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Abstract: For years, drilling engineers have been faced with the challenge of drilling wells through
naturally fractured reservoirs that are present around the world. During drilling, the pressure at the
bottomhole of a well is frequently intentionally higher than formation pressure, which can result
in the loss of mud in surrounding rocks. During well cementing, the bottomhole pressure is even
higher than it is during drilling, because the cement slurry density is higher than the density of the
mud. Therefore, if natural or induced fractures in the surrounding rocks are not plugged during
drilling, the cement slurry can be lost to them, reducing their permeability which is undesirable in
the case of a pay zone. To prevent the loss of circulation and the related consequences, it is necessary
to apply good drilling and cementing practices and to use adequate methods and carefully selected
materials for plugging the loss zones. The aim of this article is to give an overview of the preventive
and corrective methods that can be applied in drilling and cementing through fractured zones as well
as improvements in drilling and cementing technology to avoid lost circulation issues (e.g., aerated
drilling fluid, casing while drilling, managed pressure drilling, expandable tubulars, lightweight
cement slurries, etc.).

Keywords: naturally fractured reservoirs; drilling fluid; lightweight cement slurry; lost circulation;
lost circulation material (LCM); thief zones; wellbore strengthening; underbalanced pressure drilling;
casing while drilling

1. Introduction

Oil and gas companies very often face the phenomenon of fluid loss during the
drilling process. The loss of large volumes of whole mud to the formation (lost circulation)
has historically been the root cause of well control problems and high mud costs. Many
drilling hazards such as hole collapse, stuck pipe because of poor cutting removal, and
even blowouts have been the result of lost circulation. In addition, lost circulation may
cause extensive formation damage from lost circulation remedial treatments. Based on an
extensive review of literature, Elkatatny and co-authors (2020) found that lost circulation
costs 10–20% of the cost of drilling high pressure high temperature wells and 90% of these
losses occur in fractured formations [1]. The negative consequences are magnified greatly
in a deep-water environment [2].

The causes of fluid loss may be the presence of natural or induced fractures, cavernous
zones, or high permeability of the matrix [3–5]. Natural fractures may occur in any type
of formation. If drilling is continued and more natural fractures are exposed, a complete
loss of returns may be experienced [3]. Naturally fractured reservoirs exist throughout the
world and contain significant amounts of hydrocarbon reserves. The presence of natural
fractures in a reservoir is a problem during drilling and cementing but is desirable from
the aspect of well productivity. Natural fractures improve production by enhancing the
effective permeability of rocks greatly by connecting pores together but can complicate
drilling and cementing operations as well as reservoir stimulation. Induced fractures are
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principally those produced in the surrounding rocks by the fluid pressure applied within a
well bore [5].

Induced fractures during drilling are undesirable because large amounts of the fluid
can be lost to the surrounding rocks. However, after drilling and well completion, in some
reservoirs, fractures are intentionally induced to increase hydrocarbon flow.

A large volume of drilling fluid loss into the formation poses severe threats. Although
different solutions have been recommended to avoid any kind of fluid loss, the oil and gas
industry is still facing difficulties in determining and detecting these problems [6].

Lost circulation is most commonly divided into four types based on the amount of
the loss rate (severity of the losses), as follows, seepage loss, partial loss, severe loss, and
total loss [7,8], and can take place in both static (static loss rate) and dynamic conditions
(flowing loss rate) [9–11].

According to the type of losses the industry proposes various precautions that should
be applied such as maintaining Equivalent Circulating Density (ECD) by decreasing the
mud density as well as by reducing the values of rheological parameters and mud flow rate,
adding lost circulation materials (LCMs) to the mud in order to strengthen the formation
or the implementation of advanced drilling techniques like Managed Pressure Drilling
(MPD), Underbalanced Drilling (UBD), or Casing while Drilling (CwD) [12–15]. Compared
with conventional drilling techniques, for drilling formations below hydrostatic pressure
(UBD) low density media can be used as a drilling fluid, such as air, nitrogen, mist and
foam so that in underpressure conditions, it causes an inflow of the formation fluid into
the well and reduces mud loss [15–17].

Controlling severe to total losses in naturally fractured/vugular formations is still
a challenge, particularly in carbonate formations in which conventional particulate Lost
Circulation Materials (LCMs) might not be effective although they have been widely used
to avoid or stop losses [18].

A variety of materials and techniques have been developed to stop lost circulation
and stabilize a wellbore [3,19–25].

For years, classical LCMs have been classified into four categories (fibrous, flaky, and
granular or a mixture of all three), but Alsaba et al. (2014) proposed a new classification
based on their appearance and application that considers conventional and new LCM
materials (acid/water soluble, high fluid loss squeeze, swellable/hydratable combinations,
and nanoparticles) [4].

