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Abstract: Lost circulation is considered a time-consuming, costly problem during the construction
of oil and gas wells. There are several preventive techniques to mitigate this problem. Stress cage
technology is a mechanical lost circulation method, in which the formation at the wellbore wall is
strengthened to stop the creation of induced fractures as one of the main causes of lost circulation. In
this research, a two-dimensional numerical model, considering the elastic, poro-elastic, and thermo-
poro-elastic behavior of the rock, is built to investigate the effectiveness of the stress cage method.
Results show that better performance of the technology is achieved if the fractures are bridged close
to their apertures. Additionally, it was found that the difference between the elastic, poro-elastic, and
thermo-poro-elastic models is slightly visible. The conclusion states that the application of the stress
cage methods leads to an increase in hoop stress and subsequent formation fracture gradient.

Keywords: lost circulation; wellbore strengthening; kirsch equation; stresses around the borehole

1. Introduction

Lost circulation is defined as the partial or total loss of drilling fluid from the wellbore
into the subsurface formations [1], as a result of which, less fluid is returned to the surface
than is pumped into the drill string. The problem of lost circulation is common in high
permeability zones, naturally fractured formations, and weak formations, where induced
fractures may develop as a result of increased wellbore pressure. Depleted reservoirs, deep
offshore wells, and directional wells are among the circumstances, where induced fracture
may develop. Some studies show that about 20% of non-productive time during drilling
operations are due to lost circulation problems [2-7].

Based on Cook et al. [8], lost circulation management techniques are divided into
two main categories, remedial and preventive methods. The remedial methods are used
after diagnosis of lost circulations, where lost circulation material (LCM) pills are usually
applied to solve the problem. LCMs are usually accumulated on the borehole wall to
form a cake structure on the wall and reduce fluid entrance into the formation. Preventive
techniques are applied in possible trouble zones to mitigate upcoming problems. A class of
preventive techniques is wellbore strengthening (WBS) methods to increase the formation
fracture gradient and, hence, hinder the development of natural and induced fractures,
which are known as the main source of lost circulation [5,9-12].

Stress cage technology, presented by Aston et al. in 2004, is a mechanical WBS method.
This method involves the creation of artificial shallow fractures at the wellbore wall and
bridging them at the fracture opening to increase the hoop stress at or the near wellbore
wall. This increase in hoop stress will eventually lead to a rise in the fracture resistance of
the rock at the wellbore wall. Therefore, fewer induced fractures are created, which, in turn,
leads to less possibility of lost circulation. A higher fracture gradient guarantee a wider
mud weight window, which can contribute to better drilling and completion practices, and,
in the best case, it can lead to a reduced number of casing strings [2,13-17].

Energies 2022, 15, 5439. https:/ /doi.org/10.3390/en15155439

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15155439
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-1484-6926
https://orcid.org/0000-0001-8758-9206
https://doi.org/10.3390/en15155439
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15155439?type=check_update&version=1

Energies 2022, 15, 5439

20f13

The work [18] investigates the effect of effective stress on the permeability of sandstone
in the near-bottomhole zone. The results of laboratory studies showed that the fractional
composition of medium- and fine-grained sandstones influences the pressure sensitivity
coefficient and material constant, which are used to estimate the rock permeability and
pressure gradient. The stress state of the borehole walls and their stability, taking into
account the penetration of drilling fluid into the pores and fractures of rocks, are also
influenced by the circulation of the muds with various fillers [19,20].

The concept and application of stress cage technology have been the subject of
several theoretical and experimental studies. Alberty et al. (2004) developed the first
two-dimensional physical model based on a linear elastic mechanism and finite element
method to study the effectiveness of stress cage technology. They showed that the amount
of trapped stress in the near wellbore region depends on the formation strength, fracture
width and length, the bridge position in the fracture opening, and compressive strength of
the bridging materials [14].

Gil et al. (2006) emphasized the low effectiveness of stress cage technology in low-
permeability rocks, such as shales, and proposed a new procedure for the application of
the technology in such formations. The procedure involved the precooling of the formation
to decrease hoop stress first and then following the normal stress cage technology steps. In
conclusion, authors highlighted the sensitivity of the shales to temperature changes and the
application of the proposed procedure in conduction for an effective stress cage technology
application in low permeability rocks [21].

