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Abstract

Understanding fault conditions and slip behavior is essential throughout the lifespan of a reservoir. The
formation of new gaps or faults within a reservoir significantly increases the costs and risks associated
with drilling operations. This research examined the potential for fracture formation resulting from
discharge and a reduction in pore pressure. Well drilling data from a reservoir in southwest Iran were
used to calculate the principal stresses and develop a geomechanical model. Based on this model, the
safe mud weight window for drilling was also determined. Finally, the potential for fracture and fault
formations was assessed throughout the reservoir's production phase. The results show that the mud loss
pressure in the reservoir corresponds to the minimum horizontal stress value (63), with an average value
of approximately 41.75 MPa. The stress regime in the reservoir is a normal (6v> cH> ch), and the safest
drilling direction is parallel to the vertical stress. According to the results, the orientations of the
minimum and maximum horizontal stresses are N16W-S16E and N74E-S74W, respectively, with a
standard deviation of 6.5 degrees. As a result of the production and discharge of hydrocarbon reservoirs,
the initial pore pressure decreases. The decrease in pore pressure causes a change in the effective stress
and subsequently the in situ stress field, and this phenomenon will cause new fractures and faults in the
reservoir. The formation of new faults due to reservoir discharge is more likely to occur in the sandstone
layers of the studied reservoir compared to the limestone and dolomite layers.
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Introduction

For many years, rock mechanics (geomechanics) has been applied in different sectors of the
global oil industry, including hydraulic fracturing, underground gas storage, sand production
wells, subsidence of the earth's surface or the sea floor, activation of faults, change in
permeability, productivity wells, and increased production from heavy oil reservoirs. In fact,
numerous projects have been established to address these topics. In other words, rock
mechanics, or geomechanics, in petroleum engineering focuses on the effect of rock stress and
resistance on the behavior of formations affected by reservoir activity (Ashena et al. 2022).
Geomechanical modeling of a reservoir is a critical objective for developing effective
reservoir management strategies. This modeling serves as the foundation for other
geomechanical studies, including wellbore stability analysis, hydraulic fracturing operations,
safe mud weight window design, and assessing the potential for fault formation due to
production. The one-dimensional geomechanical model is the simplest type of geomechanical
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model, representing the state of the stress field and the variations in the physical and mechanical
properties of the ground within the reservoir along the well (Abdelghany et al., 2021).

The field of petroleum geomechanics investigates the prediction of rock behavior,
compression, failure, and faulting in oil and gas reservoirs as a result of drilling and
exploitation. The drop in oil prices and the competitiveness of production from hydrocarbon
resources have further highlighted the importance of drilling planning and the exploitation of
hydrocarbon reservoirs. During drilling, issues, such as the adhesion of drilling pipes to the well
wall, decreased well diameter, weed on the mud, increased well diameter, and blowouts, can
escalate costs up to one billion dollars per year in some cases (Taghipour et al. 2021).

The condition of the well walls not only impacts the drilling phase but also plays a critical
role during field operations by influencing pore pressure reduction. Wellbore instability can
occur at various life stages of a well's lifecycle, including during drilling, well completion, and
flow and production testing (Khodami et al., 2021). These instabilities are a major source of
drilling problems, leading to increased costs, time delays, and, in some cases, the complete loss
of the well (Radwan and Sen 2021). Oil companies invest significant time and resources in
addressing problems arising from wellbore instability during drilling operations. Estimates
regarding the financial losses caused by wellbore instability vary, but they are generally
approximated around 1 billion dollars per year. Therefore, studying this issue is essential to
mitigate the costs associated with oil wellbore instability.

Many parameters can influence the wellbore instability, including those related to the
properties of drilling mud and its interaction with the formation, as well as the mechanical
properties of the formation and the orientation of stresses surrounding the well. In general, the
wellbore instability can be attributed to physicochemical and mechanical factors, or a
combination of both (Farsimadan et al., 2020).

To predict the safe and drilling mud weight intervals for future wells and to better understand
the parameters affecting wellbore instability, it is essential to develop a geomechanical model.
A geomechanical model is a logical set containing information related to geology, regional
stresses, rock mechanical properties, and pore pressure. It serves as a valuable tool for
efficiently updating information relevant to drilling operations and reservoir management
(Edress et al., 2021).