Savari et al. (2016 and 2020) presented laboratory evaluation methodology, test results,
and field application of the combination of a high fluid loss squeeze (HFLS) and reticulated
foam LCM that could seal a laboratory-simulated fracture/slot size of 9800 microns [26]
and 31,700 microns [18]. They used a permeability plugging apparatus (PPA) with minor
modifications to evaluate the LCM combination mixed in different bases (water, diesel,
mineral oil, CaCl2 brine and CaBr2 brine). The combination of HFLS and reticulated foam
LCM can provide a technically efficient alternative to particulate solutions for managing
severe to total losses in the case of uncertain fracture sizes in naturally fractured/vugular
formations [18].

Bychina et al. (2017) presented a comprehensive analytical model that can be used for
different drilling fluids (Newtonian fluid, Bingham fluid, dilatant fluid, and pseudoplastic
fluid) [6]. The model considers a linear fracture deformation with pressure change and
leak-off from the fracture into the formation which leads to a more accurate estimation of
the volume of drilling fluid loss than the pre-existing models. They concluded that the
pressure differential is the driving force behind the fluids leaking into the fracture. The
fluid rheology also dictates the rate of fluid loss into the formation. The drilling fluid loss
increases as the value of flow behavior index and consistency index decreases [6]. Mud
loss is influenced by many factors that make finding an analytical solution with acceptable
accuracy very difficult or impossible, so in recent years, researchers have been trying to
find a new method which can be successfully applied for the prediction of lost circulation
zones by applying artificial intelligence (Artificial Neural Network (ANN)) [1,27–32].
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In recent years, more and more wells are being drilled in complex reservoir conditions
so there is need for the improvement of drilling mud properties in order to successfully
and safely drill wells. Researchers started to investigate the possibility of applying nan-
otechnology, especially nanoparticles added to drilling mud for drilling through shales.
Conventional drilling additives are too large to seal the nano-sized shale, in contact with
water-based drilling muds, shale swells which results in wellbore instability. The results
showed that the addition of clay/SiO2 and TiO2 nanoparticles improved the rheological
properties [33,34]. In addition to rheological modification, nanoparticles (size 1 to 500 nm)
added in a concentration up to 1 wt% are shown to be effective for reducing fluid loss [35].

With this review manuscript, we tried to collect and organize all the available informa-
tion related to problems that arise during drilling through naturally fractured formations.
Different authors through their own studies and research sought to cover specific problems
related to lost circulations in certain fractured formations. In most cases, these studies and
research provide valuable information for problem solving on the same field and on other
fields with similar conditions, but do not provide a broad picture. From this point of view,
we tried to collect all this relevant information, and give readers one comprehensive review
of the lost circulation problems and solutions for drilling through naturally fractured
formations. Along with a detailed analysis and quantification of fluid losses in naturally
fractured formations, as well as an overview of the available techniques and technology
solutions, for the first time, we also endeavored to comprehensively view and compare the
loss circulation problems in drilling and well cementing operations.

Based on an extensive analysis of the literature, it can be concluded that there is no
universal method to solve the problem of circulatory loss. Therefore, the selection and
design of the process should be based on the specific requirements of an individual well.

2. Determining the Location of the Thief Zone and the Classification of Fluid Loss

Highly permeable, porous, fractured, and cavernous formations encountered during
drilling can be a zone of fluid loss, often called a thief zone. Determining the depth of the
thief zone is important in order to take preventive or corrective measures to prevent or
stop further fluid loss.

2.1. Location of the Thief Zone

The thief zone can be at the bottom or above the bottom of the hole depending on the
observed changes in conditions during drilling (see Table 1).

Table 1. The probable location of the thief zone according to [36].

Thief Zone is “on Bottom” If: Thief Zone is “off Bottom” If:

Fluid loss first occurs while drilling ahead.
Fluid loss is accompanied by a notable change in
the rate of penetration (ROP), torque, or drilling
vibration.
Fluid loss is due to natural fractures, faults,
caverns, vugs or high permeability sands and
gravels (well site geology data, drilling break with
increase in torque and kelly free falls while drilling
coupled with an instant loss in circulation).

Fluid loss first occurs while tripping,
drilling fast or increasing mud weight.
Fluid loss is the result of shutting the well
in and killing the well.
A annular loading is such as to increase the
return apparent mud weight higher than
the last casing shoe fracture gradient.

An accurate estimation of the loss zone location allows for the application of the treat-
ment directly at the point of loss, resulting in high efficiency and shorter non-productive
rig time. Various tools and methods are used to determine the location of the loss zone
and avoid lost circulation such as (1) Real-time geomechanical analysis, (2) Pre-drill geo-
logical analysis, (3) Pressure transducer surveys, (4) Open hole logs, (5) Hot wire surveys,
(5) Radioactive transducer surveys, (6) Temperature surveys, (7) Spinner surveys, (8) and
Oxygen activation and water flow measurements tools [2,5,37–41]. However, some of these
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methods are difficult to be apply due to financial issues and lack of technology, while
other methods are not accurate in the prediction of thief zones. More recently, artificial
intelligence techniques such as radial basis function (RBF) and a support vector machine
(SVM) have been used to predict lost circulation zones [42].

