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Abstract
The proper selection of drilling fluids formulations and its treatment has always been a challenge and requires a great effort
to ensure optimum drilling performance. The objective of this paper is to assist the mud engineer in selecting the water-based
drilling fluid formulations that are best suited for a certain application. To achieve this target, the field practices were combined
with the literature to study the most practiced water-based drilling fluid recipes used for onshore gas applications in theMiddle
East (i.e., spud mud, high-bentonite spud mud, salt/polymer mud, and high-overbalanced mud). From both field practices
and deep literature review, it is recommended that both spud mud and high-bentonite spud mud be prepared and pre-hydrated
for 4–6 h before a well spud. Also, it is important to add detergents with high-viscosity sweeps to avoid the bit balling
and maintain the gel strength. While for salt/polymer mud, the regular addition of sodium sulfite is necessary for polymers
stabilization, and the efficient solids control equipment performance is essential. To avoid the solids sagging issues associated
with drilling high-pressure high-temperature deep gas reservoirs, it is recommended to either uses sag resistance materials,
micronized weighting materials, or a combination of different weighting materials. The high-overbalanced mud is the most
effective and efficient type when drilling a combination of natural fractured depleted gas reservoirs with high-pressure gas
reservoirs.
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Abbreviations

ALAP As low as possible
bbl Barrel
BHT Bottom-hole temperature
gpm Gallon per minute
HPHT High pressure high temperature
HPWBM High-performance water-based mud
LSYP Low-shear yield point
MBT Methylene blue test
PAC Polyanionic cellulose
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pcf Pound per cubic feet
PHPA Partially hydrolyzed polyacrylamide
PPT Permeability plugging test
PSD Particle size distribution
PV Plastic viscosity
ROP Rate of penetration
WBDF Water-based drilling fluid
XC Xanthan gum
YP Yield point

1 Introduction

Drilling fluids have a crucial continued role in drilling a
successful well. They are designed to perform a variety of
important functions at once. These functions are mainly con-
trolling of subsurface pressures, carrying out and suspension
of drill cuttings, maintaining of wellbore stability, minimiz-
ing formation damage, cooling and lubricating of the drill
string and drill bit, sealing of permeable formations, trans-
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mitting hydraulic energy to downhole tools, and providing
sufficient information for formation evaluation [1–3].

Generally, drilling fluids are composed of a continuous
phase, either liquid or gas, mixed with active/inactive solids
and chemicals. Based on the continuous phase, the drilling
fluids are classified into threemain types: (a) aqueous drilling
fluids referred to aswater-basedmud, (b) nonaqueous drilling
fluids also called oil-based mud, and (c) gaseous-based mud
[2–5]. In the gaseous-based mud, gas or gas–liquid mixtures
are used to be the continuous phase. This type of drilling fluid
is not commonly used and applicable for drilling in depleted
fields, where the depletion of the formation fluid generated a
low formation pressure profile [1, 6]. In oil-based muds, the
continuous phase is either synthetic oil or petroleum prod-
ucts, but the water can be added to form an invert emulsion.
These drilling fluids are used much less frequently compared
to water-based muds because of its high cost and the associ-
ated environmental concerns and legislations. However, they
are beneficial in drilling horizontal wells and water-sensitive
formations [4, 7–9].

The most common type of drilling fluids used in drilling
operations is the water-based drilling fluid (WBDF). It con-
sists of a mixture of solids, water, and chemicals, where
solids might be active or inactive depending on its reaction
with a water base and dissolved chemicals. The active solids
(e.g., clays) react with water or dissolved chemicals to per-
form certain functions, unlike the inactive solids (e.g., sand)
whichdonot reactwithwater and chemicals to any significant
degree. The used water might be seawater, brine, or freshwa-
ter, whichever is appropriate or available [2, 3, 10–12].

Many issues and problems associated with drilling opera-
tions are mainly affected by drilling fluids properties. These
challenges, such as stuck pipe, wellbore instability, lost
circulation, formation damage, and shale heaving, can be
avoided eventually using a variety of additives types to main-
tain the key properties. The most common additives include
densifiers, viscosifiers, rheology controllers, lost circulation
controllers, filtration controllers, shale stabilizers, and alka-
linity controllers [11, 13].

Considering the applied additives, i.e., rheological prop-
erties controllers and inhibition ions, the WBDF can be clas-
sified into four categories: (a) non-dispersed-non-inhibited
mud system, in which neither rheology controllers nor
inhibitors are contained, (b) dispersed-non-inhibited mud,
that contains rheology controllers; however, the inhibitors
were not utilized, (c) non-dispersed-inhibited mud contains
inhibitors but not rheological properties controllers, and
(d) dispersed-inhibited mud contains both rheological con-
trollers and inhibition ions [2, 14–16].

The appropriate drilling fluids selection and design for
drilling operations are governing by many key factors, such
as formation type, pressure, temperature,well trajectory, eco-
nomics, and environmental restrictions. To consider these

factors, the collection of offset wells data, geological data,
and others are necessitated. Generally, the proper selection
of drilling fluids systems and its treatment has always been
a challenge and requires a great effort to ensure optimum
drilling performance [6, 11, 17, 18].

The objective of this paper is to assist the mud engineer
in selecting the WBDF formulation that best suited for a
certain application. To achieve this target, the field practices
were combined with the literature to study the most prac-
ticed WBDF recipes in the middle east, which are used for
onshore gas applications. These formulations were discussed
from both theoretical and practical points of view, in terms of
the composition, properties, drilled section/formation char-
acteristics, potential problems, and recommendations, and
supported by field cases.

2 Drilling Fluids Formulations

From the literature, the WBDF can be classified and
described based on its composition as shown in Table 1. The
common WBDF recipes used in the middle east, including
spud mud, high-bentonite spud mud, salt/polymer mud, and
high-overbalanced mud, will be discussed herein.

2.1 SpudMud

The Spud mud is a formula of WBDF that is mainly cat-
egorized as non-dispersed-non-inhibited mud and used for
drilling the shallow formations with large diameter hole
(i.e., 36′′–26′′). It is composed of flocculated bentonite
(mainly smectite/montmorillonite mineral) that is qualified
for providing and maintaining the required viscous proper-
ties. This mud with its simple compositions will demonstrate
the desired rheological properties for carrying out the large
gravel cuttings from the shallow depth. However, weighting
material might be used to maintain hole stability. Loss of
circulation is highly likely to occur while drilling the soft
shallow formations, so the loss of circulation control mate-
rials often be used [19, 20].

