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Abstract

A well construction plan includes a drilling program, drilling fluids, casing-setting-depth
selection, casing-grade-combination design, bit selection, cementing, and a wellhead design.
Casing-setting-depth selection techniques are an integral part of the construction of oil and
gas wells, where setting-depth selection methods rely on both safety and economics. In this
study, a new casing-setting-depth selection method is developed. This new method is based
on the estimation of the fracturing pressure using the Mohr—Coulomb failure criterion. To
validate this new casing-setting-depth selection method, ten core samples, representing
ten underground formations in the Saudi lithological column, were tested for uniaxial
compressive and tensile strengths. The results were utilized to establish rock failure criteria
and estimate casing setting depth using a newly proposed casing-setting-depth selection
method based on the Mohr-Coulomb failure criterion and compared to other traditional
casing-setting-depth estimation methods. The results demonstrated that the Hubbert &
Willis method provided a very narrow safe mud window compared to the other methods,
while the leak-off, Eaton, Mathews & Kelly, and other methods provided more economical
results. On the other hand, the Mohr—Coulomb method provided the widest and most
economical safe mud window compared to all other traditional methods. One of the main
requirements of the Mohr-Coulomb casing-setting-depth selection method is that it either
requires appreciable core samples from various depths to be tested in the laboratory for
their mechanical properties and failure criteria, or that core-calibrated well logs be used.
Additionally, relying on Mohr-Coulomb casing-setting-depth selection methods requires
the use of filtration loss control materials to seal any microcracks that may form. Economical
comparisons in terms of casing string number and length yielded that Eaton, leak-off, and
Mathews and Kelly methods reduced casing cost by 31% compared to Hubbert and Willis
methods. On the other hand, the new casing-setting-depth selection method based on the
Mohr—Coulomb method reduced casing costs by 41% compared with the Hubbert and
Willis methods and by 10% compared with the leak-off and Mathews and Kelly methods.
Therefore, this study provides a new proof of concept for developing an efficient method
for selecting the casing setting depth for oil and gas wells.

Keywords: oil well drilling; casing setting depth; pore pressure; fracturing pressure;
Mohr—Coulomb; Eaton; Hubbert and Willis; Mathews and Kelly
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1. Introduction

Wells are drilled using a rotary drilling rig (see Figure 1) as the only way to commer-
cially exploit oil and gas from underground reservoirs. The drilling process involves the
following requirements [1]:

(1) Drilling fluid design.

(2) Dirilling bit selection.

(38) Casing design (casing-setting-depth selection and casing-grade-combination design).
(4) Cementing job design.

(5) Safety issues, knowledge, and mitigation plans.

(6) Dirilled cutting and drilling mud dumping plans.

Structural Pipe

_________ ‘ JI11 “W Conductor Casing
30-300 ft

Surface Casing
1,000 - 4,000 ft

Intermediate Casing 1
6,000 — 12,000 ft

Intermediate Casing 2
6,000 — 12,000 ft

Production Casing
8,000 - 20,000 ft

Liner Casing

Figure 1. Typical order for oil-well casing strings.

Casing design elements, including casing-grade-combination selection and casing-
setting-depth selection, are a crucial part of the oil- and gas-well drilling process. Casing-
setting-depth selection is mainly dependent on the knowledge of pore pressure and frac-
turing pressure profiles. The precise knowledge and utilization of pore pressure, fracture
gradients, and other rock mechanical properties are essential for maintaining borehole sta-
bility while drilling by defining the mud window required for safe drilling. Oil-well casing,
a fundamental component in the field of energy extraction, plays a pivotal role in ensuring
the safety, efficiency, and environmental responsibility of oil and gas operations [2]. Casing
strings are classified into the following (see Figure 1):

(1) A conductor pipe is a relatively short string of large-diameter pipes usually set in a
drilled hole in onshore operations; it is normally washed, driven, or forced into the
ground in bottom-supported offshore operations, which is sometimes referred to as
a structural pipe. A drive pipe provides structural support at the top of a well and
prevents the collapse of loose surface formations. It is the first casing in a well and
helps guide the drill bit. Common sizes are 18 inches to 30 inches, and the setting
ranges from 30 ft to 300 ft (or more).

(2) Regarding a drive (structural) pipe, this layer of casing is located between the con-
ductor and the surface pipe. The purpose of this casing pipe is to prevent washing
out under the rig and provide elevation for the flow line in the rotary drilling rig.
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The conductor needs to be set deep enough in a formation that allows returns to the
flow line.

(8) Surface casing purposes are to protect surface freshwater formation, seal unconsoli-
dated or lost circulation areas, support subsequent casing strings, and provide primary
pressure control. Surface casing is usually set in the first competent formation, which
is strong enough to close in on a kick. Common sizes are 9% inches or 1334 inches,
and the setting depth ranges from 1000 ft to 4000 ft or more.

(4) Intermediate casing (also called protection casing) purposes are to separate the hole
into workable sections and control lost circulation formations, salt sections, over-
pressured zones, and heaving shales. Intermediate casing is often planned to be set
in a pressure transition zone, where pore pressures and fracture gradients increase.
Common sizes are 7 inches to 9% inches, and the setting depth ranges from 6000 ft to
12,000 ft (or more).