2.2. The Classification of Fluid Loss

The best approach to cure lost circulation is to assess the severity of fluid loss (drilling
fluid or cement slurry) in the loss zone and match the remedial material and technique to
it, both in terms of the size of the material and its function. According to the severity of
fluid loss, lost circulation can be classified into four categories: seepage loss, partial loss,
complete loss, and severe complete loss [5]. The severity of loss is best determined by the
amount of loss and the static mud column height (see Table 2).

Table 2. Classification of mud loss according to its severity [5].

Severity of Loss Rate of Loss Type of Formation

Seepage 0.16 to 1.6 m3/h

Any permeable formation type when the
bridging agents are not large enough to

form a seal, or when there are no fine
particles to complete the seal.

Partial 1.6 m3/h to 16 m3/h
Highly porous or fractured formations,

gravel, small natural fractures and barely
opened induced fractures.

Complete mud level at 61 to 152 m
below wellhead

Long, open sections of gravel, long
intervals of small natural fractures, large
natural fractures (caverns, vugs) or open

induced fractures.

Severe complete mud level at 152 to 305+ m
below wellhead

Large, open natural fractures, caverns,
and open induced fractures.

From the data shown in Table 2, it can be concluded that during drilling through
fractured formations, and depending on the size of the fracture, partial losses, and even
more often, complete (total) mud losses can occur.

Different classifications can be found in literature according to the severity of losses
and with different values of the loss rate (see Table 3). Also, the rate of loss is stated
differently depending on the conditions as static loss rate (occurs in static conditions)
and flowing loss rate (occurs in dynamic conditions) [4,9,11,43,44]. Some authors and
companies also base the distribution of losses on the type of mud and state lower values
for oil-based muds (OBM) than for water-based muds (WBM) [45,46].

Based on the data shown in Table 3, it can be concluded that most authors and
companies agree on the definition of seepage (minor losses; <1.6 m3/h) and total losses
(no drilling fluid returns to the surface). Defining partial (moderate/medium losses; from
1.6 to even 80 m3/h) and severe (massive/complete; from 3.2 to more than 80 m3/h) losses
differs significantly.
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Table 3. Classification of losses according to different authors and companies.

Source

Severity of Loss

Seepage
(Minor)

Partial
(Moderate/Medium)

Severe
(Massive/Complete)

Total
(Complete)

Typical Loss Rate (m3/h)

Hitchock, 2020 [45]; Drilling
Specialties Company, 2014 [46]

Water-based mud

<4 4 to 16 >16 no returns

Oil-based mud

<1.6 1.6 to 4.8 >4.8 no returns

Ramasamy et al., 2019 [8] <1.6 1.6 to 3.2 3.2 to 32 no returns

Olsen et al., 2019 [47] - - >25 no returns

Therond et al., 2018 [48] <1.6 1.6 to 16 16 to 80 no returns

MI-Swaco, 2011 [36] <1.6 1.6 to 16 - no returns

Mahry et al., 2016 [7] - 1.6 to 8 - no returns

Ghalambor et al., 2014 [11];
Marinescu et al., 2007 [9] -

1.6 to 8 (s.c.)
10 to 20% of the mud

(d.c.)

8 to 24 (s.c.)
50 to 100% of the mud

(d.c.)
no returns

Nayberg, 1987 [43]; Nelson,
2006 [44]; Alsaba et al., 2014 [4] 0.16 to 1.6 1.6 to 80 >80 no returns

Jarouj et al., 2003/2004 [49] <1.6 >1.6, but some fluid
returns - no returns

Sweatman et al., 1997 [10] 1.6 to 3.2 (s. c.); 0.16 to
1.6 (d. c.) - 8 to 24 (s. c.); 50 to

100% of the mud (d. c.) no returns

Al-Hameedi et al., 2018 [50] <1 1 to 10 >15 no returns

Note: s.c.—static condition; d.c.—dynamic conditions.

3. Prediction of Lost Circulation

For the successful drilling of a well through naturally fractured reservoirs to the target
depth, predicting the loss zone using artificial intelligence can be of great help [1,27–32,51].

Moazzeni et al. (2010) tried to predict lost circulation in different areas in Maroun
oilfield using drilling daily reports from 32 drilled wells. They used artificial neural
networks to estimate the quantity and quality of fluid loss for each day using recorded data
in that day or previous days. According to their research, the network precision in cases
of low mud loss is very good, but in cases of very severe losses, it is significantly worse.
The reason for that can be data inconsistency of input parameters. Also, many parameters
which can affect lost circulation are not considered with the input data [28].