2.1.1 Composition and Properties

The spud mud is formed mainly by bentonite and water,
but other functional additives (i.e., pH controller, weight-
ing material, thinner and fluid loss controller) are required to
maintain the mud properties in a range of 64–67 pcf (pound
per cubic feet) for density, 7–10 of API filtrate and as low
as a possible value of plastic viscosity. The most practiced
composition of spudmud is listed in Table 2 with the average
properties.
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Table 1 General description of water-based drilling fluids types. Adapted from Growcock and Harvey [2]

Mud type Main components General characteristics

Freshwater Freshwater Cheap, onshore applications, space required
to settle solids, high ROP at stable
formations, flocculants may be required

Seawater Seawater Cheap, offshore applications

Spud mud Bentonite, water Cheap, surface hole drilling

Saltwater Seawater, brine or saturated saltwater,
saltwater clay, starch, cellulosic polymer

Reasonable cost, drilling salt and workovers

Lime or gypsum Fresh or brackish water, bentonite, lime or
gypsum, lignosulphonate

Reasonable cost, shale drilling, lenience with
salt, anhydrite

Lignite or Lignosulphonate (Chrome or
Chrome Free)

Fresh or brackish water, bentonite, caustic,
lignite, or lignosulphonate

Reasonable cost, shale drilling, lenience with
salt, high temperature, anhydrite

Potassium Potassium chloride, acrylic, bio or cellulosic
polymer, small amounts of bentonite

Reasonable cost, hole stability, high pH, low
leniency with cuttings

Low solids (“non-dispersed” when weighted
up)

Fresh or saltwater, polymer, small amounts of
bentonite

Expensive, hole stability, low leniency with
cuttings

Table 2 The composition of the spud mud and its average properties

Material Unit Quantity (per bbl.) Function Property Unit Value

Make-up water bbl As required Based fluid Density pcf 64–67

Soda ash lb/bbl As required pH adjustment Funnel viscosity sec/qt 60–120

Bentonite lb/bbl 25–50 Viscosifier pH – >10

Caustic soda lb/bbl 0.20–0.35 pH adjustment PV cP As low as possible (ALAP)

Thinner lb/bbl 1 if required to control viscosity when
raising bentonite content to
35–50 lb/bbl

YP lb/100 ft2 25–35

Barite lb/bbl If required Weighting material 10 s Gel lb/100 ft2 10–20

*Starch lb/bbl 2–3 Fluid loss additive at low
temperature

10 min Gel lb/100 ft2 25–75

*If needed to reduce the filtrate if losses encountered API filtrate ml/30 min 7–10

2.1.2 Drilled Section Characteristics

Considering a field case, two sections were drilled using
the spud mud. These sections contain five formations as
shown in the lithology column in Fig. 1(i). Formations A,
B, and C were drilled with 34′′-hole section while D, E,
and F were drilled with 28′′-hole section. Formation A is
exposed at the surface and composed mainly of layers of
sandstone, claystone, limestone, and marl with minor streaks
of anhydrite and traces of chert. Formation B constitutes of
dolomite and limestone with streaks of marl and claystone.
FormationCcontains anhydrite occasionallywith veryminor
streaks of dolomite and limestone. Formation D is composed
of dolomitic limestone with minor streaks of anhydrite and
claystone especially toward the lower part. Formation E con-
stitutes mainly of limestone interbedded with shale layers.

2.1.3 Operational Practices

The spud mud is prepared by pre-hydrating bentonite clay
and diluting in the base water by 25–50 lb/bbl. To ensure the
proper hydration of bentonite, the soda ash and caustic soda
should be used for lowering the concentration of calcium and
magnesium ions, respectively, in themake-upwater to be less
than 200 mg/l, that will adjust the pH to above 10, as well
[21, 22]. The thinner and weighting material might be used
to alter the properties if required.

The spud mud should be prepared for 4–6 h before using
to warrant yielding the clay.

Since hole cleaning is affected by the solids control equip-
ment, mud density, rheology, and cuttings characteristics; 80
mesh screens are utilized to handle a typical flow rate of
1000–1200 gpm (gallon per minute) and the de-sander and
de-silter are used to discard the solids.

Practically, a loss of mud is allowed over the shakers to
discard themaximumnumber of solids andmaintain the low-
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Fig. 1 Generalized lithology description of the drilled sections

est possible mud density in the active pits. Moreover, 100 bbl
of high-viscosity sweeps is used every 30–45 ft together with
reaming, and the swept volume is increased if there is a sign
of hole instability or poor hole cleaning.

2.1.4 Problems and Recommendations

The bit balling problem will be experienced with the ben-
tonite system if clay swelling is not inhibited. To reduce
the occurrence of that, specific types of dispersant dubbed
drilling detergent with high-viscosity pills are recommended
to be used. This will help in carrying out the cuttings from
the wellbore.

Based on the drilled section characteristics, a total fluid
loss is the potential to occur. So, it is recommended to con-
tinue drilling 100–150 ft with mud, then switch to inhibited
water and sweep hole with high-viscosity sweeps made from
high-bentonite content.

In case of hole instability is a concern, inhibited partially
hydrolyzed polyacrylamide (PHPA)mud andweighted high-
viscosity sweep of 75 pcf are used to maintain the mud
density at 63–64 pcf and pH at 9–10.

2.2 High-Bentonite SpudMud

Surface hole formations have a low-pressure profile which
promotes the possibility of circulation losses in specific geo-
logical horizons, besides the reduction in drilling rate of
penetration caused by using bentonite [23]. Therefore, it had
been recommended to use invert-emulsionmud.But, because
of the environmental constraints, the invert-emulsion mud
has a restriction when drilling the surface hole. As a result,
and to help in averting losses of circulation; a high-bentonite
spud mud has been introduced to drill such hole section.

2.2.1 Composition and Properties

The high-bentonite spud mud has the same components as
the spud mud but with higher concentrations of flocculated
bentonite and a thinner additive is required.Ananti-microbial
agent such as biocide may be required. The properties of this
mud should be in a range of 67–69 pcf for density, 5–8 of
API filtrate, and as low as a possible value of plastic viscosity.
Table 3 shows the practically used composition for the high-
bentonite spud mud and the averaging properties.
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Table 3 The composition of the high-bentonite spud mud and its average properties

Material Unit Quantity (per bbl.) Function Property Unit Value

Make-up Water bbl As required Based fluid Density pcf 67–69

Biocide lb/bbl 0.25–0.35 Anti-bacterial Funnel Viscosity sec/qt 120–150

Soda ash lb/bbl As required pH adjustment pH – 9–10

Bentonite lb/bbl 40–50 Viscosifier PV cP ALAP

Caustic Soda lb/bbl 0.20–0.35 pH adjustment YP lb/100 ft2 25–35

Thinner lb/bbl 1–2 To control the viscosity 10 s Gel lb/100 ft2 12–20

Barite lb/bbl If required Weighting material 10 min Gel lb/100 ft2 25–55

*Starch lb/bbl 2–4 Fluid loss additive at low temperature API Filtrate ml/30 min 5–8

*If needed to reduce the filtrate if losses encountered MBT lb/bbl equiv. 40–50

2.2.2 Drilled Section Characteristics

The high-bentonite spud mud is used to drill a 22′′-hole sec-
tion which is composed of five formations as depicted in
Fig. 1(ii). Formation F is composed mainly of sandstone
interbedded with shale and limestone layers. Formation G
constitutes of calcarenite, dolomitic limestone. Formation H
contains mainly high compressive strength sandstone with
minor streaks of shale and limestone. Formation I is com-
posed of limestone with streaks of sandstone and shale.
Formation J constitutes mainly of limestone.