In 2007, Wang et al. presented their numerical model to investigate the basics of the lost
circulation problem and the effectiveness of stress cage technology in the strengthening of
depleted reservoirs. They concluded that propping the cracks can strengthen the wellbore
wall in both depleted and non-depleted formations. In another study, Wang et al. examined
the fracture stability under strengthening conditions. They showed that wellbore geomet-
rical properties; rock mechanical and physical parameters, including stress anisotropy,
wellbore radius, fracture length, and width; propping location; rock Young modulus; and
rock Poisson’s ratio have significant effects on the result of stress cage treatment. It should
be noted that the details of the numerical models are not clearly described in these papers.
For example, the lack of pore pressure in the input data is noticeable [22,23].

Salehi et al. (2010), considering a linear elastic rock behavior, used a 3D finite element
fracture model to study the effect of rock permeability on fracture growth. The result of
the simulation showed wider fractures in high permeability rocks. However, the effect of
temperature variation on the results of stress cage technology is not investigated [24].

Shabhri et al. (2015) provided a semi-analytical model to predict fracture width dis-
tribution and fracture re-initiation pressure, considering near well stress distribution, in
situ stress anisotropy, and directional trajectory of the well. Using the results of the pro-
posed model, the authors investigated the effect of different parameters on the design
of lost circulation materials. Authors did not include the temperature effect in the semi-
analytical model [25].

Feng et al. (2014) used two-dimensional elastic and poro-elastic models to evaluate the
stress state at the near wellbore region before fracture initiation, during fracture propaga-
tion, and after fracture bridging with LCM. In the conclusion, authors provided a detailed
description of the wellbore strengthening mechanism and affecting parameters [26].

Zhong et al. (2017) developed a mathematical model for wellbore strengthening in
directional wells. Some parameters, such as injection rate, fluid viscosity, wellbore radius,
wellbore inclination, fracture plug width, and optimal wellbore strengthening operations,
were investigated in the study. The presented results do not include the variation of hoop
stress around the borehole, which is critical for evaluation of stress cage effectiveness [27].

In 2019, Liu et al. presented a complete numerical model that included the elastic
deformation of the rock, fluid flow, and the plugging mechanism. The output of the model
was the stresses near the borehole wall, the opening of the fracture, and the pressure inside
the fracture in the conditions before and after bridging [28].



Energies 2022, 15, 5439

30f13

Oy + 0q
Ur:(x Y

2

In 2020, Li et al. developed a fully coupled numerical elastic model to investigate the
state of near-wellbore stresses, and fracture evolution. They concluded that after WBS the
compressive hoop stress and confining stress are altered [29].

Mirabbasi et al. (2020) developed a thermo-poro-elastic analytical model to study the
effects of different well geometrical and rock mechanical properties on WBS effectiveness.
The authors also presented the stress intensity factor (SIF) as the stress concentration at the
fracture tip to evaluate the WBS operation. Comparing the results of elastic, poro-elastic,
and thermo-poro-elastic models, they showed the more accurate results of the thermo-poro-
elastic model, as the variation of temperature and pore pressure significantly affects the
state of stresses in near-wellbore region [15].

As it was discussed, in most of the above-mentioned studies, the effect of tempera-
ture is ignored, which may lead to over- or under-estimation of stress cage effectiveness.
Additionally, in none of the reviewed studies, elastic (E), poro-elastic (PE) and thermo-
poro-elastic (TPE) models were compared. This is worth investigating, as it should be
shown if the results of TPE are significantly different from the other two models. In this
work, all models are developed to study the state of stresses in the near-wellbore region.
Fracture width and hoop stress variation are investigated before fracturing, before bridging
the artificial fracture, and after bridging the fracture to evaluate the effectiveness of stress
cage technology.

2. Materials and Methods

A key factor of stress cage investigation is to fully understand the rock behavior
around the wellbore. Rocks are usually heterogeneous and anisotropic porous mediums
and, hence, it is not always easy to predict their mechanical response under the influence
of induced stresses. The behavior of rocks is usually defined by many controllable and
uncontrollable factors, such as the magnitude and direction of in situ stresses, mechanical
properties of the formation, temperature variation, etc. [30-33].

