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Abstract
Over the last years, horizontal wells have found applications in many different geological and technical situations to 
enhance the production rate from the oil and gas reservoirs. However, well instability problems are often reported dur-
ing construction of these types of wells. To mitigate instability problems, which are usually difficult and costly to solve, 
well stability analysis are conducted before the construction process begins. Different geomechanical and mathematical 
models that are used in the well stability studies, do not include the uncertainty assessments of the models. As majority 
of input parameters into the geomechanical models are subjected to some extent of errors and uncertainties, therefore, 
it is essential to quantify the uncertainty associated with the output of the geomechanical models. In this work, a Monte 
Carlo simulation technique is applied to quantify the uncertainty in the output of a poroelastic model to make more 
reliable decisions in the well construction process.
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1 Introduction

Horizontal wells are classified as one type of directional 
wells with inclination angles larger than 80 degrees. Over 
the last years, horizontal drilling has been used to enhance 
hydrocarbon production in thin layers, fractured forma-
tions, formations with water and/or gas coning problem 
and reservoirs with heavy oil. Additionally, horizontal wells 
have found applications in water, thermal and  CO2 flood-
ing [1].

Compared to vertical wells, horizontal wells are more 
expensive and difficult to drill. However, they are preferred 
over vertical wells in especial geological and technical con-
ditions, as increased wellbore exposure to the producing 
formation in horizontal wells leads to higher production 
rates.

Many serious instability issues are reported in direc-
tional and horizontal wells, especially during drilling in 

highly stressed formations like weak carbonates, shales 
and loose unconsolidated sandstones. Instability prob-
lems are often complicated and expensive to solve and 
may endanger the whole well drilling and completion 
process. Therefore, wellbore stability analysis should be 
conducted before drilling operation to study the possible 
insatiability issues and mitigate them [2–4].

Understanding the rock behavior around the borehole 
is the key parameter of wellbore stability analysis. Rock 
behavior is determined by studying numerous control-
lable and non-controllable parameters, such as state of 
in situ stresses in the region, formation pressure, rock 
strength properties, temperature, pressure, drilling fluid 
characteristics and well trajectory specifications [5].

Many researchers have developed different geome-
chanical models, i.e. pure elastic, poroelastic, thermoporo-
elastic and chemical models to study the rock behavior 
around the borehole and finally evaluate the stability 
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of the wellbore [6–8]. However, none of the mentioned 
studies includes the uncertainty assessment related to the 
model performance.

Generally, vast variety of input parameters are required 
for each of the mentioned models, the accuracy of which 
determines the model performance efficiency in wellbore 
instability prediction. It should be noted that most of the 
input parameters are subjected to some extent of errors 
and uncertainties, which leads to the inaccurate model 
outputs and false estimation of wellbore stability. Errors 
in the measurement tools, interpretation methods, human 
mistakes, and simplifying assumptions are considered as 
the main sources of uncertainty in the input parameters.

Quantitative probabilistic methods can be used to 
determine the effect of uncertainties in input parameters 
on the performance of geomechanical models. This pro-
cedure leads to more reliable and accurate results during 
the wellbore stability analysis [9].

In this research, a simple poroelastic model and 
Mogi–Coulomb failure criterion are used to analyze the 
stability of a horizontal wellbore. Results of the model are 
represented as the minimum mud weight, which is essen-
tial to maintain the wellbore stability. In addition, Monte 
Carlo simulation technique is applied to quantify uncer-
tainty associated with the model output.

2  Theory and methods

The workflow of this study consists of two main parts (Fig. 1). 
During part I (a), a poroelastic model is selected to analyze 
the stress distribution around the wellbore. In part I (b) 
Mogi–Coulomb failure criterion is selected to compare the 
altered stresses around the wellbore with the rock strength 
characteristics and consequently decide on the well stability. 
In part I (c), errors associated with the model input variables 
to poroelastic model are quantified. In part II, the Monte 

Carlo simulation has been used to quantify the model out-
put uncertainty.