2.2.3 Operational Practices

The high-bentonite spud mud is prepared similarly as the
spud mud for 4–6 h before a well spud and pre-hydrated
40–50 lb/bbl of bentonite clay in the makeup water. Soda
ash, caustic soda, and thinner will be used. The weighting
material might be added to alter the properties if required.

The practical flow rate used to drill a section with the
high-bentonite spud mud is 900–1000 gpm, which requires
60 mesh screens to be utilized. De-sanders and de-silters are
used to discard as many solids as possible. For better hole
cleaning, 75 bbl of high-viscosity sweeps is used every 30–45
ft.

2.2.4 Problems and Recommendations

Since the system contains a high concentration of bentonite,
the bit balling problem is a concern. Therefore, detergents
with high-viscosity pills are used.

From field practice, the optimum value of the methylene
blue test (MBT)measurement,which indicates the active clay
content in the mud, is 40–50 lb/bbl bentonite equivalent. But
while drilling across formations that contain streak of shales
(e.g., formations H and I), the MBT value will increase. So,
a dilution rate of 20–25 bbl of water is used to maintain the
MBT at the specific range.
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Fig. 2 Drilling ROP comparison between high-bentonite mud and
invert-emulsion mud (field data)

When drilling into a formation containing a high com-
pressive strength sandstone, such as formation H, the rate of
penetration (ROP) is dropped significantly. The MBT, there-
fore, is recommended to be reduced to 25 Ib/bbl bentonite
equivalent to enhance the drilling performance. Moreover, if
a trip is made at casing point depth, it is recommended to
add a powdered dispersant thinner to maintain the MBT and
gel strength. That will minimize the effect of surge and swab
pressures.

In case of total fluid losses encountered (e.g., taking place
in formations F and G) or the borehole shows any instabil-
ity or sticking tendency, it is recommended to switch to the
PHPAmud system, and 75 pcf of mud cap to be pumped con-
tinuously into the annulus. This will maintain the maximum
visible fluid level and prevent the water flow from formations
(as occurred in formation F).

The drilling field data indicates that the ROP is reduced
when using the high-bentonite mud comparing with invert-
emulsion mud, as shown in Fig. 2. This reduction in the ROP
is mainly due to the high-bentonite effect on the mud rheo-
logical properties [24]. Therefore, it is recommended to add
thinner for the mud formula to control the mud viscosity.
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2.3 Salt-Polymer Mud

Unstable shales and hard salt formations, that composed of
sodium, magnesium, or potassium chlorides, are penetrated
in many drilling areas. In which, using the oil-based mud
has better performance and stability [25]. However, to be
in line with the environmental regulations, an environmen-
tally acceptable alternative WBDF (i.e., salt/polymer mud)
has been developed to supersede the use of oil-based mud
[26–29].

The salt/polymer mud is used to maintain shale stabi-
lization and to avoid shale sloughing and hole enlargement
caused by the dissolution of formation-salt [29]. Besides, it is
used for high-pressure high-temperature (HPHT) conditions
with a limitation of temperature up to 300 °F [30–33]. The
keymud properties that need to be controlled aremainlymud
salinity, density, rheology, filtration properties, and pH [29,
34].

2.3.1 Composition and Properties

The typical salt polymer mud contains mainly (a) base water,
(b) pre-hydrated bentonite to viscosify the mud, (c) sodium
or potassium salts (NaCl/KCl) for clay hydration inhibition,
(d) a combination of anionic polymers such as xanthan gum
(XC polymer) and polyanionic cellulose (PAC) for viscosity
buildup and filtration control, (e) either caustic soda, caustic
potash or soda ash to control the alkalinity, (f) starch for
fluid loss control at low temperature, (g) barite as weighting
material, (h) calcium carbonate (CaCO3) as a bridging agent,
(i) sodium asphalt sulfonate to improve filter cake properties,
and (j) lignosulfonate to enhance the gel strength at high
temperature [35, 36]. Tables 4 and 5 present the practical
compositions for salt polymer mud used with normal and
high densities for HPHT, respectively.

2.3.2 Drilled Section Characteristics

From the field case, the salt polymer mud is used to drill
two sections. The first section has a 16′′-hole and contains
five formations (K–O) as described in the lithology column;
Fig. 1(iii). Formations K and L are composed of layers of
calcarenite and anhydrite with minor streaks of limestone.
Formation M contains limestone and calcarenite. Formation
N constitutes of limestone with minor streaks of calcarenite,
claystone, and anhydrite. Formation O is composed mainly
of sandstone interbedded by shale, siltstone, anhydrite, and
limestone. The second section has a 12′′-hole and contains
three formations (P, Q, and R) as shown in Fig. 1(iv) and con-
sidered as HPHT formations. Formation P contains mainly
of dolomitic with streaks of anhydrite and shale. Formation
Q is composed mainly of shale with streaks of anhydrite,

siltstone, and dolomitic. Formation R constitutes mainly of
dolomite with interbeds of shale, limestone, and anhydrite.

2.3.3 Operational Practices

Alowmuddensity of 67 pcf is used to start drilling the section
to build up a filter cake, especially in some formations, such
as formation K and the upper part of formation L, which have
a potential risk of losses. Then, the mud density is raised to a
certain level to overbalance the lower formation L pressure.

For this drilled section, when the static bottom-hole tem-
perature (BHT) reaches 230 °F or If HPHT filtration control
becomes problematic because of BHT, PAC low viscosity is
introduced at 0.5–2 lb/bbl as required to control fluid loss
especially at lower formations N and O. Small additions of
sodium sulfite would remove the oxygen and stabilize the
polymers to a bottom hole temperature up to 280 °F.

An efficient solids control equipment performance is
essential to control mud density and viscosity, hence, mini-
mize the probability of loss of circulation. 100 mesh screens
are used to utilize the practical flow rate of 650 gpm.

It is possible to lose circulationwhen drilling into depleted
formations. Therefore, it is highly recommended to conduct
an API-HPHT filtration test before entering such formations.

Amud cap is pumped continuously in the annulus tomain-
tain the maximum visible fluid level to prevent any flow from
protentional formations. For a better hole cleaning, 75 bbl of
a high-viscosity sweep is used every 45 ft.

When drilling through a section with HPHT formations
(i.e., formations P, Q, and R), high mud density (up to 150
pcf) is required, and regular additions of sodium sulfite (1 can
every 4–6 h) while drilling is necessary to stabilize the poly-
mers to a bottom hole temperature up to 300 °F. 120–140API
mesh shaker screens are recommended for this hole section.