From a geomechanical perspective, production and gradual depletion of the reservoir lead to
changes within the reservoir. The possibility of gap creation is one of the most important
changes resulting from production. Understanding the condition and slippage of these gaps
throughout the life cycle and production of a reservoir is crucial. Gaps in drained reservoirs
may form in three ways. Production can lead to the creation of faults and fracture in the reservoir
(Darvishpour et al., 2019), resulting in depletion and a corresponding decrease in pore pressure.
Tectonic faults are distinguished from reservoir faults by their larger dimensions, which make
them identifiable in seismic sections, as well as by the presence of earthquake hypocenters with
moderate to high magnitudes (Arian et al., 2012). Pore pressure refers to the fluid pressure
inside the rock cavities, which supports a portion of the Earth's stress and maintains the pore
spaces' openness. A decrease in pore pressure leads to an increase in effective normal stress,
and this change can induce elastic deformations throughout the reservoir (Azadpour et al.,
2015). When the stress path is sufficiently large and reaches or exceeds the critical stress value,
a fault may develop within the reservoir. Sometimes it is necessary to excavate the drained
reservoir to access the lower reservoir layers. For example, drilling operations in the Ahvaz oil
field located in southwest Iran are conducted after years of extraction from the shallower
reservoir to access the deeper reservoir (Abdelghany et al., 2023). Due to the reduction in pore
pressure in drained formations, it is necessary to use lower mud weight to prevent cracks and
distortions during drilling. To prevent the entry of fluids from higher layers into the well, the
mud weight must not fall below a certain threshold. Drilling in drained areas leads to significant
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changes in the pressure gradient (Bagheri et al., 2021). These changes can cause numerous
problems that cannot be addressed using traditional drilling methods. Different methods are
used to excavate a drained reservoir. By using a mud weight greater than the minimum principal
stress and drilling in the correct direction, it is possible to prevent a hydraulic gap formation
near the well (Ashena et al., 2020). The use of additives to prevent mud penetration into the
formation, as well as resistant additives to cement the formation grains in the well wall, can
also help mitigate some problems. Incorporating loss-preventing materials can help reduce loss
fluid loss; however, there have been cases where up to 1,000 barrels of mud were lost despite
the use of these agents. Mud pressure management systems also address some issues associated
with drained reservoirs. While the use of reinforcing materials can prevent cracks in the well
walls, they may have detrimental effects on the formation (Bashmagh et al., 2022). The
following are studies by various researchers related to geomechanics and the physics of
reservoir rocks.

Anees et al. investigated the role of shear zones and faults in the accumulation of
economically viable underground gas reservoirs. They concluded that the fault network serves
as a pathway for hydrocarbon migration within the reservoirs (Anees et al., 2022).

The research findings of Ashraf et al. showed that multiple and complex tectonic activities,
along with the formation and activity of several normal faults, have led to the development of
sedimentary basins in the Tibetan Plateau, China (Ashraf et al., 2024).

Shraf et al. successfully detected the heterogeneity between sand and shale reservoirs using
artificial intelligence to analyze rock physics. This method relies on petrophysical parameters
and rock physics (Shraf et al., 2020).

Yifan et al. employed the seismic methods to identify the petrophysical properties of the
reservoirs, such as porosity and the fluid types, incorporating these findings into the thermo-
elastic modeling of the reservoir (Yifan et al., 2024).

Qing et al. artificial neural networks can be used to determine the shear resistance parameters
of rocks, such as the coefficient of adhesion and internal friction, which can then be applied in
elasto-plastic modeling of the rocks (Qing et al., 2024).

Most studies conducted in the field of oil geomechanics are related to the wellbore stability
analysis. This study analyzes the well stability and investigates the potential for reservoir fault
activity in the reservoir resulting from reduced pore pressure. This perspective will significantly
enhance safe drilling and production while reducing costs throughout the life of a well.

The data and information used in this study are derived from various well operations,
including logging, geology, and well testing, which were subjected to quality control before
modeling.

A significant advantage of this study method is the accuracy of the models generated by
utilizing data banks and comprehensive subsurface information. The methodology of this study
is designed to utilize the routine data available within the oil industry.

This research aims to employ geomechanical modeling, using data obtained from the
reservoir charts to evaluate the potential for fracture formation in the drained reservoir. The
goals of the geomechanical investigation into cracking and its propagation in drained reservoirs
include:

1) Calculating the principal stresses acting on the reservoir rock at various depths.

2) Assessing the stress path and critical stress of the rock within the studied reservoir.

3) Determining the safe mud window using geomechanical parameters specific to the reservoir.
4) Investigating the potential for fractures resulting from reservoir discharge and pore pressure
reduction.