(5) Production casing purposes are to isolate the pay zone from other formations and
the fluids in them, provide protective housing for production equipment such as
subsurface artificial lift, have multiple-zone completion, screen for sand control, and
cover worn or damaged intermediate string. Common sizes are 4% inches, 5 inches,
and 7 inches. The setting depth ranges from 8000 ft to 20,000 ft or more.

(6) Liners are used to save money, cover corroded/damaged casing, and cover lost
circulation, plastic shales, and salt zones. Liners are used in deep wells where the rig
is unable to lift a long string of casing. Setting depth is anywhere within intermediate
or production intervals.

1.1. Casing-Setting-Depth Selection Processes

The two primary methods for selecting casing setting depths (“top-down” and
“bottom-up” casings refer to the different strings used in a well, such as surface, intermedi-
ate, and production casing) are the bottom-up method and the top-down method. Both
methods rely fundamentally on a graphical representation of the pore pressure and fracture
gradient plotted against true vertical depth [3-5].

1.1.1. Top-Down Method

This method starts the design from the surface and works its way down towards the
planned total depth. This process is as follows:

(1) Determine the necessary mud weight to drill the first section (e.g., to protect freshwater
aquifers or penetrate a shallow hazard).

(2) Plot the mud weight line.

(3) Set the casing setting depth for this section at the point where the mud weight line
intersects the design fracture gradient line (FG minus kick margin). This point defines
the weakest formation that can safely withstand the maximum mud pressure to be
used in the next hole section.

(4) Repeat the process for subsequent casing strings, working deeper into the well.

This method is generally preferred for exploration wells, where subsurface pressure
data may be less specific, by starting with a conservative approach based on known surface
conditions. Normally, this method provides more casing strings compared to bottom-
up techniques.

1.1.2. Bottom-Up Method

This method starts the design from the planned total depth and works its way up
towards the surface.
This process is as follows:
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(1) Determine the final required mud weight needed to reach the total depth (i.e., the
mud weight to control the deepest pore pressure, including a trip margin). This is the
highest mud weight to be used.

(2) Plot this maximum mud weight line.

(3) Find the deepest point in the wellbore where the maximum mud weight line intersects
the design fracture gradient line. This depth is the setting point for the final casing
string (production/deepest intermediate).

(4) From this casing shoe depth, determine the mud weight required to drill to this
depth safely.

(5) Find the point where this new mud weight intersects the design fracture gradient line
above it. This is the setting point for the subsequent shallower casing strings (e.g.,
intermediate casing).

(6) Repeat the process until the surface is reached.

This method is commonly used for development wells when more accurate pore
pressure and fracture gradient data from nearby (offset) wells are available. This method
often results in a more optimized (deeper) setting depth for each casing string.

1.1.3. Other Influencing Factors

While pore and fracture pressures are the primary technical drivers, other operational
and regulatory factors also influence the final casing setting depth:

(@) Regulatory Requirements:

e  Surface casing must be set deep enough to isolate freshwater aquifers and provide
an adequate foundation for the blowout preventer system.

e  There should be a Kick Tolerance, which is the well’s ability to safely contain and
circulate out a formation fluid influx (kick) of a defined size.

(b) Geological /Formation Factors:

e Problem Zones: Unstable shales, formations prone to lost circulation, high-
pressure zones, or highly corrosive formations should be isolated.

e  Salt Formations: Casing must be set above salt sections that are likely to creep
or flow.

e  Shallow Hazards: Specific shallow risks like shallow gas or shallow water flow
require isolation with the conductor or surface casing.

e  Economic Factors: The number and depth of casing strings should be optimized
to minimize costs (casing, cement, and drilling time) while maintaining safety.

e  Wellbore Stability: The length of the open hole exposed should be limited, espe-
cially in unstable or reactive formations.

1.2. Prediction of Pore Pressure Profile

Casing setting depth is typically evaluated using the relationship between depth, pore
pressure, and fracture pressure or gradients. Therefore, it is essential to estimate pore
pressure and fracturing pressure profiles with depth to conduct casing-setting-depth evalu-
ation. Pore pressure evaluation is an integral part of well planning, formation evaluation,
and safety [6]. To drill safely, it is necessary to detect pore pressure and fracture pressure
so the mud density can be optimized to provide sufficient overbalance while remaining
low enough to avoid compromising formation integrity. A quantitative pre-drill forecast
of pore pressure is needed while drilling in overpressured formations, and this might be
achieved through elastic velocities using a velocity-to-pore-pressure transformation model
calibrated with measured pressure data [7-9]. Pore pressures in most deep sedimentary
formations are not hydrostatic; instead, they are overpressured and elevated even to more
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than double the hydrostatic pressure. If the abnormal pressures are not accurately pre-
dicted prior to drilling, catastrophic incidents, such as well blowouts, may take place [10].
The fundamental theory for pore pressure prediction is based on the effective stress law.
This theory indicates that pore pressure in the formation is a function of total stress (or
overburden stress) and effective stress. The overburden stress, effective vertical stress, and
pore pressure can be expressed in the following form [11]:

Oveff = Ov — 0‘Pp 1)

where Pp is the pore pressure; oy is the overburden stress; oy is the vertical effective stress;
and « is Biot’s effective stress coefficient (equal to 1.0 for permeable and fractured rocks).