Toreifi et al. (2014) designed two models using Artificial intelligence and data col-
lected from 38 wells located in Maroun oilfield, in the Middle East. Both models were
developed by a modular neural network for the prediction of the amount of mud loss in
any coordinates of a field using operational and geological data. They concluded that the
neural network had an accurate prediction of lost circulation in the Asmari formation of
the Maroun oilfield and recommended utilizing an artificial neural network just for the
field under study [32]. Unfortunately, the model is applicable only in a specific area, so
other fields should utilize a new neural network [52].

Efendiyev et al. (2016) studied the impact of petrophysical rock properties on lost
circulation in terms of lack of information. Their research was performed by cluster analysis
(FCM-method). Cluster-analysis or automatic classification problems are widely used in
various fields, including in the petroleum industry [51].

Solomon et al. (2017) applied an artificial neural network to predict the fracture
width and determine the particle sizes of the loss prevention materials. Their results were
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compared with existing 2D fracture models and benchmarked against experimental results
published in the literature. They showed that the key parameter for determination of
adequate loss prevention materials are rock properties. Also, the application of an artificial
neural network in the future should contain a more robust and localized data sets [27].

Far and Hosseini (2017) studied the effect of mud weight, wellbore depth, pump
pressure, and flow rate on lost circulation in the UBD of the Asmari formation, Southwest
Iranian fields, using drilling data and an artificial neural network. In their research, they
chose three wells with the most, moderate, and without lost circulation. They showed that
the amount of lost circulation can be estimated using the created neural network with very
good accuracy. Also, lost circulation has a direct relation to pump pressure and a reverse
relation to flow rate [31].

Abbas et al. (2019) presented a study that can be used to predict a lost circulation
occurrence by using artificial neural networks and Support Vector Machine (SVM). The
field datasets were collected from 385 wells drilled in southern Iraq. The data included
drilling operation parameters, formation type, lithology of the rock, and drilling fluid
characteristics. According to their results, lithology type, mud weight, and flow rate had
the most impact on lost circulation [30].

Elkatatny et al. (2020) showed that an artificial neural network (ANN) and a Functional
Network (FN) can be used to predict loss zones with high accuracy. They used real-time
drilling sensors and obtained data of real-time surface drilling parameters to predict the
zones of lost circulation. According to their research, artificial intelligence techniques were
tested by using data from one well to predict lost circulation zones with high precision.
Also, their method is simple to use because the prediction of loss zones is determined from
only the mechanical surface drilling parameters which are easily available for each well [1].

Abbas et al. (2020) used drilling data of previously drilled wells in Southern Iraq (448
cases) to establish which drilling parameters have the greatest impact on the risk level of
lost circulation while drilling. Data was obtained from daily drilling reports, daily mud
reports, final well reports, and master logs. They showed that the lost circulation rate can
be increased by increasing the flow rate, by raising the ECD. Also, an increased rate of
penetration (ROP) results in insufficient hole cleaning and negatively affects the ability to
estimate losses. Other parameters that can leads to an increase in mud loss rate is mud
weight because of its influence on hydrostatic pressure calculations. Their results showed
that statistical analysis can be used to match the predicted and actual loss rate [29].

4. Preventive and Corrective Lost Circulation Measures

The way that lost circulation measures or methods are applied could be classified based
on the time these measures were implemented, whether they were applied before (preventive
measures; pretreatment and/or borehole stress treatments to strengthen the wellbore) or after
(corrective measures; mitigating lost circulation and, where possible, providing additional
wellbore strength) the occurrence of a lost circulation event [4,8,38,53,54]. The preventive
approach to mitigate the loss of circulation is easier than the corrective approach.

The hierarchy in the application of preventive and corrective (remedial) measures
(a) and the mechanism of wellbore strengthening are shown in Figure 1.

Wellbore strengthening (or creating of stress cage) is a preventive treatment and can
be used to efficiently plug and seal fractures while drilling before losses occur [53,55]. The
sealing of fractures during drilling is achieved by maintaining a certain concentration
of bridging material (Wellbore Strengthening Material (WSM), e.g., deformable graphite,
granular, cellulosic material, blends) in the mud or by using pills to strengthen sections
that have already been drilled, but without losses. Wellbore strengthening is a method for
increasing the fracture resistance by increasing the hoop stress in the near wellbore area
and consequently the ability of the wellbore walls to withstand higher dynamic pressure
(higher ECDs) without causing mud loss.
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Figure 1. Preventive and corrective measures hierarchy (a) and wellbore strengthening (b).

4.1. Preventive Measures to Avoid Lost Circulation during Drilling

The preventive approach involves managing the loss of circulation by planning in
advance and possibly stopping its occurrence. Preventive measures must be applied
when the mud loss exceeds 0.16 m3/h which is the maximum allowable loss of fluid [41].
This loss can be measured in the pits at the surface. In all situations where a loss zone
is expected, preventive measures should be taken by adjusting the mud properties and
adding a circulating material (LCM) to the mud. In addition, it is extremely important to
perform the leak off test (LOT) and Formation Integrity Test (FIT) to limit the possibility of
lost circulation.