Any treatment should be pilot tested before adding to the
active system, this is very crucial on this type of mud as
any undesired addition can lead to excessive rheology or an
increase in fluid loss properties. Once the final formulation
is achieved, a visual sag settling test is performed at ambient
temperature for 12 h.

2.3.4 Problems and Recommendations

CO2 influx may take place in the mud, so frequent measure-
ment of alkalinities is required. In the case of CO2 influx
occurrence, caustic soda and lime are effective in removing
CO2. If H2S has been detected, the drilling fluid should be
treated with chemical scavengers.

At HPHT conditions (i.e., formations P, Q, and R), where
higher densitymud is required to suppress the formationpres-
sure [37], the settling rate of barite solid particles is increased
[38]. This settlement is known as a sagging phenomenon and
is affected by the drilling fluid properties and drilling param-
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Table 4 The composition of conventional density salt polymer mud and its average properties

Material Unit Quantity (per bbl.) Function Property Unit Value

Make-up Water bbl As required Based fluid Density pcf As required

Bentonite lb/bbl 5–15 Viscosifier pH – 9–10

XC Polymer lb/bbl 0.5–1.25 Viscosifier PV cP ALAP

Starch lb/bbl 3–6 Fluid loss additive at low
temperature

YP lb/100 ft2 24–34

PAC lb/bbl 0.5–2 Fluid loss additive at high
temperature

10 s Gel/10 min Gel lb/100 ft2 8/12

KCl/NaCl lb/bbl 5–60 Shale inhibition API Filtrate ml/30 min 3–5

Caustic Soda lb/bbl 0.25–0.75 pH adjustment HPHT Filtrate at 250 °F
and 500 psi

ml/30 min <16

CaCO3 (Fine + Medium) lb/bbl 5 + 5 Bridging material HPHT Filtrate cake
thickness

32nd in 1–2

Barite lb/bbl 151 Weighting material MBT lb/bbl equiv. 7.5–10

Sodium Sulfite lb/bbl 0.25–0.3 Oxygen scavenger Solid content vol% <5

Soltex lb/bbl 2–4 Shale inhibition Cl− mg/l ±40 K

Table 5 The composition of 150 pcf density salt polymer mud for HPHT and its average properties

Material Unit Quantity (per bbl.) Function Property Unit Value

Make-up Water bbl As required Based fluid Density pcf 150

Bentonite lb/bbl 2.5 Viscosifier pH – 9–10

XC Polymer lb/bbl 0.15 Viscosifier PV cP ALAP

Soda Ash lb/bbl 0.25–0.3 pH adjustment YP lb/100 ft2 30

PAC lb/bbl 6 Fluid loss additive at high
temperature

10 s Gel/10 min Gel lb/100 ft2 12/24

KCl/NaCl lb/bbl 5–60 Shale inhibition API Filtrate ml/30 min <6

Caustic soda lb/bbl 0.5–1 pH adjustment HPHT Filtrate at 300 °F & 500 psi ml/30 min <18

Resinated Lignite lb/bbl 6–10 Filtration control at HPHT HPHT Filtrate cake thickness 32nd in 1–2

Barite lb/bbl 642 Weighting material MBT lb/bbl equiv. <5

Sodium Sulfite lb/bbl 0.25–0.3 Oxygen scavenger Solid content Vol % <5

Lignosulfonate lb/bbl 2–4 Rheology control Cl− mg/l <40 K

Soltex lb/bbl 2–4 Shale inhibition

eters [39–41]. This issue may eventually result in the stuck
pipe,wellbore instability, loss of circulation, and inconsistent
rheological properties [40, 42, 43].

Several studies were conducted to introduce successful
solutions for the sagging issue either by optimizing drilling
fluid rheology using anti-sagging agents and rheology mod-
ifiers [44–48], reducing the particle size of the weighting
material such as micronized barite and ilmenite [37, 49–51],
or using a combination of different weighting materials
[52–58].

2.4 High-OverbalancedMud

Oil- and synthetic-basedmuds are considered as the technical
choice to overcome the challenges associated with forma-
tions that have highly reactive clays and shale, microfrac-

tures, and highly stressed fractured formations. Also, these
muds are preferable when drilling low formation pressures
with a narrow operating margin between the pore pres-
sure and formation breakdown, which does not allow for
increased drilling fluid density and consequently experi-
ences extremely overbalanced pressures. Such formations
will result in high-pressure transmission, sloughing shale,
loss of circulation, and differential sticking.

But, because of the increased rigid environmental restric-
tions, further alternative WBDFs development has been
encouraged [59, 60]. These alternatives are called high-
overbalanced mud, also known as high-performance water-
based mud (HPWBM).

The HPWBM is practically used to drill the ultra-deep
gas wells and to drill through commingled low and high-
pressure formations in one single hole section, such as the
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Fig. 3 Drilling through combined depleted reservoir and high-pressure
formation using HPWBM. Adapted from Gomaa et al. [61]

combined depleted reservoirs with high-pressure reservoirs,
as illustrated in Fig. 3. This special mud bridges along the
walls of the well and tolerates the very high differential pres-
sure. Inwhich, the overbalance pressure iswithin the range of
1000–5000 psi comparing to 200–500 psi for normal overbal-
ance pressure. Using this (HPWBM) will secure the drilling
operations whether above or through the target reservoir sec-
tion, which indeed reduces the total cost of the well. The
HPWBM is commonly practiced for gas wells drilling in the
middle east. [61, 62].

2.4.1 Composition and Properties

An efficient HPWBM has four criteria to achieve superior
drilling performance, these criteria are: (a) low colloidal
content; by providing means to chemically flocculate and
encapsulate the ultrafine particles to promote higher pene-
tration rate, (b) effective shale inhibitive; by inhibiting the
reactive clay to maximize the stability, (c) shear-thinning
behavior; for adequate hole cleaning, and (d) non-dispersed
system; to reduce solids contamination and build the fil-
ter cake with lubricious hydrated polymers instead of being
laden with ultrafine drill solids [63]. To fulfill all, not just
some, of these high-performance criteria, polymeric addi-
tives and commercial sized particulatematerials are required.

Table 6 shows an example of an HPWBM recipe with
its practical composition and properties using trademarked
products.

2.4.2 Drilled Section Characteristics

The HPWBM system is used to combine drilling through
natural fractured depleted gas reservoir (such as formation R

that described previously) with high-pressure gas reservoirs
such as formations S, T, and U.

As described in Fig. 1(v), formation S is composedmainly
of sandstone with minor streaks of shale and siltstone, and
formation T contains shale with interbeds of dolomite and
siltstone, while formation U constitutes mainly of sand-
stone with minor streaks of shale, siltstone, limestone, and
dolomite. The hole size for this section was 57

/
8
′′
.

2.4.3 Operational Practices

Using the resilient carbon bridging material (e.g.,
STEELSEAL®) has a significant advantage when drilling
a combination of natural fractured depleted gas reservoirs
with high-pressure gas reservoirs. A unique feature of the
STEELSEAL® is resiliency, which allows it to mold itself in
the tip of the fracture. If the pressure increases further and the
fracture opens-up, the STEELSEAL® rebounds itself, thus
continuing to plug the fracture completely.