For a poro-elastic model, considering a rock as a porous medium saturated with fluids, the
state of induced stresses around the borehole can be represented by the following equations [30]:

ox — 0y R* R R*  RY . R?
r)+< > )(1—1—?>r4—41:r4 0826 + 0yy 1+3r—4—4:r—4 szn29+Pwr—2—zxpp 1
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> (1 — 72> _ ( x . y) <1 + 374)c0526 — Oxy <1 + 3r4>szn29 - Pwr—2 —app 2)
R? R?
Oy = 07 — 0 {2 (ox —0oy) r—260529 + 4axyrzsin29] —aP, 3)

In the above equations, 0;, 0y and o3, are radial, hoop, and axial stresses, respectively.
0Oy, 0y, 0z, Oxy are the local stress distribution around the borehole in Cartesian coordinate.
P, is the wellbore pressure, 6 is the counterclockwise circumferential angle of the wellbore
measured from the maximum horizontal stress direction, v is the formation Poisson ratio,
R is wellbore radius, and « is the rock Biot coefficient.

The main aim of the stress cage technology is to increase the hoop stress (0y) at the
near-wellbore region to extend the fracture gradient of the formation.

The workflow of this paper is presented in Figure 1. As it can be seen from the figure,
firstly the geometrical models are built. Then, the input data and boundary conditions are
applied to the models. Finally, the width of the artificial fracture and hoop stress variations
are determined at three stages: before creation of artificial fractures, before bridging the
created artificial fractures, and after bridging the artificial fractures.
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Build model

Applying input data and
boundary conditions

Before fracturing After fracturing After bridging
Hoop stress Hoop stress Fracture Hoop stress Fracture
width width

Figure 1. Investigation workflow.

All elastic, poro-elastic, and thermo-poro-elastic models are developed with an identi-
cal geometry (Figure 2). The well is considered vertical and perpendicular to the horizontal
far-field stresses of the formation. For the models presented in this research, square meshes
with size of 0.1 inches are used and, finally, the model has 175,753 nodes.

§ o

42.5 inches

42.5
inches h OH

A
R

4.25

inches \
«—>

6 inches

Figure 2. The geometry of used 2D models.

The rock is considered a homogenous, isotropic, and permeable medium with linear
behavior and under the influence of in situ stresses. Both horizontal in situ stresses are
in the same plane and perpendicular to each other, such that the maximum horizontal
stress (0py) is parallel to the x-axis and, therefore, the y-axis represents the direction of the
minimum horizontal stress (¢7,). Considering the proposed stress geometry, it is clear that
the artificial fractures will propagate parallel to the x-axis, while the direction of fracture
opening will be parallel to the y-axis.
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The x and y axes are fixed with respect to the geometry to keep the shape constant
after the application of stresses. Figure 3 shows the direction of in situ stresses and the
boundary conditions.

Figure 3. In situ stresses and boundary conditions.

The fracture width in the proposed models is calculated after inserting a known
wellbore pressure. The pressure is selected at 300 psi above the formation breakdown
pressure. It should be noted that the fracture length is considered constant at 6 inches.
Figure 4 represents the direction of applied wellbore pressures. The orange arrow in
Figure 4 indicates the possible bridging location after the creation of the artificial fracture.

Figure 4. In situ stresses and boundary conditions.

The parameters used in 2D models are shown in Table 1. Table 1 presents the summary
of input data and boundary conditions of the proposed models. Data includes the formation
of mechanical and thermal properties, regime of stresses, well geometry, and parameters
related to the application of stress cage technology.
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Table 1. The input values of 2D models.