Pore pressure can be calculated from Equation (1) when overburden and effective
stresses are known. Overburden stress can be easily obtained from bulk density logs,
while effective stress can be correlated to well log data, such as resistivity, sonic travel
time/velocity, bulk density, and drilling parameters [11]. Pore pressure analyses include
three aspects: pre-drill pore pressure prediction, pore pressure prediction while drilling,
and post-well pore pressure analysis.

(1) The pre-drill pore pressure can be predicted by using the seismic interval velocity data
in the planned well location, as well as using geological, well logging, and drilling
data in the offset wells.

(2) The pore pressure prediction while drilling mainly uses logging while drilling (LWD),
measurement while drilling (MWD), drilling parameters, and mud logging data
for analysis.

(38) The post-well analysis analyzes pore pressures in the drilled wells using all available
data to build a pore pressure model, which can be used for pre-drill pore pressure
predictions in future wells [11].

1.3. Lithological Column Profile

Another important piece of information required for drilling and casing setting depth
and casing design is the lithological column of interest, as shown in Figure 2 for Saudi
Arabia [12]. The lithological column is the description of the sequence of formations that
are predicted to be present in the well to be drilled. Every formation should be described
in terms of strength, drilling problems, reservoir potentials, etc. This information will assist
in selecting the depth of the various casing shoes, as the type of formation and its depth
will give a good indication of formation strength [13]. AlAwad et al. [12] studied three
sandstone formations, namely, Um Assha’al (20 ft depth, 131 psi uniaxial compressive
strength, and 13.1 psi Brazilian tensile strength), Sarah (16,350 ft depth, 2810.4 psi uniaxial
compressive strength, and 281 psi Brazilian tensile strength) and Saq (19,350 ft depth, 4881.6
psi uniaxial compressive strength, and 488.2 psi Brazilian tensile strength) for potential use
in petroleum engineering research applications.

1.4. Casing-Setting-Depth Estimation

Methods involved in casing-setting-depth selection are those of Hubbert and Willis,
Mathews and Kelly, and Eaton, the theoretical leak-off method, the field leak-off test,
measurement while drilling, well logging, and Mohr—Coulomb Criterion. The following
methods are the most applicable for fracturing pressure estimation.
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https://doi.org/10.3390/pr14020309

Processes 2026, 14, 309

6of 21

a
>

1: Leak-off Point (Mini Fractures Creation)

Pressure

Volume Injected

Figure 2. Typical profile of field leak-off test.

1.4.1. Hubbert and Willis Method

The Hubbert and Willis method, developed in 1957, is a fundamental approach for
estimating the fracture pressure gradient required to fracture a rock formation during
drilling. It suggests that fracturing occurs when the injected fluid pressure equals the
minimum stress, which is a function of the overburden pressure, pore pressure, and rock
properties like Poisson’s ratio. This method established the foundation for many subsequent
techniques for predicting the pressure at which a wellbore will fracture. The Hubbert and
Willis method is represented by the following equation [14]:

1 2

Pfracturing = go-v + gPp 2)

where oy is the in situ vertical (overburden) stress; Py, is the formation pore fluid pressure;
and Pacturing 1S the formation fracturing pressure.

1.4.2. Eaton Method

Eaton modified the Hubbert and Willis method by assuming that both overburden
stress and Poisson’s ratio are assumed to be variable. Eaton also assumed elastic rock
behavior and a lateral strain that could be related to the vertical stress ratio as a function of
Poisson’s ratio. The horizontal and vertical stress ratios and the matrix stress coefficient are
dependent on Poisson’s ratio of the formation. Mathematically, the model can be written as

follows [14]:

v

Pfracturing = < > (GV - Pp) + Pp (3)

1—v

where v is Poisson’s ratio; oy is the in situ vertical (overburden) stress; Pp, is the formation
pore fluid pressure; and Ptracturing 18 the formation fracturing pressure.
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1.4.3. Mathews and Kelly Method

Since the Hubbert and Willis method was found not to apply in soft rocks such as
those in the Gulf of Mexico and the North Sea, Mathews and Kelly modified the Hubbert
and Willis method by introducing the stress factor as follows [14]:

Pfracturing =k (GV - PP) + PP (4)

. . . . v p
where k is the stress ratio estimated using ( (60.535})) > and Mathews & Kelly stress curves;

oy is the in situ vertical (overburden) stress; Py, is the formation pore fluid pressure; and
Practuring 18 the formation fracturing pressure.

1.4.4. The Christman Method
Christman proposed a method to predict fracture gradients for offshore field applica-
tions [14].
Ppracturing = F (0v — Pp) + Py 5)

(op+on)/2
Ov

Here, F is the stress ratio factor = (
burden) stress; Pp is the formation pore fluid pressure; and Pgracturing is the formation

) ; Oy is the in situ vertical (over-

fracturing pressure.

1.4.5. Field Leak-Off Test

A leak-off test is a test to determine the strength or fracture pressure of the open
formation, which is usually conducted immediately after drilling below a new casing shoe.
During the test, the well is shut in, and fluid is pumped into the wellbore to gradually
increase the pressure that the formation experiences. Under some pressure, fluid will enter
the formation, or leak off, either moving through permeable paths in the rock or by creating
a space by fracturing the rock, as shown in Figure 2. The results of the leak-off test dictate
the maximum pressure or mud weight that may be applied to the well during drilling
operations. To maintain a small safety factor to permit safe well control operations, the
maximum operating pressure is usually slightly below the leak-off test result [15].