The complete prevention of lost circulation is impossible during drilling through
naturally fractured, cavernous or high permeability zones, but it is possible to limit the loss
of circulation by taking certain precautions, especially those that avoid the occurrence of
induced fractures. The most efficient approach to prevent losses is keeping the wellbore
pressure equal to or very close to the formation pressure. Preventive measures are shown
in Table 4 and include controlling the Bottomhole Pressure (BHP), Wellbore Pressure
Containment Improvement (WPCI), running intermediate casing in the transition zones,
setting expandable tubulars, and wellbore strengthening [5,53,55–57].

Drilling technologies that can prevent circulation loss are briefly described below.

4.1.1. Underbalanced Drilling (UBD)

During conventional drilling, the pressure of the mud column in the wellbore is
higher than the pore pressure which represents overbalance conditions. In some cases,
especially during drilling through highly depleted reservoirs, naturally fractured, vugular,
and highly permeable formations, due to the low pore pressure, losses to the formation
can occur. Therefore, mud pressure in the wellbore can be held below the pore pressure
(underbalanced drilling) which allows the formation fluid to flow into the wellbore [58,59].

To achieve circulating densities lower than the pore pressure, the use of lighter fluids is
required, such as air, mist, foams, and aerated mud foam with back pressure (see Figure 2) [15–17].

In some cases, underbalanced drilling is the only available drilling technology [16],
and it is more complex than conventional drilling or managed pressure drilling due to the
presence of multi-phase fluid flows (see Figure 2). The pressure window in Overbalanced
Drilling (OBD) is between the pore pressure and the fracture pressure gradient, while in
underbalanced drilling (UBD) it is between the borehole stability pressure and the pore
pressure (Figure 3) so, in some situations, the size of the windows will determine the
appropriate drilling technology [60].

A significant benefit of underbalanced drilling is that depleted or fractured reservoirs
can be drilled with minimizing loss of circulation which has an impact on mud cost, and
thus increases the ROP, bit life, well productivity, etc. [61]. However, during underbalanced
drilling there is a need for additional equipment and procedures (higher pressure rotating
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control heads, four-phase separators etc. [16]), such as the lack of customized rigs and
additional crew, so sometimes it is not technically feasible [62].

Table 4. Preventive measures to avoid lost circulation during drilling.

Preventive Measures

1. Controlling bottom hole pressure (BHP)

• Minimizing the hydrostatic pressure in the wellbore using
drilling fluid which has the minimum safe density.

• Maintaining proper mud weight.
• Minimizing annular-friction pressure losses during drilling and

tripping in.
• Minimizing the equivalent circulating density (ECD) by

changing the mud properties (plastic viscosity, yield point, and
gel strengths) within the safe margin.

• Adequate hole cleaning.
• Avoiding restrictions in the annulus.
• Updating information about formation pore pressure and

fracture gradients for better accuracy with log and drilling data.
• Applying appropriate drilling technology: underbalanced

drilling (UBD), managed pressure drilling (MPD), casing while
drilling (CwD).

2. Wellbore pressure containment improvement (WPCI)
(WPCI treatment with a required amount of sealant volume is used to increase the pressure-containment integrity of the entire open
hole and to allow an increase in the mud weight without loss in the continuation of drilling to the total depth.)

3. Running intermediate casing in the transition zones
(Setting casing to protect upper weaker formations within a transition zone.)

4. Setting Solid Expandable Tubulars (SET)
(Installation of clad liner with external seals and other external attachment for covering the lost circulation and depleted zone in
open hole section.)

5. Wellbore strengthening
(Increasing the fracture resistance by increasing the hoop stress in the near wellbore region.)

According to Ashraf et al. (2020), recent attempts to drill new wells in the Pakistan
gas field Qadirpur were extremely unsuccessful because of the massive lost circulation
resulting in severe reservoir damage and zero production. By applying UBD, the re-entry
well-X through highly depleted and fractured reservoir formation was drilled without
problems and the high cost of complete lost circulation was eliminated [15].