Parameter Values Units
Model length 425 in
Model width 425 in
Wellbore radius 4.25 in
Fracture length 6 in
Young’s modulus 1,500,000 psi
Poisson’s ratio 0.25 -
Maximum horizontal stress 5000 psi
Minimum horizontal stress 3575 psi
Overburden stress 6000 psi
Wellbore pressure 5725, 6025 psi
Formation breakdown pressure 5725 psi
Pore pressure 1700 psi
Void ratio 0.3 -
Permeability 100 md
Rock thermal expansion coefficient 1.1 x 10~ 1/°F
Specific heat 1000 J/(kg-K)
Conductivity 45 W/(m-K)
Bulk formation density 2 g/ cm?
Formation temperature 120 °F
Drilling fluid temperature 100 °F

The value of formation breakdown pressure, presented in Table 1, is calculated based
on the Haimson and Fairhurst analytical [34]:

Pb=3(7h—(TH—Pp+TO (4)

In the above equation, P, is formation breakdown pressure, oy is the maximum
horizontal stress, 0y, is the minimum horizontal stress, and Tj is the rock tensile strength.
The tensile strengths of the rocks usually are much smaller than their compressive strengths
and, therefore, can be neglected in the calculations.

For validation of the hoop stress value, obtained from numerical models, the fol-
lowing equation, based on the Kirsch and Mirabbasi analytical models, is selected for
hoop stress calculation at the wellbore wall. This equation is valid before inducing the
artificial fractures [15,35].

09 = 0y + 0, — Py — 2(0y — 03,)c0520 — 4Tyy5in26 — Py + o1 (5)

In the above equation, Ty, is shear stress and o is the induced stress due to the tempera-
ture difference between the formation and well. o7 can be calculated as follows [15,35]:

arE (Tmud - Tf)
1-v

or = (6)
where o is the formation thermal expansion coefficient, E is the formation Young modulus,
Tyuua is the mud temperature, and T is the formation temperature.

For simplicity of calculations, the Ty, is neglected. Additionally, it should be noted
that the pore pressure expression (Pp) is not considered in the elastic model. The effect of
or, as the thermal stress, is only determined in the thermo-poro-elastic model. Considering
this modification, the output of Equation (5), is compared to the numerical model output
before the creation of induced fratures.
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To validate the fracture width values of the elastic and poro-elastic models, the analyt-
ical solution of Alberty and McLean is used [14]:

_ 1,2
wi) = ) o R %

where W(x) is the width of the fracture at x distance from the fracture aperture, L is fracture
length, and x is the investigation radius.

In the case of thermo-poro-elastic model, Yao modified Equation (7) for fracture width
calculation as follows [10,14]:

Wix) = 4(1;1)2)(;% — o)\ (L+R)* = x2+20AT(1 —v)y/(L—R)> =22 (8)

In the above equation, A is the formation linear thermal expansion coefficient and AT
is the temperature difference between drilling fluid and formation.

3. Results and Discussions

For all three models (elastic, poro-elastic, and thermo-poro-elastic), hoop stresses at
the wellbore wall were calculated in three stages: before creating the fracture, after creating
the fracture, and after bridging the fracture.

Figures 5-7 show the hoop stress values at the wellbore wall, before creating the
artificial fractures. The result of analytical models is also presented for validation.

8000
7000 —— Analytical Model
6000 ——2D E model
~ 5000
2]
E44000
A
_g 3000
)
8" 2000
S 1000
T
0
-1000 0 10 20 30 40 50 60 70 80 90
-2000
0(°

Figure 5. Comparison of 2D elastic model and analytical model before fracture creation.

000 Analytical model
7000 —— 2D PE model

6000
5000
4000
3000
2000
1000
0

-1000 O 10 30 40 50 60 70 8 9
-2000

Hoop Stress (psi)

e (%)

Figure 6. Comparison of 2D poro-elastic model and analytical model before fracture creation.
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Figure 7. Comparison of 2D thermos-poro-elastic model and analytical model before fracture creation.

As it can be implied by the figures, the hoop stress, obtained from numerical models
is in good agreement with the analytical model output. Therefore, the quality of the built
numerical model can be approved for further investigations. Additionally, it is evident
from the figures that the maximum hoop stress is anticipated at 6 angles of 90 degrees.

After the application of required wellbore pressure, the artificial fractures are created.
However, they are not still bridged. Figure 8 shows the hoop stress values for the elastic,
poro-elastic, and thermo-poro-elastic models.