The quantity of each bridging material of the
system including STEELSEAL®, BAROFIBRE®, and
BARACARB® is determined based on the D50 of the par-
ticle size distribution (PSD).

After the formulation of the bridging is optimized, the per-
meability plugging test (PPT) is performed in a specialized
filtration-type apparatus to determine the effectiveness of the
bridging system. The applied pressure usually is equivalent
to the maximum overbalance that will be seen while drilling
plus 500 psi.

Tomaintain the HPWBMand keep it within capable spec-
ifications, more attention and manpower are required, which
strains the limited crew number.

3 Summary

In this paper, most of the water-based drilling fluid formula-
tions used for onshore gas drilling applications were studied,
from both theoretical and practical points of view, and sup-
ported by field cases.

The spud mud is an inexpensive mud used for surface
hole drilling and composed mainly of flocculated bentonite
and water. It is recommended to add detergents with high-
viscosity sweeps to avoid the bit balling and help in carrying
out the cuttings. Also, in the case of hole instability, the inhib-
ited PHPA mud will be used.

The high-bentonite spud mud is a specialized formula of
the spudmud, used as an alternative for invert-emulsionmud,
and applied for drilling shallow sections with specific geo-
logical horizons and extreme fluid losses. A dilution rate of
20–25 bbl of water and powdered dispersant thinner is practi-
cally used tomaintain theMBTandgel strength, respectively.
That will minimize the effect of surge and swab pressures. It
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Table 6 The composition of HPWBM system and its average properties

Material Unit Quantity (per bbl.) Function Property Unit Value

Make-up Water bbl As required Based fluid Density pcf As required

Bentonite lb/bbl 7.5 Viscosifier pH – 9–10

XC Polymer lb/bbl 0.75 Viscosifier PV cP ALAP

Caustic Soda lb/bbl 1.45 pH adjustment YP lb/100 ft2 30

NaCl lb/bbl 20.46 Shale inhibition 10 s Gel/10 min Gel lb/100 ft2 6/10 –8/14

Barite lb/bbl 162 Weighting material API Filtrate ml/30 min <4

DrisTemp® lb/bbl 1–3 Fluid loss control HPHT Filtrate at 300 °F
and 500psi

ml/30 min ≤14

Resinated Lignite lb/bbl 4 – 6 Filtration control at HPHT HPHT filter cake
thickness

32nd in 1 – 2

CLAY GRABBER® lb/bbl 0.75 Flocculant for cutting
encapsulation

MBT lb/bbl equiv. 7.5

CLAY-SYNC™ lb/bbl 0.75 Shale stabilizer Solid content vol% <5

BARACARB25® lb/bbl 5 Shale stabilizer at high
temperature

Cl− mg/l ±40 K

BARACARB50® lb/bbl 5 Bridging material Ca++ mg/l <400

STEELSEAL 400® lb/bbl 3 Bridging material Low-shear yield point
(LSYP)

lb/100 ft2 7–10

STEELSEAL 100® lb/bbl 3 Bridging material

STEELSEAL 50® lb/bbl 4 Bridging material

BAROFIBRE® super fine lb/bbl 1 Bridging material

BARACOR-95® gal/bbl 0.24 Corrosion inhibitor at
high temperature

Premium Lubricant gal/bbl (3% v/v) Lubricant

is recommended to switch to PHPA mud at the hole instabil-
ity. Both spud mud and high-bentonite spud mud should be
prepared and pre-hydrated for 4–6 h before a well spud.

To drill unstable shales and hard salt formations, the
salt/polymer mud is used for maintaining shale stabilization
for both conventional and HPHT conditions. With this mud
type, the regular addition of sodium sulfite while drilling is
necessary to stabilize the polymers to a bottom hole tempera-
ture up to 300 °F.Moreover, to avoid the solids sagging issues
associated with drilling HPHT deep gas reservoirs, it is rec-
ommended to either uses sag resistancematerials,micronized
weighting materials, or a combination of different weighting
materials.

The HPWBM has a significant advantage when drilling
a combination of natural fractured depleted gas reservoirs
with high-pressure gas reservoirs, in which a high overbal-
anced drilling is necessary. The HPWBM is developed from
polymeric additives and commercial sized particulate mate-
rials by combining mainly resilient graphite carbon, fibrous
materials, and sulfonated asphalt. It behaves like oil- and
synthetic-based muds in forming a unique system that pro-
vides a well-lubricated gauge wellbore.

References

1. Rabia, H.: Well Engineering and Construction. Chapter 7,
pp. 265–302. Entrac Consulting, London (2002). ISBN-13: 978-
0954108700

2. Growcock, F.; Harvey T.: Drilling Fluids Processing Handbook.
Chapter 2, by ASME Shale Shaker Committee, pp. 15–68. Gulf
Professional Publishing (2004). ISBN 978-0-7506-7775-2

3. Scott, P.; Broussard, P.; Freeman, M.; Growcock, F.; Bland, R.:
IADC Drilling Manual, Chapter 10. IADC, Houston, Texas (2015)

4. Bernier, R.; Garland, E.; Glickman, A.; Jones, F.; Mairs, H.;
Melton, R.; Ray, J.; Smith, J.; Thomas, D.; Campbell, J.: Envi-
ronmental aspects of the use and disposal of non aqueous drilling
fluids associated with offshore oil and gas operations. Technical
Report, No. 342, International Association of Oil and Gas Produc-
ers (2003)

5. Caenn, R.;Darley,H.C.H.;Gray,G.R.: Composition andProperties
of Drilling and Completion Fluids, Chapter 1, 6th edn. Gulf Pro-
fessional Publishing, Amsterdam (2011). ISBN 9780123838599

6. Bourgoyne, J.A.T.; Millheim, K.K.; Chenevert, M.E.; Young,
J.F.S.: Applied Drilling Engineering, Chapter 2, vol. 2, pp. 42–84.
Society of Petroleum Engineers, Richardson, TX (1991). ISBN
978-1-55563-001-0

7. Roberts, D.J.; Nguyen, A.H.: Degradation of synthetic-based
drilling mud base fluids by Gulf of Mexico sediments: final report.
New Orleans, LA. U.S. Dept. of the Interior, Minerals Manage-
ment Service,Gulf ofMexicoOCSRegion,AccessNumber: 31179
(2006)

8. Hussein, A.M.O.; Amin, R.A.M.: Density measurement of veg-
etable and mineral based oil used in drilling fluids. Paper SPE-

123



6876 Arabian Journal for Science and Engineering (2021) 46:6867–6877

136974-MS. Presented at the 34th Annual SPE International
Conference and Exhibition, Calabar, Nigeria, 31 July–7 August
(2010). https://doi.org/10.2118/136974-MS.