4.1.2. Managed Pressure Drilling (MPD)

Conventional drilling of fractured or depleted formation as well as deep formation in
a high pressure and high temperature environment usually can be very difficult because
of the small difference between pore pressure and fracture pressure at a certain depth. In
depth offshore conventional drilling activities, this means the installation of more casing
strings than necessary in order to reach the total depth [63]. These circumstances impose the
need for better optimization and a precise control of annular pressure to prevent problems
like well control issues, lost circulation, or a stuck pipe [13,14]. Furthermore, to ensure
safety and trouble-free drilling through a formation with narrow drilling margins, it is
necessary to maintain the appropriate annular pressure in static and dynamic conditions.
According to the International Association of Drilling Contractors (IADC), Managed Pres-
sure Drilling (MPD) represents an adjustable drilling technique for the precise control
and maintenance of the annular pressure profile throughout the wellbore. Due to specific
downhole conditions, a managed pressure technique except for drilling also can be uti-
lized for different operations which follow the drilling process (liner running, cementing,
wireline operations, tripping, etc.) [64,65]. This relatively new technique combines the
low drilling fluid density with the additional pressure applied in the annular space on
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the surface and all with the purpose of the maintenance annular pressure profile within a
safe drilling window. For drilling through zones with a total loss of the drilling fluid, the
application of Mud Cap Drilling (MCD) can be very useful. Mud Cap Drilling represents
a special variation of the managed pressure drilling and the includes following methods:
Floating Mud Cap Drilling (FMCD), Pressurized Mud Cap Drilling (PMCD), Dynamic Mud
Cap Drilling (DMCD), and Controlled Mud Cap Drilling (CMC) [63,66]. Aside from the
mentioned MCD, there are other variations of managed pressure drilling such as Constant
Bottomhole Pressure (CBHP), Dual Gradient Drilling (DG), and Return Flow Control (RFC)
or the Health, Safety, Environment (HSE) Method. Depending on the selected managed
pressure drilling method, a drilling rig must be equipped with additional equipment like
a rotating control device (RCD), a non-return valve (NRV), chock gates, sliding plates,
shuttles, a continuous circulation system (CCS), a continuous circulation valve (CCV), or a
backpressure pump. MPD was applied for the drilling of 7 wells in the carbonate naturally
fractured reservoir of East Siberia where conventional drilling of a highly fractured zone
was accompanied with intensive mud losses, thus over 50% of drilled wells in the oilfield
could not reach the final depth. Compared to conventional drilling, the application of MPD
resulted in a 24% decrease in loss of drilling mud, a 7% increase in the average rate of
penetration, and a 30% increase in average productivity. At the same time, the average cost
per meter for MPD was 14% higher than conventional ones [67].

Figure 2. Fluid systems used in underbalanced drilling comparing to conventional drilling.
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Figure 3. Comparison of pressure gradients and safe drilling window.

4.1.3. Casing While Drilling (CwD)

Casing while drilling (CwD) (also known as Casing Drilling—CD) is a relatively
novel method where casing is used instead of drill pipes and drill collars. This type
of well drilling is recognized as one of the most effective and cost-saving ways to drill
and complete a well [68], as it provides the simultaneous drilling and casing of a well.
Casing drilling eliminates costs associated with drill pipes, with a much greater benefit of
eliminatingpotential problems that can occur during drill pipe tripping operations. These
include circulation loss, wellbore stability problems and well control incidents [69], which
can lead to complex and expensive operations. Also, this method enables continuous mud
circulation which is a safer option than phases of static conditions without circulation,
which is the case in conventional drilling.

The main advantages of this method are a reduction of drilling non-productive time,
a reduction of lost circulation in problematic zones and overcoming wellbore stability
problems [70–73]. The diameter of the casing is considerably larger than the diameter of
drill pipes used in conventional drilling, which results in a smaller area for mud flow in the
annulus. In these conditions, an effect known as plastering occurs and it enhances wellbore
stability. The ratio of the outer diameter casing to hole size is certainly the primary factor for
the occurrence of the plastering effect which is believed to be more than 0.75 [70]. Drilled
cuttings are crushed to finer particles between the casing and the wellbore during contact
due to limited annular clearance [72], which results in a larger particle size distribution
profile than during conventional drilling [74]. A higher mud particle concentration and
size distribution helps in bridging and fracture closure through the plastering effect [75],
because finer sized cuttings are smeared into the wellbore face by the mechanical contact
of the large diameter casing with the borehole walls [74]. This creates a thin, but almost
impermeable mud cake that sets up a barrier and successfully prevents fluid loss, which has
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been proven in field trials [72]. Consequently, the plastering effect that occurs during casing
drilling increases the fracture gradient and improves the wellbore strengthening [76].

4.1.4. Solid Expandable Tubulars (SET)

Solid Expendable Tubular (SET) technology was commercially applied for the first
time in November 1999 with one main goal: to reduce the cost of drilling and the comple-
tion of a well in shallow water in the Gulf of Mexico [77]. According to Cameron et al. (2013)
and Park et al. (2015) solid expandable technology includes a cone movement upward and
downward through installed tubular casing under the action of force or pressure [78,79].
In the case of a liner string, the possible expansion is usually in the range between 5%
and 18%, but there is also successful operation with an expansion higher than 20%. The
mentioned cost reduction is possible in two ways. Firstly, this technology allows for the
drilling of smaller diameter wellbores and the utilization of a smaller diameter of expand-
able casing string, significantly reducing the cost of drilling as well as the associated cost of
casing and cementation. However, this technology has a very wide application in solving
different problems related to exploration and production activities and associated costs
such as extension of the casing shoe, loss of wellbore integrity, control of lost circulation,
overpressured or unstable zones during drilling, covering old perforation intervals or dam-
aged casings, etc. [77,80]. The latest development in solid expendable tubular technology
allows for the construction of a monobore wellbore as well as the installation of multiple
clad/unclad liners to cover problematic zones in a hole with the same internal diameter.
A clad liner contains external seals and other external attachments which are used for
covering the lost circulation and depleted zone in an an open hole section [81].