Theoretically, leak-off pressure is equivalent to the sum of the in situ minimum hori-
zontal stress and the formation tensile strength, and it is given by the following equation:

Pfracturing = Oh + Ot (6)

where Pgacturing 1S the fracturing pressure estimated using the leak-off method; oy, is the in
situ minimum horizontal stress; o is the formation rock tensile strength; and Ptracturing 18
the formation fracturing pressure.

1.4.6. Measurement While Drilling

Measurement while drilling (MWD) is a sophisticated technology that has transformed
the way we approach oil and gas exploration and other drilling activities. MWD involves
equipping the drill string with specialized sensors that gather critical downhole data. This
information is then transmitted to the surface in real time, providing our engineers and
geologists with an immediate snapshot of conditions deep within the Earth. Before MWD,
we relied on taking the drill pipe out of the hole to acquire data, a time-consuming and
expensive process. MWD eliminates this need, allowing for continuous data collection
and significantly improving drilling efficiency and safety. Measurement while drilling can
provide information such as rock strength and pore pressure magnitudes, which can be
used to adjust the ongoing drilling program and future drilling operations in the same area.
At the heart of the drill string, just above the drill bit, sits the MWD tool. This tool houses

https://doi.org/10.3390/pr14020309


https://doi.org/10.3390/pr14020309

Processes 2026, 14, 309

8 of 21

an array of sensors designed to measure various parameters. These sensors are incredibly

robust and built to withstand extreme temperatures, pressures, and vibrations inherent in

the drilling process [16].

)
@)

®)

@)
®)

(6)

@)

Gamma Ray (GR): Measures natural radioactivity of formations, helping to identify
lithology (rock type) and differentiate between shales and sandstones.

Resistivity (Res): Measures the electrical resistance of formations, which can indicate
the presence of hydrocarbons or water.

Inclination and Azimuth: Essential for determining the wellbore’s deviation from
vertical positioning and its directional orientation. These are crucial for accurate and
good placement.

Annular Pressure: Monitors the pressure in the annulus (the space between the drill
pipe and the wellbore wall), which is vital for good control and preventing kicks.
Vibration and Shock: Detects vibrations and shocks experienced by the drill bit
and bottom hole assembly, helping us optimize drilling parameters and prevent
equipment damage.

Temperature: Measures the downhole temperature, which is important for under-
standing fluid properties and tool limitations.

Pore Pressure: The stethoscope service provides formation pressure-while-drilling
(FPWD) measurements that are used to predict pore pressure trends throughout
the wellbore.

1.4.7. Well Logging

Pore pressure evaluation from well logs involves several methods and techniques,

such as the following [17-19]:

)

@)

®)

4)

®)

(6)

Interval Velocity Volume: This method estimates pre-drill pore pressure using in-
terval velocity and pressure data from nearby calibrated wells. It is crucial for well
planning to have an estimate of the expected pressure regime to be encountered in
the subsurface.

Hybrid Machine Learning Models: These models, such as the multilayer extreme
learning machine model hybridized with particle swarm optimization, have been
developed to predict pore pressure accurately from well logs. They have shown
superior accuracy compared to commonly used empirical formulas.

Shale Sections: Shale sections are particularly useful for analyzing well logs for
abnormal pore pressure due to their low permeabilities. By selecting only the purest
shales, the effects of mineral variation, fluid composition, and fluid distribution are
minimized, leaving only porosity as the major variable.

Pore Pressure Gradient Estimation: Techniques like Miller’s sonic equation have been
used to determine pore pressure from wells. The variation of overburden gradient
and pore pressure gradient with depth has been studied, providing depth intervals
for estimation.

Drilling Exponent: The drilling exponent is a concept used in well logging to evaluate
pore pressure and fracture pressure. It helps optimize mud density for sufficient
overbalance while being low enough to avoid borehole instability.

These methods and techniques are essential for safe and efficient drilling operations,
ensuring that the necessary information is available to make informed decisions about
well planning and execution.

1.4.8. Mohr—Coulomb Failure Criterion

This study proposes a new method for casing-setting-depth selection based on the

fracturing pressure estimated by the Mohr-Coulomb failure criterion. To utilize this
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new casing-setting-depth selection method, several input factors are required, including
the following:

(1) In-situ Earth principal stresses (vertical stress and maximum and minimum horizon-
tal stresses).
(2) Formation pore fluid pressure.
(3) Formation rock uniaxial compressive strength and tensile strength.
(4) Formation rock failure criteria (Mohr-Coulomb failure criteria), which is given by the
following equation [20]:
Tf = To + oTan ¢ (7)

where ¢ is the shear stress; T, is the apparent cohesion; o is the normal stress; and ¢
is the angle of internal friction.

This method is newly used by this study to estimate casing setting depth by predicting
the formation fracturing pressure. Formation fracturing pressure is estimated by construct-
ing the maximum Mohr circle corresponding to the specified depth point (formation type),
with a center given by the following equation:

C:O'h—Pp (8)

where C is the center of the maximum allowable Mohr circle; oy, is the in situ minimum
horizontal stress; and Pp is the formation pore fluid pressure.