9. Fadairo, A.; Falode, O.; Ako, C.; Adeyemi, A.; Ameloko,A.: Novel
formulation of environmentally friendly oil based drilling mud,
Chapter 3. In: Gomes, J.S. (ed.) New Technologies in the Oil and
Gas Industry, pp. 49–80. IntechOpen, London (2012). https://doi.
org/10.5772/51236. ISBN 978-953-51-0825-2

10. Fink, J.K.: Petroleum Engineer’s Guide to Oil Field Chemicals and
Fluids, Chapter 1, pp. 1–59. Gulf Professional Publishing (2012).
ISBN: 9780128037355. https://doi.org/10.1016/c2009-0-61871-7

11. Hamoodi, A.; Rahimy, A.A.; Khalid, A.W.: The effect of proper
selection of drilling fluid on drilling operation in janbour field. Am.
Sci. Res. J. Eng. Technol. Sci. 39(1), 224–234 (2018)

12. Jaiswal, A.; Verma, A.: Comparative studies of using aphron
drilling mud versus spud mud. Int. J. Manag. IT Eng. 8(10), 74–81
(2018)

13. Mitchell, R.F.: Petroleum Engineering Handbook. Volume II:
Drilling Engineering, edited by Larry W. Lake, Chapter 2,
pp. 90–119. Society of Petroleum Engineers, Texas (2007). ISBN:
978-1-55563-114-7

14. Anderson, D.B.: Non-dispersed weighted muds. Paper SPE-3990,
Presented at the 47th Annual Fall Meeting of the Society of
Petroleum Engineers of AIME, San Antonio, Texas, 8–11, October
(1972)

15. Blattel, S.R.; Rupert, J.P.: The effect of weight material type on rate
of penetration using dispersed and non-dispersed water-basemuds.
Paper SPE-10961-MS, Presented at the 57th SPEAnnual Fall Tech-
nical Conference and Exhibition, New Orleans, Louisiana, 26–29,
September (1982). https://doi.org/10.2118/10961-MS

16. Kharitonov, A.; Burdukovsky, R.; Pogorelova, S.; Sidubaev. S.:
The principles of selection and optimization of drilling fluid for
drilling operations in the vankor field in Eastern Siberia. Paper
SPE-166840, presented at SPE Arctic and Extreme Environments
Conference and Exhibition. Moscow, Russia, 15–17, October
(2013)

17. Bleier, R.: Selecting a drilling fluid. J. Pet. Technol. 42(7), 832–834
(1990). https://doi.org/10.2118/20986-PA

18. Bloys, B.; Davis, N.; Smolen, B.; Bailey, L.; Houwen, O.; Reid,
P.; Sherwood, J.; Fraser, L.; Hodder, M.: Designing and managing
drilling fluid. Oilfield Rev. 6(2), 33–43 (1994)

19. Taghiyev, F.; Hodne, H.; Saasen, A.: Using drill cuttings waste as
resource for spud mud. Paper SPE/IADC-173033-MS, Presented
at SPE/IADCDrilling Conference and Exhibition, London, 17–19,
March (2015)

20. Abdelgawad, K.; Elkatatny, S.; Mousa, T.; Mahmoud, M.; Patil, S.:
Real time determination of rheological properties of spud drilling
fluids using a hybrid artificial intelligence technique. J. Energy
Resour. Technol. 141(3), 1–9 (2019). https://doi.org/10.1115/1.40
42233

21. Goud, M.: Mud engineering simplified. Chapter 4. Becomeshake-
speare.com (2017). ISBN 978-9386487674

22. Praetorius, S.; Schößer, B.: Bentonite Handbook: Lubrication for
Pipe Jacking, Chapter 6, pp. 49–103. Ernst & Sohn, Berlin (2017)

23. Beck, F.E.; Powell, J.W.; Zamora, M.: The effect of rheology on
rate of penetration. Paper SPE-29368-MS, Presented at SPE/IADC
Drilling Conference, Amsterdam, 28 February–2 March (1995).
https://doi.org/10.2118/29368-MS

24. Li, M.C.; Wu, Q.; Song, K.; French, A.D.; Mei, C.; Lei, T.: pH-
responsive water-based drilling fluids containing bentonite and
chitin nanocrystals. ACS Sustain. Chem. Eng. 6(3), 3783–3795
(2018). https://doi.org/10.1021/acssuschemeng.7b04156

25. Bol, G.M.;Wong, S.W.; Davidson, C.J.;Woodland, D.C.: Borehole
stability in shales. SPE Drill. Complet. 9(2), 87–94 (1994). https://
doi.org/10.2118/24975-PA

26. Simpson, J.P.; Walker, T.O.; Jiang, G.Z.: Environmentally accept-
able water-based mud can prevent shale hydration and maintain
borehole stability. SPE Drill. Complet. 10(4), 242–249 (1995).
https://doi.org/10.2118/27496-PA

27. Patel, A.; Stamatakis, E.; Friedheim, J.E.; Davis, E.:. Highly
inhibitive water-based fluid system provides superior chemical sta-
bilization of reactive shale formations. Paper AADE 01-NC-HO-
55, Presented atAADE National Drilling Technical Conference.
Houston, Texas, 27–29, March (2001)

28. Schlemmer, R.; Friedheim, J.E.; Growcock, F.B.; Bloys, J.B.;
Headley, J.A.; Polnaszek, S.C.: Membrane efficiency in shale—an
empirical evaluation of drilling fluid chemistries and implications
for fluid design. Paper SPE-74557-MS, Presented at IADC/SPE
Drilling Conference, Dallas, Texas, 26–28, February (2002).
https://doi.org/10.2118/74557-MS

29. Fink, J.K.: Water-based chemicals and technology for drilling,
completion, and workover fluids, 1st edn., Chapter 2, pp. 5–114.
Gulf Professional Publishing (2015). ISBN: 9780128026434.
https://doi.org/10.1016/B978-0-12-802505-5.00002-0

30. Amani, M.; Retnanto, A.; Yrac, R.; Shehada, S.; Ghamary, M.H.;
Khorasani, M.H.M.; Abu Ghazaleh, M.: Effect of salinity on the
viscosity of water based drilling fluids at elevated pressures and
temperatures. Int. J. Eng. Appl. Sci. 7(4), 30–52 (2015)

31. Ofei, T.N.; Al Bendary, R.M.: Formulating water-based muds
for high-temperature wellbores using potassium formate brine
and synthetic polymers: a design of experiment approach. Paper
SPE-180520-MS, Presented at IADC/SPE Asia Pacific Drilling
Technology Conference, Singapore, 22–24 August (2016). https://
doi.org/10.2118/180520-MS

32. Panamarathupalayam, B.; Manzoleloua, C.; Sebelin, L.; Aung,
T.H.: Multifunctional high-temperature water-based fluid system.
Paper SPE-195009-MS, Presented at SPEMiddle East Oil and Gas
Show and Conference, Manama, Bahrain, 18–21 March (2019).
https://doi.org/10.2118/195009-MS