4.2. Corrective Measures to Mitigate Lost Circulation during Drilling

When drilling through fractured and vuggy carbonate, a preventive approach is not
always effective, and a corrective approach should be taken. This is done using both con-
ventional lost circulation materials (LCMs) and different types of specially designed plugs
based on cement, cross-linked polymers, a mixture of organic products or other materials
with or without conventional LCMs as shown in Table 5 [1,3,4,22,82,83]. In order to seal
natural fractures or induced fractures, lost circulation materials are added continuously
to the drilling fluid or spotted as a concentrated LCM pill [4]. According to Fomenkov
et al. (2019) in Volga-Urals region, many lost circulation control techniques such as a new
special-purpose thixotropic cement slurry, foamed cement plugs, cement-bentonite-diesel
slurries, fibrous bridging materials, variable-sized bridging agents, shredded polyethylene,
detachable plastic tubulars, expandable-profile liners, felted cloth, cord fiber, etc. are
currently used [84]. The total loss of circulation is almost always treated with remedial
procedures and techniques.

Lost circulation materials (LCM) can be added to the mud before losses occur to
prevent mud loss, but they can also be added to mud in the form of a pill after losses occur
to plug the loss zone.

The selected LCM should go through restrictions in Bottom Hole Assembly (BHA).
Coarse and extra-coarse grades of LCMs should always be spotted through a bypass
circulation tool or open-ended pipe to avoid the potential plugging of downhole tools or
bit nozzles.

The choice of size, type, and concentration of LCM is extremely important for plug-
ging/bridging pores and fractures, so that the material penetrates deep enough into the
rocks and does not remain on the rock surface, because in this case, after re-establishing
circulation, mud loss will occur again [5,10,46,83,85].
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Table 5. Lost circulation materials (LCMs).

Lost Circulation Materials (LCMs)

Conventional LCM Specially Designed LCM

Flaky LCM flaked calcium carbonate, mica,
cellophane, vermiculite, and corncobs

Cement Plug
Ultra-thixotropic and thixotropic cement

slurries including calcium carbonate, flakes,
and mica for mechanical bridging.

Granular LCM
calcium carbonate, nutshells, gilsonite,
graphite, asphalt, perlite, and course

bentonite

Polyurethane Grouting
Mixtures or solutions that react to produce a

gel or foam.(Single component prepolymerized
polyurethanes that require water to react and
two component polyurethanes that are mixed

and react with each other).

Fibrous LCM sawdust, cellulose fibers, shredded paper,
mineral fibers, and nylon fibers

Geopolymer-Based Pill
Chemically reactive pill based on aqueous

alkali alumino silicates.

Blended LCM a mixture of two or more types of LCM

Settable Plug
A plug is utilized for slurry, which is a gel or

solidified; keeps fluid at low viscosity and
reacts at certain bottom hole temperature.

Water-/Acid-Soluble LCM calcium carbonate, fiber, ground marble
and salts

Cross-linked Gel
A high-viscosity gel formed by the

development of cross-linked bonds between
polymer chains making the polymer network.

Hydratable/Swellable LCM A mixture of different LCM with a highly
reactive polymer

Viscoelastic Surfactant
It is made of surfactants that self-assemble into

worm-like micellar structures that act as
polymers, raising the viscosity of the mud at

low shear rates.

Nanoparticles LCM iron hydroxide, calcium carbonate, and
silica nanoparticles

Degradable Fiber Pill
A fiber pill maintains stability for required

time, but eventually self-degrade within
desired time frame over a broad Bottomhole

Temperature (BHT) range.

High-resiliency graphite bridging agents (median particle size (d50): 300–350 microns)
provide enhanced bridging and sealing of natural or induced fractures, and can be used to
control loss of fluid in partial to severe lost circulation zones. The recommended treatment
range in the entire system is 29 to 70 kg/m3, and for partial losses (1.6 to 16 m3/h) is 57 to
143 kg/m3 in spotted pills. Highly permeable formations such as fractured carbonates and
conglomerates may require additional pills in conjunction with lost circulation materials of
various sizes. Granular, shear-resistant particulates (medium: 800–1500 microns, coarse:
1500–2280 microns, and extra-coarse: 2050–4300 microns) are useful for lost circulation
control and wellbore strengthening when drilling ultrahigh-permeability formations or
when fractures up to 4 mm are encountered. They can be used in all types of drilling
fluids. The recommended treatment range for spotted pills is 29 to 57 kg/m3. Typical
concentrations include a range of blends (e.g., blends of graphitic material and ground nut
shells, sized marble or sized marble and cellulosic material of nominal median particle size
(d50): 500–600 microns) for continuous particle addition to the circulating drilling fluid
when drilling a formation known to have losses is from 35 to 57 kg/m3, and for remedial
lost circulation treatments from 85 to 200 kg/m3, depending on the severity of the losses.
Blends are designed for loss zones with maximum openings of at least 1200 microns [86].