The maximum allowable Mohr circle for a given formation is found by applying the
following procedure:

i.  For the specified formation (rock type), obtain the pore pressure value from the
pore pressure versus depth profile. For the same depth, calculate the minimum
in situ principal stress using the area in situ stress gradient (0.96 psi/ft for this
study lithology).

ii.  Calculate the center of the circle representing the conditions of this formation (rock
type) using Equation (8).

iii. Locate the center of the circle on the x-axis of the failure criteria plot of the formation
(rock) under investigation.

iv.  Fix the caliper to the center point specified in the previous step, then open the compass
until it touches the failure envelope curve at one point, and then draw a full circle.

v.  For the drawn circle, find the values of the two intersection points between the drawn
circle and the x-axis, which correspond to the formation (rock) maximum induced
radial (0;) and the maximum induced tangential stresses (o) as shown in Figure 3.

vi. Using the maximum induced radial and tangential stresses estimated in the previous
step, the fracturing pressure for any objective depth is calculated as follows [21]:

oy — 0g + 203,
Pfracturing :(1‘2—) )

where Ppacturing 1 the formation fracturing pressure; oy, is the in situ minimum
horizontal stress; o; is the induced radial stress; and og is the induced tangential
(hoop) stress.

https://doi.org/10.3390/pr14020309
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o
>

Pfracturing = (Gr_ Cpt20Gy )/2

Shear Stress (1), psi

»

Normal Stress (o), psi

Figure 3. Fracturing pressure estimation by Mohr-Coulomb criterion.

This method requires laboratory testing of an appreciable number of core samples
obtained from various depths along the depth of the area under consideration. The center
of the circle shifts to the left or to the right sides according to the depth point where the
horizontal principal in situ stress and the pore pressure magnitudes change. To estimate
the maximum safe conditions, the radius of the circle is increased until it touches the failure
envelope either in the negative tensile area on the left side of the y-axis or the positive shear
area on the right side of the y-axis. After defining the maximum size of the circle, the radial
and the tangential stresses are evaluated, and these values are plugged into Equation (9)
to estimate the fracturing pressure value at this depth. This process is repeated at various
depths until the complete fracturing pressure versus pore pressure and depth is defined.

The new proposed casing-setting-depth estimation method is mainly dependent on
formation strength (failure criterion), pore fluid pressure, and in situ minimum horizontal
stress, as shown in Equations (8) and (9). Table 1 and Figures 4 and 5 represent the sensitivity
analysis of this new proposed method for the Sarah sandstone formation.

Table 1. Sensitivity analysis of the proposed new casing-setting-depth selection method using Sarah

sandstone properties.

Rock Strength Minimum Horizontal Stress Formation Pore Pressure
Governin; @ Constant P, and oy, @ Constant P @ Constant o,
Parameters Equati P P
uation
1 Increase Decrease oy Increase oy, Decrease P}, Increase P, Decrease
Circle Diameter
. on —Pp Increase Decrease Increase Decrease Decrease Increase
(Equation (8))
Fracturing
Pressure (or- ‘rg +201,) Increase Decrease Increase Decrease Decrease Increase
(Equation (9))
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Figure 4. Sensitivity analysis for the proposed new casing-setting-depth estimation method using
Sarah sandstone properties (pore pressure effect).
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Figure 5. Sensitivity analysis for the proposed new casing-setting-depth estimation method using
Sarah sandstone properties (minimum horizontal in situ stress effect).

The objectives of this study are to measure the uniaxial compressive strength and
the indirect (Brazilian) tensile strength for selected core samples representing the Saudi
lithological column. The second objective is to estimate casing setting depth using Eaton,
Hubbert and Willis, Mathews and Kelly, and leak-off methods. After this, a potential
new casing-setting-depth selection method based on the Mohr-Coulomb failure criterion
is introduced. Finally, economic comparisons between all casing-setting-depth methods
are performed.

2. Materials and Testing Procedures

Ten core samples were obtained from the core storage in the Department of Petroleum
and Natural Gas Engineering, College of Engineering, Riyadh, Saudi Arabia. These cores
were collected from various locations in Saudi Arabia for teaching and research pur-
poses (see Figure 6). All of the samples are sandstone, except for samples 2 and 7, which
are limestone.

https:/ /doi.org/10.3390/pr14020309
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Figure 6. Core samples from various formations: before testing.

The available (tested) 10 samples cover the region stratigraphy from the surface to a
depth of 21,851.6 ft. Sample 1 appears at the surface (from 0 to 20 ft). The other samples are
located deeper, where potential oil and gas reservoirs in the region are located. The most
important issue is that the tested samples are enough to guide the required trend line for
pore pressure and fracture pressure values.

An ELE ADR 2000 stiff compression frame, manufactured by Engineering Laboratory
Equipment International (ELE International), Milton Keynes, United Kingdom, was used to
generate the required compression load. Sample preparation and testing procedures were
performed according to the International Society for Rock Mechanics and Rock Engineering
(ISRM)-suggested methods for rock characterization [22].

3. Results and Discussion
3.1. Formation Strength Profile

The full pore pressure—fracturing pressure—depth profile can be established by apply-
ing the methodology shown in Figure 7. This methodology is repeated for each formation
(core) along the full well depth. The depth and mechanical properties of three core samples
for formations located within the Saudi Arabian lithological column were obtained from a
previous study [20]. These three samples are Um Assha’al, Sarah, and Saq, located at 20 ft,
16,350 ft, and 19,350 ft, respectively. These three formations have been taken as the basis for
the full-depth pore pressure profile establishment (see Figure 8). To simulate a complete
real profile, seven different core samples obtained from several formations were tested in
the rock mechanics and cement laboratory of the department. Core samples before testing
are shown in Figure 9. The computed mechanical properties of these samples (uniaxial
compressive strength and tensile strength) are presented in Table 2.