According to the petrophysical and well test data collected from the reservoir rock, this study
introduces a specific and accessible method for assessing the potential for fracture formation in
the drained oil and gas reservoirs.
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Geological setting of the Ahvaz oil field

The Ahvaz oil field is located in the Dezful embayment area of Khuzestan Province in the
central part of Ahvaz city (southwestern Iran) and exhibits a northwest-southeast trend parallel
to the Zagros Mountain range. The Ahvaz oil field extends 67 km in length and 6 km in width.
This oil field is bordered by the Ramin oil field to the north, the Maroun oil field to the east,
the Shadgan and Mansouri oil fields to the south, and the Abtaimur and Sosangerd oil fields to
the west (Figure 1). The Ahvaz oil field features a significant structural formation and is
regarded as one of the final sections of the Zagros folded region. This anticline is located on an
uplift (horst) formed in older strata and is unconformably located beneath the Ahvaz surface
anticline of the Aghajari Formation. The Ahvaz anticline is approximately symmetrical, with
its surface at the head of the Asmari formation lying about 2,500 meters below sea level. In the
Ahvaz field, this formation comprises sandstone, limestone, and dolomite, with an average
porosity of 18%. In the Ahvaz oil field, the API gravities of Asmari oil, I[lam oil, and Sarvak oil
are approximately 32.6, 29-, and 26-degrees API, respectively.

The stratigraphic column of the studied oil field is shown in Figure 2. The Asmari Formation
serves as the reservoir layer analyzed in this study.

Tectonics and Geology of Dezful embayment

The Zagros Folded-Thrust Belt is part of the Alpine-Himalayan Belt, which is the result of the
opening and then closing of the Neo Tethys Ocean between the Central Iranian Microplate and
the Arabian Plate (Berberian, 1995). The Zagros Folded-Thrust Belt is divided from the
northeast to the southwest into 5 tectonic zones: the Long Zagros Thrust Belt, the Simple Folded
Belt, the Zagros Foredeep and the Dezful embayment, the Zagros Coastal Plain, and the
Lowlands of the Persian Gulf and Mesopotamia. There are two saddle or hybrid zones in the
Zagros Foredeep, the Dezful embayment in Iran and the Kirkuk Subduction in Iraq.

Caspan Sea

P— — BF : Balarud flexure MZF : Main Zagros Fault
Scismic Line Fault OilFicld River Border Derful Embayment  MFF: Mountain Front Fault  KF: Kazrcun Fault

Figure 1. Location of the Ahvaz oil field in southwestern Iran (modified from Hosseini et al., 2015)
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Figure 2. Stratigraphic column and lithological description of the studied oil field

The Dezful depression is separated from the Izeh zone by the Kohistan and Izeh foreland
faults from the northeast and east, respectively, from the Lorestan zone by the Balarud fault
from the northeast, from the Abadan plain by the Zagros foreland fault from the southeast, and
from the Fars zone by the Kazerun fault from the southeast. Except for the Kazerun fault, the
other faults do not have surface outcrops and can be identified using tectonic evidence,
earthquake data, and the effect of these faults on the geometry of the folds. These faults, along
with the three Haftgel, Hendijan, and Khark-Mish highs, have played a fundamental role in the
sedimentation and tectonic evolution of this depression. The geological situation of the Dezful
depression is completely different compared to the Izeh and Lorestan zones (Najafi and
Lajmorak, 2020). From a stratigraphic point of view, the surface outcrop of the Izeh and
Lorestan zones consists predominantly of Cretaceous-Miocene stratigraphic units (Khami
Group, Bangestan Group, Pabdeh-Gurpi Formation and Asmari Formation). However, the
Dezful embayment surface outcrop consists of Middle Miocene-Pliocene stratigraphic units
(Gachsaran, Mishan, Aghajari and Bakhtiari Formations). From a structural point of view, the
Izeh and Lorestan zones consist of narrow anticlines with a Zagros trend (northwest-southeast).
The height of some of these anticlines reaches more than 300 meters. The core outcrop of the
anticlines in the Izeh and Lorestan zones is formed by the Bangestan Group (Ilam-Sarvak) and
even older formations. This situation can be seen in anticlines such as Kabirkouh, Anaran,
Chenareh, Rit, Gurpi, Payun, Bangestan in the south of the Izeh and Lorestan zones in the
vicinity of the Dezful downthrust. A thrust fault is seen in the core of most of these anticlines.
This fault often places the Bangestan group formations (Ilam- Sarvak) on the Pabdeh-Gurpi
formations. However, in the Dezful downthrust, the Asmari Formation, which forms the
resistant whalebone geometry of many Zagros folds and is one of the most important reservoirs
in this belt, is exposed only in the core of the Asmari, Dara, and Khaviz mountain anticlines. In
this downthrust, the Miocene evaporites of the Gachsaran Formation, which form a very good
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cap rock for the Asmari reservoirs, have acted as a main detachment horizon and have caused
a change in the geometry and scale of the Dezful downthrust anticlines from surface to depth.
This anticline has a much smaller wavelength and amplitude at the surface than at depth. The
Dezful embayment anticlines show axial displacement from surface to depth, and their axial
surface effect does not coincide from surface to depth. Therefore, the Dezful embayment
anticlines have formed large oil traps beneath the Gachsaran Formation. The Dezful embayment
has experienced two tectonic positions, pre-deep and above the wedge, in the evolution of the
Zagros orogenic basin from the Neogene to the present (Sherkati et al., 2005).