2.1  Poroelastic model

Poroelastic models have been developed based on the main 
assumption that the rock is a porous medium, which is filled 
by different fluids. These models can predict mechanical 
responses of fluid saturated porous rocks with good accu-
racy, especially in wells with normal or moderate tempera-
tures. Mathematical expressions 1–6 represent a poroelas-
tic model, which are used to analyze the state of stresses 
around the borehole [10, 11].

(1)

σrr =

(

σx + σy

2

)

(

1 −
r2
w

r2

)

+

(

σx − σy

2

)

(

1 + 3
r4
w

r4
− 4

r2
w

r2

)

cos 2�

+ σxy

(

1 + 3
r4
w

r4
− 4

r2
w

r2

)

sin 2� +
r2
w

r2
Pw − αPo

(2)

σθθ =

(

σx + σy

2

)

(

1 +
r2
w

r2

)

−

(

σx − σy

2

)

(

1 + 3
r4
w

r4

)

cos 2�

− σxy

(

1 + 3
r4
w

r4

)

sin 2� −
r2
w

r2
Pw − αPo

(3)

σzz = σz − �

[

2
(

σx − σy
) r

2
w

r2
cos 2� + 4σxy

r2
w

r2
sin 2�

]

− αPo

(4)

σrθ =

(

σx − σy

2

)

(

1 − 3
r4
w

r4
+ 2

r2
w

r2

)

sin 2�

+ �xy

(

1 − 3
r4
w

r4
+ 2

r2
w

r2

)

cos 2�

Fig. 1  Workflow of the paper
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σrr, σθθ and σzz are radial, hoop and axial stress respectively, 
σrθ, σθz, and σrz are components of shear stress, Pw is the 
hydrostatic wellbore pressure, rw is the borehole radius, 
 Po is the formation pore pressure, θ is the point location 
angle, ν is 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. 
At wellbore wall of a horizontal section (r = rw), these equa-
tions simplify as [12]:

Local stress distribution around the borehole in Carte-
sian coordinate are expressed based on the in situ stresses 
in the virgin formation as follows [13]:

where σv, σH and σh are the vertical, maximum and mini-
mum horizontal in situ stresses respectively. Angles i and 
αa are the inclination and azimuth angles of the wellbore.
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2.2  Mogi–Coulomb failure criterion

For geomechanical study of the wellbore stability, a fail-
ure criterion should be used to compare the calculated 
stress distribution around the well with rock mechanical 
strength. Based on the comparison result, decision will be 
made about stability or instability of the well.

Mogi–Coulomb failure criterion, which is a shear failure 
criterion, is selected, as it is simple to use and also consid-
ers the effect of intermediate principal stress, influence of 
which on rock failure mechanisms can not be neglected 
[14]. Basic concepts of the Mogi–Coulomb failure criterion 
were firstly presented by Mogi. He indicated that brittle 
fracture always occurs along a plane, which strikes in the 
intermediate principal directions. Later Al-Ajmi and Zim-
merman developed Mogi–Coulomb model as follows [15, 
16]:

where a and b are constants, defined by rock properties, 
σm2 is the mean stress and τoct is the octahedral shear 
stress:

where C is rock cohesion, ∅ is internal friction angle, σ1, σ2, 
and σ3 are maximum, intermediate and minimum principal 
stresses respectively.

2.3  Quantification of errors associated with input 
variables

Input variables to a poroelastic models can be classified 
in four groups:

• Well trajectory specifications (azimuth and inclination 
angles and depth).

• Rock mechanical properties (Poisson ratio, Young 
modulus, cohesion, Biot’s effective stress coefficient 
and internal friction angle).

• State of in situ stresses.
• Formation pore pressure.
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Among these variables, true values of well trajectory 
specifications are known exactly and therefore no errors 
are associated with them.

The last three groups of input variable, i.e. rock 
mechanical properties, state and direction of in  situ 
stresses and formation pore pressure are usually 
obtained by interpretation of indirect measurements 
(such as well log and well test data), which leads to some 
extent of errors and uncertainties in obtained values of 
the variables. Range of errors associated with the vari-
ables, obtained by indirect methods are usually known 
(Table 1) [17]. 

