

 

 

Fig. 10 Calculated minimum mud weight for case I 

 

 

Fig. 11 Calculated minimum mud weight for case II 
 

 

and pressure. The values of these properties in normal and 

HPHT conditions are presented in Table 2. The other 

required input parameters for stress distribution calculations 

are presented in Table 3. 

The FC values are calculated for both cases. Three 

possible drilling situations are considered (overbalanced,  

underbalanced and balanced) and the wellbore stability for  
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Fig. 12 Case I and case II comparison 

 

 

different inclination and azimuth angles is evaluated. The 

result are presented in Figs. 8 and 9. As it was expected, 

overbalanced drilling secures the most stable well at 

different times from the drilling operation beginning.  

The minimum required mud weight, which prevents 

from wellbore collapse is calculated for both cases and 

represented in Figs. 10 and 11 for three different times (t = 

60, 1200 and 1800 seconds). As it is evident from the 

figures the most stable well trajectory for both cases at 

different times of 60, 1200 and 1800 seconds can be 

achieved with inclination and azimuth angles of 40 and 90 

degrees respectively at the given depth. It should be noted 

that by passing time, the well becomes more stable. 

To understand the significance of truly evaluated 

mechanical properties at HPHT conditions, the result of 

stability analyses for both cases are compared (Fig. 12). As 

it is evident from the figure, in case I the underestimated 

values of minimum required mud weights are calculated, 

which may endanger the whole drilling operation. 

Therefore, for stability analysis in HPHT condition, it is 

required to evaluate the input mechanical properties at 

elevated temperatures and pressures to mitigate this risk.  
 

 

4. Conclusions 
 

Based on the wellbore stability analysis at different 

inclination and azimuth angles and for normal and HPHT 

conditions, the following conclusions can be made: 

• The temperature has a major effect on the pore 

pressure and temperature variations around the wellbore, 

and thus cannot be ignored in stability calculations. 

• As in this work the stability analysis is conducted for a 

low permeability rock, the convective effect has a minor 

effect on the pore pressure and temperature variations 

around the borehole.  

• The most stable well can be drilled with inclination 

and azimuth angles of 40 and 90 degrees respectively for 

both cases at the given depth. 

• The mechanical properties are one of the main input 

parameters for the stability analysis using different stress 

distribution models.  

• For HPHT applications, the wellbore stability is 

usually estimated using the mechanical properties, which 

are calculated by laboratory measurements in normal 

temperatures and pressures. This may lead to 

underestimating the required minimum mud weight, which 

prevents from wellbore collapse. A fully successful 

wellbore stability study can be achieve by measuring the 

rock mechanical properties in the same pressure and 

temperature condition as the drilled well.   
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Appendix A 
 

Local stress distribution around the borehole in 

Cartesian coordinate are expressed based on the in-situ 

stresses in the virgin formation as follows (He et al. 2014) 

  
(37) 

 
(38) 

 (39) 

 
(40) 

 
(41) 

 
(42) 

 

 

Appendix B 
 

Maximum, intermediate and minimum principal stresses 

can be calculated from the following known equations 

 
(43) 

 
(44) 

 (45) 
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