Table 2. Mechanical properties of the tested core samples.

Uniaxial Compressive Tensile Strength (o),
# Rock Type Strength (0‘5, psi psi s
Um Assha’al

A Sandstone [12] 131 13.1

5 Sandstone 2238.6 159.5
4 Sandstone 2314.9 290

3 Sandstone 2327.6 449.5
B Sarah Sandstone [12] 2810.4 281

6 Sandstone 3930.3 507.5
1 Sandstone 4197.4 484.6
7 Limestone 4426.3 449.5
C Saq Sandstone [12] 4881.6 488.2
2 Limestone 10,175.4 971.5
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Figure 7. Pore pressure—fracturing pressure profile establishment process.
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Figure 8. Strength of three core samples from Saudi Arabia.

Figure 9. Core samples from various formations: after testing.
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The uniaxial compressive strength and the tensile strength of the seven tested core
samples are shown in Figure 8 according to their values, and the results are shown in
Figure 10. This result is consistent with the fact that rock compaction increases with depth,
and hence, there is an increase in strength with depth. The observation that rock strength
increases with depth is a fundamental principle in rock mechanics.

12,000
10,000 g
Compressive Strength
— y = 132.11e0-0002
g 8000 R?=0.9944
<
i)
& 6,000
-
b
x 4,000 Tensile Strength
2 ® y=14.396e%000x
2,000 R*=0.941
0 M
0 5,000 10,000 15,000 20,000 25,000
Depth, ft

Figure 10. Strength of ten core samples from Saudi Arabia.

3.2. Pore Pressure Profile

Typical pore pressure for the western part of the Arabian Gulf was estimated from the
drilling of a gas well in the Khuff formation in the emirate of Abu Dhabi in the UAE [23],
as shown in Figure 11. The lithological columns in the UAE and the eastern part of Saudi
Arabia are almost identical. The UAE, Saudi Arabia, and some other Arab countries are
located on one of the Earth’s tectonic plates (the Arabian Tectonic Plate). The lithology
of Saudi Arabia and the United Arab Emirates (UAE) is dominated by vast sedimentary
sequences, though it includes a diverse range of igneous and metamorphic rocks. Both
countries share a common geological history as part of the stable Arabian Plate [24].

16,000
14,000 y = 8E-06x2 + 0.4386x

R?=0.9993
12,000

10,000

8,000

Pp, psi

6,000
4,000
2,000

0
0 3,000 6,000 9,000 12,000 15000 18,000 21,000 24,000

Depth, ft

Figure 11. Pore pressure profile in the western part of the Arabian Gulf.

Combining data in Figures 10 and 11 provides the full profile of pore pressure for the
seven tested samples, as well as the three samples obtained from the literature, as shown in
Figure 12 and Table 3.

https:/ /doi.org/10.3390/pr14020309


https://doi.org/10.3390/pr14020309

Processes 2026, 14, 309 15 of 21
14,000
12,000 -
= y = 0.5686x
2 10,000 - R?=0.9968
)
2 8,000 -
i}
& 6,000 -
o
S 4,000 -
2,000 -
0 T T T T
0 5,000 10,000 15000 20,000 25,000
Depth, ft
Figure 12. Pore pressure profile for the studied 10 core samples.
Table 3. Pore pressure evaluation of the tested core samples.
# Rock Type Depth, ft UCS, psi oy, psi Pp, psi
A Um Assha’al Sandstone 20 131 13.1 14.7
5 Sandstone 14,281 2238.6 159.5 7908
4 Sandstone 14,448.5 2314.9 290 8020
3 Sandstone 14,476 2327.6 4495 8039
B Sarah Sandstone 16,350 2810.4 281 9100
6 Sandstone 17,095.3 3930.3 507.5 9851
1 Sandstone 17,424 4197.4 484.6 10,000
7 Limestone 17,689.6 4426.3 4495 10,278
C Saq Sandstone 19,350 4881.6 488.2 11,300
2 Limestone 21,851.6 10,1754 971.5 12,350

3.3. Establishment of Formation Rock Failure Criteria

To establish Mohr—Coulomb failure envelopes for the 10 samples studied, a series of
triaxial compression tests must be performed. Since there are not enough core samples, only
the uniaxial compressive strength and the indirect (Brazilian) tensile tests were conducted.

Mohr—Coulomb failure criteria parameters, the apparent cohesion, and the angle of
internal friction were evaluated using the AlAwad correlation [25] as follows:

Logoc — 0.61
7o = 101 %] (10)
o 14 Sind
B O i 11
T0 1-— Sinc[) ( )

where o, is the formation rock uniaxial compressive strength; ¢ is the angle of internal
friction; and 1, is the apparent cohesion.

Using the laboratory-measured uniaxial compressive strength (o) and the tensile
strength (ot), a Mohr-Coulomb failure envelope can be constructed for all ten studied
samples, as shown in Figure 13.
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Figure 13. Typical plot for Mohr-Coulomb failure criterion.