9000 ——2D E model
8000 ———2D PE model
7000 ———2D TPE model

6000 —

5000
4000
3000
2000
1000

0

-10 10 30 50 70 90
0()

Hoop stress (psi)

Figure 8. Hoop stress values in the wellbore wall for all 2D models before bridging state.

As can be seen from the figure, due to the consideration of pore pressure in the poro-
elastic and thermo-poro-elastic models, the hoop stress value is less than its value for the
elastic model.

Since the temperature difference between the drilling fluid and the formation is not
significant, there is a slight difference between the hoop stress values of poro-elastic and
thermo-poro-elastic model.

Figure 9 represents the hoop stress variation for the elastic model after bridging the
created fracture. The bridge location is selected at 0.5, 1, 2, and 3 inches from the fracture
aperture to see the effect of bridge location on the effectiveness of stress cage technology. The
cases for poro-elastic and thermo-poro-elastic models are presented in Figures 10 and 11.
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Figure 9. Hoop stress at the wellbore wall for four bridging locations (elastic model).
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Figure 10. Hoop stress at the wellbore wall for four bridging locations (poro-elastic model).
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Figure 11. Hoop stress at the wellbore wall for four bridging locations (thermo-poro-elastic model).

Results show that the maximum hoop stress is anticipated at the bridging location
of 0.5 inches. Therefore, it can be concluded that the closer the bridging location to the
fracture aperture, the more effective stress cage technology. This result is in agreement with
previous studies [23,26].
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Figure 12 shows the hoop stress at three stages (before fracturing, after fracturing, and
after bridging the fracture). Results confirm the application of stress cage technology in
hoop stress increase.
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Figure 12. Hoop stress at three stages (before fracturing, after fracturing, and after bridging the fracture).

The half-width of the fracture in the pre-bridge and after-bridge conditions is inves-
tigated in this section. Figure 13 shows the fracture half-width for analytical models and
each of the three numerical models before the bridging.

0.05 = = =2D E model
= = =2D PE model

oos | e 2D TPE model
E VET e Alberty model
< L Alberty model + Yao model
— -,
2 003 Ts—

N

r © am mm, -
E -, oy, -
% 0.02 e
z S
5 g,
£ ™

0.01 A

0 05 1 15 2 25 3 35 4 45 5 55 6
Fracture length (in)

Figure 13. Fracture half-width in 2D numerical models and analytical models before bridging condition.

The results show that almost all three models predict the same profile of fracture width.

After the fracture is bridged, different geometries of the fracture are formed depending
on the location of the bridge. Figure 14 shows the fracture width profile for four bridging
locations along the fracture length.
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2D E model after bridge 0.5

2D E model after bridge 1

2D E model after bridge 2

2D E model after bridge 3
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--------- 2D TPE model after bridge 0.5
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Figure 14. Fracture geometry at four locations of bridging along the fracture length for numeri-
cal models.

Figure 14 shows the fracture geometry in each model separately. It can be seen that
the area under the fracture profile decreases as the bridge location becomes closer to the
fracture aperture. The maximum fracture opening in each of the three numerical models
is seen in the bridge location of 3 inches from the fracture aperture and in contrast, the
minimum fracture opening is seen at the bridge location of 0.5 inches.

4. Conclusions
Based on the presented results, the following conclusions can be made:

The built numerical models are in a good agreement with known analytical models;
The maximum hoop stress at three stages (before fracturing, after fracturing, and after
bridging) was observed at different circumferential angles. This is due to the change
in stress states around the borehole;

e  After bridging the fractures, the maximum hoop stress was observed at the bridging
location of 0.5 inches, which confirms the results of previous studies;

e  All three models showed the hoop stress increase after bridging the fractures, which
confirms the applicability of stress cage technology for wellbore strengthening purposes;

o  The maximum area under the fracture was observed for bridging location of 3 inches
from the aperture;

e  The difference between the elastic, poro-elastic and thermo-poro-elastic models is
slightly visible. However, at high-temperature conditions, i.e., when a significant
temperature difference between mud and formation is anticipated, the effect of thermal
stresses should be investigated.
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