33. Pino, R.; Abouhamed, A.; Addagalla, A.; El Dakroury, H.: Not too
hot to handle: water based fluid drills high temperature wells. Paper
SPE-196796-MS, Presented at SPERussianPetroleumTechnology
Conference, Moscow, 22–24 October (2019). https://doi.org/10.21
18/196796-MS

34. Alcázar, L.A.; Cortés, I.R.: Drilling fluids for deepwater fields:
an overview. In: Zoveidavianpoor, M. (ed.) Recent Insights in
Petroleum Science and Engineering. IntechOpen, London (2017).
https://doi.org/10.5772/intechopen.70093

35. Khodja, M.; Canselier, J.P.; Bergaya, F.; Fourar, K.; Khodja, M.;
Cohaut, N.; Benmounah, A.: Shale problems and water-based
drilling fluid optimisation in the HassiMessaoud Algerian oil field.
Appl. Clay Sci. 49(4), 383–393 (2010). https://doi.org/10.1016/j.
clay.2010.06.008

36. Lyons, W.C.; Plisga, G.J.; Lorenz, M.D.: Standard Handbook of
Petroleum and Natural Gas Engineering, Chapter 4, 4-1-4-584.
Gulf Professional Publishing (2016). https://doi.org/10.1016/B97
8-0-12-383846-9.00004-7

37. Mohamed, A.K.; Elkatatny, S.M.; Mahmoud, M.A.; Shawabkeh,
R.A.; Al-Majed, A.A.: The evaluation of micronized barite as
a weighting material for completing HPHT wells. Paper SPE-
183768-MS, Presented at SPE Middle East Oil & Gas Show and
Conference, Manama, Kingdom of Bahrain, 6–9 March (2017).
https://doi.org/10.2118/183768-MS

38. Tehrani, A.; Cliffe, A.; Hodder, M.H.; Young, S.; Lee, J.; Stark,
J.; Seale, S.: Alternative drilling fluid weighting agents: a com-
prehensive study on ilmenite and hematite. Paper SPE-167937-MS,
Presented at the IADC/SPE Drilling Conference and Exhibition,
Dallas, TX, 4–6 March (2014). https://doi.org/10.2118/167937-
MS.

39. Bern, P.A.; Zamora, M.; Slater, K.S.; Hearn, P.J.: The influence of
drilling variables on barite sag. Paper SPE-36670-MS, Presented

123

https://doi.org/10.2118/136974-MS
https://doi.org/10.5772/51236
https://doi.org/10.1016/c2009-0-61871-7
https://doi.org/10.2118/10961-MS
https://doi.org/10.2118/20986-PA
https://doi.org/10.1115/1.4042233
https://doi.org/10.2118/29368-MS
https://doi.org/10.1021/acssuschemeng.7b04156
https://doi.org/10.2118/24975-PA
https://doi.org/10.2118/27496-PA
https://doi.org/10.2118/74557-MS
https://doi.org/10.1016/B978-0-12-802505-5.00002-0
https://doi.org/10.2118/180520-MS
https://doi.org/10.2118/195009-MS
https://doi.org/10.2118/196796-MS
https://doi.org/10.5772/intechopen.70093
https://doi.org/10.1016/j.clay.2010.06.008
https://doi.org/10.1016/B978-0-12-383846-9.00004-7
https://doi.org/10.2118/183768-MS
https://doi.org/10.2118/167937-MS


Arabian Journal for Science and Engineering (2021) 46:6867–6877 6877

at SPE Annual Technical Conference and Exhibition, Denver, Col-
orado, 6–9 October (1996). https://doi.org/10.2118/36670-MS

40. Bern P.A.; van Oort, E.; Neusstadt, B.; Ebeltoft, H.; Zurdo,
C.; Zamora, M.; Slater, K.: Barite sag: measurement, modelling
and management. Paper SPE-47784-MS, Presented at IADC/SPE
Asia Pacific Drilling Technology, Jakarta, 7–9 September (1998).
https://doi.org/10.2118/47784-MS

41. Amighi, M.R.; Shahbazi, K.: The best common ways to manage
barite sag in HPHT and deviated operations with a case study in the
Iran oil industry. J. Pet. Sci. Technol. 29(17), 1864–1872 (2011).
https://doi.org/10.1080/10916461003662992

42. Dye,W.; Hemphill, T.; Gusler,W.;Mullen, G.: Correlation of ultra-
low shear rate viscosity and dynamic barite sag in invert-emulsion
drilling fluids. Paper SPE-56636-MS, Presented at SPE Annual
Technical Conference and Exhibition, Houston Texas, 3–6October
(1999). https://doi.org/10.2118/56636-MS

43. Nguyen, T.; Miska, S.; Yu, M.; Takach, N.; Ahmed, R.; Saasen, A.;
Omland, T.H.;Maxey, J.: Experimental study of dynamic barite sag
in oil-based drilling fluids using a modified rotational viscometer
and a flow loop. J. Pet. Sci. Eng. 78(1), 160–165 (2011). https://
doi.org/10.1016/j.petrol.2011.04.018

44. Basfar, S.; Elkatatny, S.; Mahmoud, M.; Kamal, M.S.; Murtaza,
M.; Stanitzek, T.: Prevention of barite sagging while drilling high-
pressure high-temperature (HPHT)Wells. Paper SPE-192198-MS,
Presented at SPEKingdomof SaudiArabiaAnnual Technical Sym-
posium and Exhibition, Dammam, 23–26 April (2018). https://doi.
org/10.2118/192198-MS

45. Temple, C.; Paterson, A.F.; Leith, C.D.:Method for reducing sag in
drilling, completion and workover fluids. U.S. Patent US6861393,
(2005)

46. Davis, C.L.; Livanec, P.W.; Shumway, W.W.: Additive to
enhance sag stability of drilling fluid. U.S. Patent Application
WO2017188946A1 (2018)

47. Elkatatny, S.: Mitigation of barite sagging during the drilling of
high-pressure high-temperature wells using an invert emulsion
drilling fluid. Powder Technol. 352, 325–330 (2019). https://doi.
org/10.1016/j.powtec.2019.04.037

48. Mohamed, A.; Al-Afnan, S.; Elkatatny, S.; Hussein, I.: Prevention
of barite sag in water-based drilling fluids by a urea-based additive
for drilling deep formations. Sustainability 12(7), 2719 (2020).
https://doi.org/10.3390/su12072719

49. Elkatatny, S.M.; Nasr-El-Din, H.; Al-Bagoury, M.: Evaluation of
micronized ilmenite as weighting material in water-based drilling
fluids for HPHT applications. Paper SPE-163377-MS, Presented
at the SPE Kuwait International Petroleum Conference and Exhi-
bition, Kuwait City, Kuwait, 10–12 December (2012). https://doi.
org/10.2118/163377-MS