Asmari Reservoir

The Asmari Formation is one of the geological formations of Iran, which is considered the
youngest reservoir rock of the Zagros zone, with an age of Late Oligocene (Chatian) to Early
Miocene (Aquitanian) (Allahkarampour et al, 2010). The dominant lithology of this formation
consists of resistant cream to brown limestones and in some areas such as Ahvaz, sandstone.
The Asmari Formation is the richest oil reservoir in Iran and the Middle East and one of the
richest carbonate reservoirs in the world. This reservoir rock supplies oil and gas reserves to 62
oil fields, of which 14 super fields and 12 giant fields are classified in the global classification.
This formation becomes slightly sandy towards the southwest and towards the mouth of the
Persian Gulf, which is called the Ahvaz sands; So that in fields such as Paznan, Ahvaz, Maroon
and Mansouri, the Ahvaz sandstone member covers about one third to one quarter of the total
thickness of the formation. The Ahvaz sandstone member in the Asmari reservoirs increases the
quality of the reservoir and improves the recovery coefficient. This reservoir in northwest
Lorestan is formed from the Kalhor evaporite sediments. Most of the porosity and permeability
of this formation is related to the porosity resulting from fracture.

Materials and methods

In this research, the geomechanical model of the well (MEM) was first designed to determine
the behavior and resistance parameters of the reservoir rock, including elastic coefficients, as
well as the stress field affecting the reservoir at the studied depth. Also, the safe mud window
for the well was designed and analyzed. Of note, the potentials for fault creation due to reservoir
production and discharge were examined by determining the stress path and identifying the
critical value for normal fault creation using established relationships. Figure 3 shows the
flowchart of the geomechanical analysis steps.

S . «%
Data Audit Framework Mechanical Overburden Pore
Model Stratigraphy Stress Pressure
— — .' " N — ' ] [N /
P — e " - e 25 - ' ) »
Mechanical Stress Minimum Maximum Failure
Properties Direction Stress Stress Analysis

Figure 3. Flowchart depicting the steps for constructing a geomechanical model
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Petrophysical information

The first step in constructing and analyzing a geomechanical model is to gather petrophysical
data, which includes essential information such as various log data, drilling reports, and core
samples. These data should possess specific characteristics, including accessibility and general
applicability across various drilling wells, while also being capable of representing a wide range
of reservoir rock parameters. Among the most important of these data with the aforementioned
characteristics are the petrophysical data obtained from graphing operations or well logging.
Petrophysical log based on their characteristics offers valuable information, such as specific
resistance in different zones, porosity, fluid type, density, lithology, and numerous other
parameters derived from these factors. These parameters can be used to create various diagrams
and charts, and in certain cases, they can facilitate discussions on the well trajectory and
different ranges concerning reservoir quality and productivity (Hoseinpour and Riahi 2022).

This research uses the logs of gamma ray, density, and shear and pressure wave sonic logs
obtained from a well in the Asmari Formation in Ahvaz oil field.

Mechanical earth model (MEM)

To construct a mechanical earth model and determine the in situ stresses and the mechanical
characteristics of the reservoir, the elastic moduli of the reservoir rock must be calculated
dynamically at all specified depths. The elastic moduli of the reservoir rock are obtained using
Relationships 1 (Mohammed, 2017).

1- Young's modulus: longitudinal deformation of rock samples in response to applied

stress
2
pb[3—4(%) ]
Ed = AtsZ—Atc? (1)
2- Shear modulus: changes in the rock angle due to the application of shear stresses
Gd =22 ()

T Ats?

3-Poisson’s ratio: the ratio of changes in the cross-sectional area to the change in the
length of the sample

Ats\2
, = Polig) 1 ®)

2
(3ee)

To calculate the elastic moduli, the required data include the RHOB, DTc, and DTs. The log
RHOB provides the density value (p), while the shear wave travel time is derived from Ats or
DTs, and the compressional wave travel time is obtained from Atc or DTc. Poisson's ratio is
dimensionless, whereas the units of the other elastic moduli are in gigapascal (GPa).