3.4. Estimation of Fracturing Pressure Profile

The Earth in situ principal stresses are assumed to be a strike-slip stress regime
(og = 1.2 psi/ft > oy = 1.1 psi/ft > o = 0.96 psi/ft) due to the Zagros collision zone
between the Arabian and the Eurasian tectonic plate boundaries. The direction of the
maximum in situ principle stress is N5°E [26]. Based on the evaluated pore pressure,
failure criteria, and in situ principal stresses versus depth for the ten studied samples,
fracturing pressure values at various depths were calculated using Eaton, Hubbert and
Willis, Mathews and Kelly, leak-off, and Mohr—-Coulomb methods, as shown in Tables 4
and 5 and Figure 14. From Figure 14, it can be seen that the leak-off method provides a
minimal safe mud window margin. Hubbert and Willis” estimations are very conservative.
Eaton and Mathews & Kelly provided acceptable safe mud window margins. The Mohr-
Coulomb method provided the widest safe mud window.

Table 4. Properties required for fracturing pressure estimation.

# Rock Type Depth, ft O, psi o, psi oy, psi oH, psi Op, psi Pp, psi
A Um Assha’al S.S. 20 131 13.1 66 24 19.2 14.7
5 Sandstone 14,281 2338.6 159.5 15,709.1 17,137.2 13,709.8 7908
4 Sandstone 14,448.5 2314.9 290 15,893.35 17,338.2 13,870.6 8020
3 Sandstone 14,476 2327.6 449.5 15,923.6 17,371.2 13,897 8039
B Sarah Sandstone 16,350 2810.4 281 17,985 19,620 15,696 9100
6 Sandstone 17,095.3 3930.3 507.5 18,804.83 20,514.4 16,411.5 9851
1 Sandstone 17,424 4197 .4 484.6 19,166.4 20,908.8 16,727 10,000
7 Limestone 17,689.6 4426.3 449.5 19,458.56 21,227.5 16,982 10,278
C Saq Sandstone 19,350 4881.6 488.2 21,285 23,220 18,576 11,300
2 Limestone 21,851.6 10,175.4 971.5 24,036.76 26,221.9 20,977.5 12,350
Table 5. Fracturing pressure estimation for the studied rocks.
Fracturing Pressure, psi

# Rock Type Hubbert & Willis  Mathews & Kelly Eaton Le?(lr(;gff)_?;est Mohr-Coulomb

A Um Assha’al S.S. 31.58 59.3 28.3 323 0

5 Sandstone 10,458.64 14,716.2 14,553.4 13,869.3 18,585

4 Sandstone 10,594.15 14,891.3 15,002.0 14,160.6 18,948.7

3 Sandstone 10,616.80 14,920.1 15,031.0 14,346.5 18,984.1

B Sarah Sandstone 12,004.75 16,854.2 17,301.5 15,977.0 21,4417

6 Sandstone 12,776.21 17,665.3 18,116.1 16,919.0 22,419.1

1 Sandstone 12,994.91 17,999.8 18,461.3 17,211.6 22,850.2

7 Limestone 13,276.75 18,290.1 18,752.4 17,431.5 23,198.5

C Saq Sandstone 14,561.15 20,014.2 20,516.9 19,064.2 25,376

2 Limestone 16,169.58 22,549.4 23,137.8 21,949.0 28,656.6
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Figure 14. Fracturing pressure estimated by five different methods.

In a narrow safe mud window, formation kicks and well blowout are possible, espe-
cially when the drilling mud weight drops below the formation pore pressure due to barite
sag (weighting material precipitation), thief zone encounters, etc. On the other hand, any
increase in mud weight due to drilled cutting accumulation in the drilling fluid may lead
to formation fracturing and severe mud losses. With a wide safe mud window, all of the
previously mentioned wellbore instabilities can be avoided.

For a reservoir located at a 7500 ft depth, safe mud windows determined via all
methods are presented in Figure 15.

O O

10.0ppg 13.5ppg 19.9ppg m 24.6ppg

<-----|Hubbert&WiIIis

ShearFailure JL€3K-Off s N Tensile Failure Tensile Failure
Caving 4.".’!??.’.‘5‘!‘.’.5..8.‘.'.(.‘?!'.Y ............................ N Micro Cracks Macro Cracks
e EALON e N
Mohr-Coulomb
B T P PP T PP »
Pp @eecsccsnsssssssscessssnannns Safe Mud WIiNndOW eeeeesssssnsssnnsnnnsnnnnssl Pfrac
""é'r'ééili’-l;b'i"'+ .................... O — + .......... FRS—— ’|"s';;c'iu;aa',;aaia§’
Possible Kick Stability Filtration Losses Severe Mud Leakage

Figure 15. Safe mud window estimated by five different methods at a depth of 7500 ft.

It is important to understand that applying mud weight above that estimated by the
Eaton method will generate tensile failure in the mode of microcracks. These microcracks
may lead to minor mud filtration loss, which can be easily controlled using filtration loss
control additives. If the maximum mud pressure predicted by the Mohr-Coulomb method
is exceeded, then macro fractures will open, leading to severe mud losses. The closure of
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these macro fractures requires either reducing the mud weight and utilizing filtration loss
control materials or using fracture seal materials if this mud weight is maintained.

Using Figure 15, casing setting depth can be estimated for a hypothetical hydrocarbon
reservoir at a 7500 ft depth, with an example shown in Figure 16. It can be seen that each
casing-setting-depth estimation method provided a different number and length of casing
strings. From an economic point of view, the Mohr-Coulomb method provides the lowest
cost, followed by the Eaton and Mathews & Kelly methods.