50. Al-Bagoury, M.: Micronized Ilmenite-A non-damaging non-
sagging newweightmaterial for drilling fluids. Paper SPE-169182-
MS,Presented at theSPEBergenOneDaySeminar,Bergen, 2April
(2014). https://doi.org/10.2118/169182-MS

51. Boyou, N.V.; Ismail, I.; Sulaiman,W.R.; Haddad, A.S.; Husein, N.;
Hui, H.T.; Nadaraja, K.: Experimental investigation of hole clean-
ing in directional drilling by using nano-enhanced water-based
drilling fluids. J. Pet. Sci. Eng. 176, 220–231 (2019). https://doi.
org/10.1016/j.petrol.2019.01.063

52. Abdou, M.I.; Al-Sabagh, A.M.; Ahmed, H.E.; Fadl, A.M.: Impact
of barite and ilmenite mixture on enhancing the drilling mud
weight. Egypt. J. Pet. 4, 955–967 (2018). https://doi.org/10.101
6/j.ejpe.2018.02.004

53. Mohamed, A.; Basfar, S.; Elkatatny, S.; Al-Majed, A.A.: Preven-
tion of barite sag in oil-based drilling fluids using a mixture of
barite and ilmenite as weighting material. Sustainability 11, 5617
(2019). https://doi.org/10.3390/su11205617

54. Basfar, S.; Elkatatny, S.: Prevention of hematite settling using syn-
thetic layered silicate while drilling high-pressure wells. Arab. J.
Geosci. 13, 459 (2020). https://doi.org/10.1007/s12517-020-0551
6-2

55. Wagle, V.; Al-Yami, A.S.; AlAbdullatif, Z.; Bubshait, A.S.;
AlSafran, A.: Mitigation of stuck pipe challenges in HTHP condi-
tions using acid soluble blend of barite and manganese tetroxide
as weighting materials for drilling fluids. Paper SPE-175844-MS,
Presented at the SPENorth Africa Technical Conference and Exhi-
bition, Cairo, 14–16 September (2015). https://doi.org/10.2118/17
5844-MS

56. Basfar, S.; Mohamed, A.; Elkatatny, S.; Al-Majed, A.: A combined
barite-ilmenite weighting material to prevent barite sag in water-
based drilling fluid. Materials 12(12), 1945 (2019). https://doi.org/
10.3390/ma12121945

57. Basfar, S.; Mohamed, A.; Elkatatny, S.: Barite-Micromax mixture,
an enhanced weighting agent for the elimination of barite sag in
invert emulsion drilling fluids. J. Pet.Explor. Prod. Technol. 10,
2427–2435 (2020). https://doi.org/10.1007/s13202-020-00892-7

58. Ma, J.; Yu, P.; Xia, B.; An, Y.: Micro-manganese as a weight agent
for improving the suspension capability of drilling fluid and the
study of its mechanism. RSC Adv. 9(61), 35509–35523 (2019).
https://doi.org/10.1039/C9RA07283G

59. Gholizadeh-Doonechaly, N.; Tahmasbi, K.; Davani, E.: Develop-
ment of high-performance water-based mud formulation based on
amine derivatives. Paper SPE-121228-MS, Presented at SPE Inter-
national SymposiumonOilfieldChemistry, TheWoodlands, Texas,
20–22 April (2009). https://doi.org/10.2118/121228-MS

60. Mahrous, R.; Vader, R.; Larreal, E.; Navarro, R.; Salmelid, B.;
Honey, A.; Weir, M.; Lammers, G.; Rijnen, P.: High performance
water-based mud HPWBM: turning old ways into new opportu-
nities. Paper SPE-182286-MS, Presented at SPE Asia Pacific Oil
& Gas Conference and Exhibition, Perth, 25–27 October (2016).
https://doi.org/10.2118/182286-MS

61. Addagalla, A.; Maley, I; Lawal, I.; Jadhav, P.; Luigi, M.: Minimum
stress, maximum pressure: a new high performance bridging sys-
tem facilitates drilling depleted formations at high overbalance in
middle east. Paper SPE-192051-MS, Presented at SPEAsia Pacific
Oil and Gas Conference and Exhibition, Brisbane, 23–25 October
(2018). https://doi.org/10.2118/192051-MS

62. Gomaa, I.; Elkatatny, S.; Abdulraheem, A.: Real-time determina-
tion of rheological properties of high over-balanced drilling fluid
used for drilling ultra-deep gas wells using artificial neural net-
work. J. Nat. Gas Sci. Eng. 77, 103224 (2020). https://doi.org/10.
1016/j.jngse.2020.103224

63. West, G.; Morales, L.J.: New drilling fluid solution for unconven-
tional sandwells in the San JuanArea. SPE-103036-MS, Presented
at Paper SPE Annual Technical Conference and Exhibition, San
Antonio, 24–27 September (2006). https://doi.org/10.2118/10303
6-MS

123

https://doi.org/10.2118/36670-MS
https://doi.org/10.2118/47784-MS
https://doi.org/10.1080/10916461003662992
https://doi.org/10.2118/56636-MS
https://doi.org/10.1016/j.petrol.2011.04.018
https://doi.org/10.2118/192198-MS
https://doi.org/10.1016/j.powtec.2019.04.037
https://doi.org/10.3390/su12072719
https://doi.org/10.2118/163377-MS
https://doi.org/10.2118/169182-MS
https://doi.org/10.1016/j.petrol.2019.01.063
https://doi.org/10.1016/j.ejpe.2018.02.004
https://doi.org/10.3390/su11205617
https://doi.org/10.1007/s12517-020-05516-2
https://doi.org/10.2118/175844-MS
https://doi.org/10.3390/ma12121945
https://doi.org/10.1007/s13202-020-00892-7
https://doi.org/10.1039/C9RA07283G
https://doi.org/10.2118/121228-MS
https://doi.org/10.2118/182286-MS
https://doi.org/10.2118/192051-MS
https://doi.org/10.1016/j.jngse.2020.103224
https://doi.org/10.2118/103036-MS

	An Overview of the Common Water-Based Formulations Used for Drilling Onshore Gas Wells in the Middle East
	Abstract
	Abbreviations
	1 Introduction
	2 Drilling Fluids Formulations
	2.1 Spud Mud
	2.1.1 Composition and Properties
	2.1.2 Drilled Section Characteristics
	2.1.3 Operational Practices
	2.1.4 Problems and Recommendations

	2.2 High-Bentonite Spud Mud
	2.2.1 Composition and Properties
	2.2.2 Drilled Section Characteristics
	2.2.3 Operational Practices
	2.2.4 Problems and Recommendations

	2.3 Salt-Polymer Mud
	2.3.1 Composition and Properties
	2.3.2 Drilled Section Characteristics
	2.3.3 Operational Practices
	2.3.4 Problems and Recommendations

	2.4 High-Overbalanced Mud
	2.4.1 Composition and Properties
	2.4.2 Drilled Section Characteristics
	2.4.3 Operational Practices


	3 Summary
	References