For the next calculations, the elastic moduli derived in dynamic mode must be converted to
static mode, which can be achieved using empirical relationships specific to the same oil field
(Table 1).

In this research, the uniaxial compressive strength (UCS) of the rock was assessed using the
experimental relationships, as outlined in Equation 4 (Han et al., 2019).

246.540

UCS = e—0.633+T (4)
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Table 1: The experimental relationships for converting dynamic to static moduli (Mohammed, 2017)

Rock Properties Dynamic Static
b3 -4 (5%) ]
Young’s modulus P Ats 0.4145E4yn-1.0593
Ats? — Atc?
pb Esta

hear modul —
Shear modulus Ats? 2(1 + vsta)

'/ (ﬁ_i(s:)z -1

2
(3%0) -1

The tensile strength of the rock, T, varies between UCS/8 and UCS/12, depending on the

formation type. For the studied reservoir, its value is calculated using Equation 5.
ucs

T=T0 ®)

Poisson’s ratio 0.7 Xv

Results and Discussion

MEM output is depicted in Figures 4, 6, and 7.

The overall diagram illustrating the aforementioned modules as a function of depth can be
derived by calculating the values of the dynamic modules, as shown in Figure 4.

The Young's modulus diagram, which represents the hardness of the rock (Figure 4), shows
higher values at both beginning and end sections of the well, particularly in areas where the
reservoir rock is limestone. Moreover, the tolerance threshold of the reservoir rock in these
areas exceeds the applied stresses, reducing the likelihood of fractures and faults occurring.

The Poisson’'s ratio diagram (Figure 4) indicates that the variations in this modulus, which
reflects the characteristics of the rock, are more pronounced in the initial and final sections of
the well compared to other areas, primarily due to the changes in the rock type within the
formation. Formations exhibiting a higher Poisson's ratio undergo greater lateral expansion,
resulting in increased horizontal stresses.

The shear modulus diagram illustrates the variations in the reservoir rock in response to
applied shear stresses. The graph indicates that the reservoir rock exhibits the highest resistance
to shear stresses at both the beginning and end regions, while the lowest resistance is observed
in the middle sections of the reservoir (Figure 4).

Figure 5 indicates that the dynamic Young's modulus values exceed the static values, with a
linear relationship between the two. The ratio of dynamic Young's modulus to static Young's
modulus is typically equal to 1.5 on average. As the Young's modulus of the reservoir rock
increases, the difference between these two values decreases, causing their ratio to approach
one. For rocks with low moduli, the disparity between these two values is more pronounced,
necessitating a larger correction factor.

Uniaxial compressive strength and tensile strength parameters of the reservoir rock are
shown in Figure 6.

Modeling the well geomechanics requires two key parameters: rock pore pressure (Pp) and
drilling mud weight (Mw). The pore pressure parameter is determined through well testing
methods, while the Mw parameter is extracted from daily drilling reports. Figure 7 displays the
relationship between pore pressure and mud pressure concerning the well depth.
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Calculating the magnitude of the stress field and determining the stress regime

At this stage, it is essential to estimate the principal stress values. In rock mechanics and
structural geology, principal stresses are defined as those that exhibit zero shear stress on their
acting planes, denoted by the symbols (6 v, 6 n, and o H). The current research employs the
fundamental relationships of the stress field to calculate the principal stresses, applying this
method to obtain principal stress values at various depths within the studied oil field. The
approach is based on dual models that account for the behavior of reservoir rock in both elastic
and plastic states, enhancing the accuracy of stress field calculations.

The extracted data required for calculating the principal stresses include the acceleration due
to gravity (g), depth (Z), Poisson's ratio (v), Biot's coefficient (a), pore pressure (Pp), static
Young's modulus (Esta), average rock density (RHOBavg), and strain in the x and y directions
(ex and ey).

A key approach for determining minimum and maximum horizontal stresses is the
application of poroelastic relationships, or the surface strain model. In this model, the horizontal
stress values can be calculated using overburden pressure, Young's modulus, Poisson's ratio,
and horizontal strain values, as presented in the equations below (Fjar et al., 2008).

oV = fozp(z)gdz = pgz (6)
h=-"—ov—-—"—aPp+aPp + ——¢y + — (7)
on = v ov v arp arp 12 &y 12 EX
vsta vsta Esta vstaEsta
oH = 1-v ov = 1-vsta aPp + aPp + 1-vsta? 1-vsta? (8)

Biot's coefficient (a) is typically determined through laboratory tests, with values ranging
from zero for hard rocks with no porosity to one for porous rocks in shallow sedimentary basins.
The Biot coefficient indicates changes in porosity and permeability in the reservoir rock and its
value is between 0 and 1. The more porous and permeable the rock, the value goes towards 1.
Poisson's ratio also shows changes in length to width of the rock against stress, which indicates
the ductility of the rock.