Mohr-Coulomb

Fracturing Pressure, psi

Leak-off
Mathews & Kelly + Eaton Hubbert & Willis 'é 'é é 'é g2 8 8 '°§° 'é

000°0T

|I

0

I |

1: Pore pressure

2: Hubbert and Willis
3: Leak-off

4: Mathews and Kelly
5: Eaton

6: Mohr-Coulomb

0SL

Y ‘ydag

00S‘. 0SL'9 0009 0SZ'S 00S? OSL'€ 000 0SZT 00ST

Reservoir depth 7500 ft

Figure 16. Casing setting depth estimated by five different methods for a hypothetical reservoir at
7500 ft.

The above methodology can be repeated using a measured pore pressure profile,
appreciable amounts of core testing, or core-calibrated well logging data. Economical
comparisons in terms of casing string number and length, as shown in Table 6, yielded that
Eaton, leak-off, and Mathews and Kelly methods reduced casing cost by 31% compared
to Hubbert and Willis methods. On the other hand, the Mohr—Coulomb method reduced
casing cost by 41% compared to the Hubbert and Willis method and by 10% compared to
leak-off and Mathews and Kelly methods.

Table 6. Comparison of casing setting calculated by various methods.

Total Length of Casing Reduction in Total Casing

Method Number of Casing Strings Strings, ft String Length, %
Hubbert and Willis 22,083 —
Eaton, Leak Off, and o
Mathews and Kelly 4 15,208 31%
Mohr—Coulomb 4 12,917 41%

Using pore pressure, uniaxial compressive strength, minimum horizontal in situ stress,
and the corresponding fracturing pressure data calculated using Mohr—Coulomb, Eaton,
leak-off, Hubbert and Willis, and Mathews and Kelly methods shown in Tables 4 and 5, the
correlations below were obtained using regression analysis (see Table 7).
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Table 7. Correlation for fracturing pressure prediction.
Predicted Fracturing Pressure = A + (BxP})+(Cx0c)+(D*0op,)
Method A B C D Correlation Coefficient (R?)

Mohr—Coulomb =311 0.075 0.003 1.322 0.99

Eaton —26.1 0.694 0.039 0.68 0.99

Leak Off 9.07 0.005 0.081 1.004 0.99

Hubbert and Willis 14.23 0.671 0.0009 0.375 0.99

Mathews and Kelly 37.5 0.138 0.0023 0.991 0.99

The calculated fracturing pressure values shown in Table 5 and the predicted fracturing
pressure using correlations shown in Table 7 are plotted against the predicted fracturing
pressure, as shown in Figure 17. Therefore, the correlations shown in Table 7 can be used to
calculate fracturing pressure without the need for tedious, time-consuming, and expensive
triaxial compression tests that consume a large number of core samples. It is recommended
to repeat this work using more field data, as well as test enough cores obtained from all
formations encountered during oil-well drilling in the area of study. Additionally, field
verification of the newly proposed Mohr-Coulomb casing-setting-depth selection method
is required.

25,000
22,500
20,000
17,500
15,000
12,500
10,000

7,500

Predicted Fracturing Pressure, psi

5,000

2,500

2,500 5,000 7,500 10,000 12,500 15,000 17,500 20,000 22,500 25,000

Calculated Fracturing Pressure, psi

Figure 17. Calculated fracturing pressure versus predicted fracturing pressure using all methods.

4. Conclusions

In this study, uniaxial compressive strength and the indirect (Brazilian) tensile strength
for selected core samples representing the Saudi lithological column were measured. Then,
casing setting depth determined by Eaton, Hubbert and Willis, Mathews and Kelly, and
leak-off methods was calculated. After this, a potential new method for selecting casing
setting depth based on the Mohr-Coulomb failure criteria was introduced. Finally, an
economic comparison of all casing-setting-depth methods was performed. Based on the
analysis performed in this study, the following conclusions were reached:

1. The Hubbert & Willis method provided a very narrow safe mud window compared to
the other methods, while the Eaton, leak-off, and Mathews & Kelly methods provided
more economical results compared to the Hubbert & Willis method.
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2. The Mohr-Coulomb method provided the widest and most economical safe mud
window compared to all other methods.

3. A new method for casing-setting-depth selection based on the fracturing pressure
estimated using the Mohr-Coulomb failure criterion was developed in this study.
This new method requires either appreciable core samples from various depths to
be tested in the rock mechanics laboratory or for core-calibrated well logs to be
utilized to establish failure criteria necessary for fracturing pressure estimation and
casing-setting-depth selection.

4. The new method for casing-setting-depth selection based on the fracturing pressure
estimated using the Mohr-Coulomb failure criterion developed in this study is a new
proof of concept. Therefore, it requires field verification.

5. If the Mohr-Coulomb method is used to choose the maximum mud weight, then filtra-
tion loss control materials must be utilized to seal any microfractures that may form.

6.  Economic comparisons in terms of casing string number and length yielded that Eaton,
leak-off, and Mathews and Kelly methods reduced casing cost by 31% compared to
the Hubbert and Willis method. On the other hand, the Mohr-Coulomb method
reduced casing cost by 41% compared to the Hubbert and Willis method and by 10%
compared to the leak-off and Mathews and Kelly methods.
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