2.4  Monte Carlo simulation

Monte Carlo simulation technique is considered as a 
numerical simulation, which uses random samples from 
the uncertain space of input variables. Random numbers 
of input variables are generated based on their cumu-
lative distribution function. For each random number, 
the system is simulated and output of the system is cal-
culated. Therefore, it will be possible to calculate the 
occurrence probability of each output using numerical 
methods [18].

One of the factors that controls the quality of Monte 
Carlo simulation is trial number, which is the number of 
samples that are selected randomly from their distribu-
tion function. The minimum trial number for a specific 
coverage probability of simulation is given by following 
formula [19]:

where N is the minimum trial number in Monte Carlo simu-
lation and p is coverage probability of the simulation. Con-
sidering a 90% of coverage probability, at least 100,000 
trials of simulations should be run.

(24)N >
104

1 − p

3  Results and discussion

Using set of data presented in Table 2, value of errors pre-
sented in Table 1 and assuming that all input variables 
are normally distributed, the Monte Carlo simulation 
technique with a 100,000 sample number is performed 
to quantify uncertainties associated with the poroelastic 
model output.

Figure 2 shows the probability of well stability as a func-
tion of mud pressure at azimuth angle of 40 degrees.

As it can be seen, at mud pressures larger than 50 MPa, 
the probability of well stability is 100%. 3D Figs. 3 and 4 
show probability of well stability for different mud pres-
sures and azimuth angles.

Results show that at azimuth angles of 0 and 180 
degrees, the probability of well stability is higher than 
other azimuth angles at the same mud pressure.

It is also evident that the probability of the well sta-
bility does not change significantly at different azimuth 
angles. However, drilling parallel to the direction of the 
minimum horizontal stress leads to higher probability of 
the well stability.

Presented results in figures can be used to quantify 
the certainty level during determination of mud pressure, 

Table 1  Range of errors associated with input variables

Input variable Unit Error in the indirect 
measurement,  %

Formation pore pressure MPa 30
Rock mechanical properties
 Poison ratio – 10
 Cohesion MPa 50
 Internal friction angle ° 20

State of in situ stresses
 Minimum horizontal stress MPa 5
 Maximum horizontal stress MPa 15
 Vertical stress MPa 10

Table 2  Input variables to the poroelastic model

Input parameter Value

Vertical stress, MPa 60
Maximum horizontal stress, MPa 70
Minimum horizontal stress, MPa 65
Internal friction angle, degree 31
Cohesion, MPa 22
Poison ratio 0.3
Pore pressure, MPa 35

Fig. 2  Probability of well stability as a function of mud pressure
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Fig. 3  Probability of well stability for different mud pressures and azimuth angles

Fig. 4  Probability of well stability for different mud pressures and azimuth angles
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which is required to maintain the well stability. For exam-
ple, referring to Fig. 2, it can be concluded that main-
taining the mud pressure inside the wellbore as high as 
40 MPa leads to a 92% certainty level of wellbore stability.

4  Conclusions

Well instability problems are one of the most complicated 
and expensive issues especially for directional and hori-
zontal wells. Stability analysis is essential to mitigate prob-
lems during well construction process. Stability of the well 
is affected by different factors, most of which are meas-
ured by indirect methods and therefore are subjected to 
some level of errors and uncertainties. This research inves-
tigates application of a Monte Carlo simulation technique 
to quantify the uncertainty associated with the output of 
a poroelastic geomechanical model. This approach ena-
bles us to make more reliable decision during mud pres-
sure selection. Results of the Monte Carlo simulation show 
that at mud pressures larger than 50 MPa, probability of 
well stability is 100% for different azimuth angles. It also 
can be concluded that the probability of the well stability 
does not change significantly at different azimuth angles. 
However, drilling parallel to the direction of the minimum 
horizontal stress leads to higher probability of the well 
stability.
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