In this research, the values are set as follows: a = 1, & = 1.5, and &, = 0.5. Figure 8 depicts
the stresses obtained at different depths.

The resulting graph of in situ stresses allows for a comparative analysis to determine the
stress regime present within the reservoir. Anderson presented three types of stress regimes
using the Mohr-Coulomb failure theory. Anderson’s classification describes fault regimes
based on the direction and relative amounts of three main stresses (Hashemi et al. 2014).

The three primary stress components acting within the Earth's crust are vertical stress (Sv),
maximum horizontal stress (Sn), and minimum horizontal stress (Sn). These stress components
give rise to three distinct types of stress regimes in the subsurface environment.

Figure 8 indicates that the vertical stress exceeds the maximum horizontal stress, which in
turn is greater than the minimum horizontal stress, as represented by the inequality (Sy > Sy >
Sh). This shows a normal stress regime throughout the reservoir, with the prevailing fault type
being a normal fault.

In the initial areas of the reservoir, the values of the three stress components are nearly equal,
resulting in well stability that is consistent and optimal in all directions and azimuths. In other
words, the well can be inclined in any desired direction. However, in the middle and end regions
of the reservoir, the two horizontal stresses are nearly equal but significantly differ from the
vertical stress. Consequently, the optimal drilling path aligns with and runs parallel to the
vertical stress.
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Determining the orientation of stresses using the caliper log and image log

In the oil industry, drilling tools are utilized to gather information about the extent and dip of
stratification, as well as the size and diameter of the drilled well. Geological complexities are
assessed using two orientations: vertical (straight) and dip parameters (Bozorgi et al., 2016).

For the studied well, the data from the six-arm caliper log were analyzed to determine the
orientation of the stresses in the field, and the results are presented in Figure 9. The rose flower
diagram depicting the locations of collapse indicates the orientation of the minimum horizontal
in situ stress is N19W (Figure 10). As mentioned earlier, the orientation of the maximum
horizontal in situ stress is perpendicular to that of the minimum horizontal stress.

Imaging tools generate images of the well environment by measuring variations in the
electrical resistance of the surrounding environment. Shear fractures of the wellbore, resulting
from in situ stresses, lead to an increase in the well's diameter in a specific direction. This
phenomenon, in turn, causes the drilling mud to fill the gap between the resistance sensor and
the wellbore (Almalikee and Al-Najim, 2018).

Therefore, the tool measures the resistance of the drilling mud rather than that of the well
wall. Inthe well, the drilling mud used is of the water-based type. In other words, the tool shows
high conductivity in areas of wall shear deformation (BB), which exhibit a phase difference of
180 degrees at a specific depth (Gholami et al., 2017). The well features image log charts
(XRMI) in the 1.2- to 8-inch hole, which demonstrate high quality and accuracy. To determine
the orientation of the principal horizontal stresses, visual diagrams were meticulously analyzed
using Techlog software to identify shear failure (wall collapse) and induced failure. The XRMI
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image diagram of the well, along with the six-arm diametric diagram, is partially presented in
Figures 11 and 14 to identify the areas of shear failure (wellbore collapse).

The results of examining the orientation of the principal in situ horizontal stresses are
presented in an image log from the 1.2- to 8-inch open hole of the well (C) (Figure 13).

The orientation of the wellbore (BO) collapse is measured at 161-341 in the first part and
166-346 degrees in the second part of the image log (Figures 13 and 14).

DEPTH BS (INCH C14 (N
(M 02210

-

Figure 9. Charts displaying the depth, bit size, and wellbore diameter, along with the drop zone within
the well

A\

Figure 10. The rose diagram of the caliper log illustrating the diameter and length to determine the
orientation of the minimum horizontal stress within the well
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Figure 11. Identification of the areas of shear failure (wall collapse) in a section of the 1.
open hole of the well

S

Figure 12. The rose diagram depicting the orientation of minimum horizontal stress (ch) in the first part
(left) and second part (right) of the image log of the well

In addition to shear fractures accompanied by wall thickening, tensile fractures induced by
drilling within the wellbore serve as another valuable and common indicator for assessing the
magnitude of the principal horizontal in situ stresses. These fractures form on the wellbore wall
when the concentration of stress increases to a level sufficient to induce a tensile fracture
(Rahimi, 2014). These types of fractures typically occur in vertical wells and are oriented
parallel to the well axis. As explained earlier, maximum stress concentration occurs in the
direction of minimum horizontal stress, which leads to shear ruptures in the wellbore. However,
the initial tensile fracture in the well wall occurs in the direction with the lowest stress
concentration when the pressure within the well is generated by drilling into the rock. Since the
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direction of the maximum horizontal in situ stress is in line with the minimum stress
concentration, the induced fractures resulting from drilling occur in the direction of the
maximum horizontal in situ stress. Figure 14 displays some induced tensile fractures in the
wellbore.

Rose diagrams of tensile fractures (DIFs) identified in the 1.2 to 8-inch open hole of the
studied field (Figure 15).

Determining the average direction of maximum in situ horizontal stress (cH)
Based on the equations proposed by Marbia (1972), the orientation of BO and DIF is

represented by the angle 0i. Angles ranging from 180 to 360 degrees are equivalent to 0-180
degrees. The angle for performing calculations is defined in degrees using Equation 10.
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07 = 26 (10)
A maximum of two numerical longitudinal and weighting methods are employed to determine
the average direction of the horizontal in-situ stress. These two methods are summarized in
Table 2.

It should be noted that Om represents the average minimum horizontal in situ stress
direction. The calculated results of the parameters in Table 2 for the studied well are presented
in Table 3.

Table 2. Numerical and longitudinal weight method parameters to determine the average direction of
the maximum in situ stress

Longitudinal weight method Numerical weight method
L total length n Number
1 Parameter C 1 Parameter C
—Z l;cosb; —Z cos6;
L 4 N4
1w Parameter S 1 Parameter S
L Z 1;sin6; —Z sin6;
i= n i=1
1 1
> arctan(S/C) Om > arctan(s/c) Om
1 1
(C2 + $2)2 Parameter R (€2 + $2)2 Parameter R
360 standard 360 1 standard
—_—(—= —(—= 2
( L R)Z deviation ( L R) deviation
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Figure 15. The stress map of Iran, extracted from the World Stress Map (2016), highlighting the
investigated field (modified from Heidbach et al., 2018)
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According to the results in Table (3), the directions of the minimum and maximum horizontal
in situ stresses are N16W-S16E and N74E-S74W, respectively, with a standard deviation of 6.5
degrees. The results of the longitudinal weight method correspond to the rose diagrams in
Figures 12 and 14,

Another parameter, known as tectonic regime, is included in the World Stress Map database,
along with its corresponding list and symbols. The type of tectonic regime at a given point is
determined by evaluating the magnitudes of the in situ horizontal and vertical stresses at that
location (Nazeri et al., 2023). The three primary stress regimes are normal fault (NF), strike-
slip (SS), and trust fault (TF) regimes. In some cases, where the in-situ stress magnitudes are
unknown, the tectonic regime is classified as unknown (U). In the World Stress Map project,
the criteria for determining the quality of the maximum in situ horizontal stress direction based
on wellbore collapse data are presented in Table 4.

Based on the WSM scoring criteria (Table 4) and the results of the longitudinal weight
method calculations (Table 3), the direction and magnitude of the maximum horizontal in situ
stress in the well in the investigated field are determined, achieving a score of A. The alignment
of the predicted horizontal in situ stresses in the studied well with the stress direction in the
Zagros basin was evaluated using the 2016 stress map of Iran, as shown in Figure 16. The
investigated field is located at the coordinates of 31° 32" N and 48° 53' E. As shown in Figure
15, the maximum horizontal in situ stress direction calculated for the analyzed field aligns with
the stress direction of the Zagros region, indicating a normal stress regime.

Wellbore stability analysis

The concepts of safe mud window and stable mud window for drilling mud are established, and
wellbore stability is analyzed in this stage.

As displayed in Figure 16, the safe mud window for drilling mud ranges between Pp and 63,
while the stable mud window ranges between Min MW and 63.

Table 3. Results of the calculations using the numerical and longitudinal weight methods to determine
the average direction of the maximum in situ stress

Longitudinal weight method Numerical weight method
103/15 total length 87 Number
0.825 parameter C 0.816 Parameter C
-0.527 parameter S -0.523 parameter S
-16.3 O -16.3 0
0.98 parameter R 0.969 parameter R
5/93 standard 7.21 standard
deviation deviation

Table 4. Scoring criteria for the World Stress Map (WSM) based on the analysis of shear ruptures in
the well wall using the image log tool

Quality- E Quality- D Quality - C Quality- B parameter
No shedding Less than 4 more equal to 4 More equal to 6 Greater than or Number of
equal to 10 separate drops
Greater than or ~ Greater than or
Less than 20 Greater than or Total drop
- equal to 40 equal to 100
meters equal to 20 meters length
meters meters

More than Standard
40 Less than 40 Less than 25 Less than 20 Less than 12 deviation

value
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Additional results can be derived from this chart, including formation fracture pressure, mud
loss zone, breakdown pressure, and formation loss. Figure 17 shows the safe mud window and

stability analysis diagram for the studied well.

Prediction of fault activity in the reservoir

Next, the stress path and critical stress path values need to be determined and compared to
examine the condition of different layers of the reservoir regarding the potential for fault

formation and fracture.

O O O

Safe mud window

Mud Weight Mud Weight Pressure

- =
Kick Zone I Breackout Slablc mud Lot Zoms
Zone window .
Pp Min MW o, MaxMW
Kick Breakout Fracture Breakdown

Pressure

Figure 16. Different ranges of mud windows (modified from Abdideh & Dastyaft, 2022)
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The stress path and the critical stress path in different areas of the reservoir can be calculated
using equations 14 and 15.
The equation of the stress path, which is equal to the ratio of the change in horizontal stress

to the change in pore pressure:
1-2v ASHor
A_a(1—v)_ APp (14)
where v is the Poisson's ratio and o is Biot's coefficient (o = 1).
The equation of the critical stress path is obtained from equation 15:

% _ 1
A =1 = e (15)
where p is the coefficient of rock friction. Values for p are considered as follows: for sandstone
(u=0.6), for limestone (u=0.9), and for dolomite (u=0.8).
Figure 18 shows all areas and ranges of the reservoir where fault formation is possible.
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Figure 18. Comparison of the stress path and critical stress path in the reservoir (In the middle areas of
the reservoir, where the reservoir rock is sandstone, the values of the stress path parameter are higher
than the calculated critical stress path parameter values, which have a high potential for creating new
fractures in the reservoir)
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In the central areas of the reservoir, particularly in areas where the reservoir rock is
sandstone, the values of the stress path parameters exceed those of the calculated critical stress
path parameters (Figure 18). Therefore, fault formation is only feasible in the aforementioned
areas, while the likelihood of fault development in the remaining areas and layers is minimal,
regardless of the production and discharge rates. Draining the reservoir reduces the amount of
pore pressure (Pp). If the discharge stress path is greater than its critical value, a normal fault is
likely to develop within the reservoir. The existence of a fault during continued drilling or
creating a hydraulic fracture can lead to new challenges and issues, such as mud waste. As
shown in Figure 18, the probability of fault formation is significantly higher in areas with
sandstone formation compared to other areas composed of different reservoir rock materials.
The cause of faults in sandstone layers is due to the nature of diagenetic processes, secondary
porosity, and permeability of sandstones.

Conclusions

The vertical stress (ov = Sv) was calculated to be 60.33 MPa, the minimum horizontal stress
(ch = Sh) was calculated to be 41.71 MPa, and the maximum horizontal stress (cH = SH) was
calculated to be 58.66 MPa.

The average uniaxial compressive strength (UCS) was calculated to be 28.49 MPa and the
average tensile strength was 2.84 MPa. The pore pressure (Pp) was 19.79 MPa and the mud
weight (Mw) was 23.24 MPa.

The safe mud window for drilling mud was calculated for the reservoir, with the loss
pressure equivalent to the minimum horizontal stress value (63) averaging approximately 41.75
MPa. The stress regime in the reservoir is classified as a normal fault, and the optimal safe
drilling direction in this reservoir is aligned parallel to the vertical stress. The results
demonstrate that the minimum and maximum horizontal in situ stress directions is N16W-S16E
and N74E-S74W, respectively, with a standard deviation of 6.5 degrees.

The stress path value A=0.66 and the critical stress value A*=0.67 were calculated, and
given the closeness of these two values with withdrawal from the reservoir and reduction in
pore pressure, there is a possibility of normal fault formation in the reservoir.

Fault activity is possible in the sandstone layers of the formation within the studied reservoir;
however, the likelihood of fault formation in other layers, such as limestone and dolomite,
during the production time is minimal. The formation of faults in the sandstone layers, driven
by diagenesis processes, has resulted in increased secondary porosity and permeability due to
the creation of additional pore spaces.

Due to the increase in secondary porosity and permeability due to fracturing, the reservoir
requires a new production strategy to prevent excessive pressure drop and production loss due
to fracturing.

List of symbols

Yayn Dynamic Poisson's Ratio
Egqyn Dynamic Young’s Modulus
Egta Static Young’s Modulus
Kayn Dynamic Bulk Modulus
Ksta Static Bulk Modulus

Vo P-Wave Velocity

V, S-Wave Velocity

Vsh Shale Volume
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Abbreviations

ucs Uniaxial Compressive Strength
p Density

P Mud Pressure

P Pore Pressure
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