In many cases, the success or failure of a LCM largely depends on the decisions made
and methods employed when using the LCM. Because of that, controlling circulation loss
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during drilling with particulate and/or fibrous material requires a complete engineered
approach that includes borehole stability analysis, equivalent circulating density modelling,
leak-off flow-path geometry considerations, drilling fluid type, and LCM material selection
to help minimize pressure effects on the ECD, on-site monitoring using pressure while
drilling, and a timely application of LCM and treatments [3,4,8,53].

The effectiveness of each particulate LCM treatment can be determined by a slot disc
test performed in the laboratory. The laboratory testing was conducted with slots which
have different fracture widths ranging from 1 to 2 mm [87], 1, 0.5 and 0.2 mm [88], 3
mm [89], 2 mm [90], and 3 mm [91]. The drilling fluids containing lost circulation materials
are forced to pass through the selected disc under HPHT conditions, and the tested LCM
is evaluated by both the total 30-min fluid loss and the time it takes to plug a slot disc [4].
Particle Size Distribution (PSD) analysis is also used for proper particle size selection based
on the pore size or the estimated fracture width [53].

Figure 4 shows an example of quality and appropriate fracture plugging with conven-
tional LCMs. If the fractures are blocked during the drilling phase, the primary cementing
will be performed without losing the cement slurry. Otherwise, the loss of the cement slurry
into inadequately plugged fractures can be expected. Spotting a pill of deformable graphite
prior to running casing and cement slurry is good practice if there is a zone exposed that is
unlikely to support the column of the cement slurry [46].

Treatments with conventional particulate LCMs may not be effective for plugging/bridging
very large fractures (larger than 2000 microns) and then it is necessary to use chemical
sealants with or without particulate LCMs [4,53].

To cure severe or total losses, better results are achieved by placing crosslinked poly-
mers or cement plugs in the loss zone than by placing LCM pills and it is more likely
that losses will not occur in the continuation of drilling or during primary cementa-
tion [2,8,9,22,82,92–96]. Cross-linked polymer fluid with a specific setting time can be
pumped through the existing bottomhole assembly (bit nozzle size greater than 11.11 mm
(14/32 in)) without losing time associated with tripping and mixing conventional LCM [22].
Biodegradable, organic cross-linked polymer plug, or pill can be used in sensitive reservoirs
with minimal formation damage because, with time and temperature, will break back to a
fluid state and be able to circulate out of the wellbore [22].

Figure 4. Illustration of lost circulation during drilling (a) and cementing (b).
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Figure 5 shows the loss of mud during drilling (a), the pumping and spotting of a thixotropic cement slurry into
thief zone (b) and the situation in the well after hardening of the cement slurry into set cement of sufficient strength to
withstand various stresses in the future (c).

Figure 5. Plugging the thief zone with the thixotropic cement slurry: (a) loss of mud during drilling, (b) pumping and
spotting of a thixotropic cement slurry into thief zone, (c) the situation in the well after hardening of the cement slurry into
set cement of sufficient strength to withstand various stresses in the future.

4.3. The Procedure of Spotting and Squeezing the Plug in the Thief Zone

If mud loss occurs during drilling, it is first necessary to determine the severity of the
losses and the location of the loss zone so the pill/plug can be efficiently placed where
needed. After that, the implementation of corrective measures is approached. To cure
severe or total losses in the case of fractured formations, different types of plugs/pills
can be used, including cement, cement-bentonite, reverse gunk, cement-gilsonite, diesel-
oil-bentonite-cement, thixotropic cement, a thermally activated oil gelling pill, a polymer-
based cross-linked pill (PCP), a chemically activated cross-linked pill (CACP), or a High-
Fluid loss, High-Strength (HF/HS) pill) [1,19,22,23,36,91,97]. The generally recommended
procedure of their pumping and squeezing into the thief zone is shown in Figure 6 and
may vary slightly depending on the type of pill/plug used. If the zone of mud loss is also
a production zone, pill/plug LCMs should be used that will not cause permanent damage
to the production zone, i.e., those that are degradable or soluble in acid.



Appl. Sci. 2021, 11, 767 15 of 31

Figure 6. Procedure of spotting and squeezing cement-based plugs or polymer-based pills.

5. Lost Circulation While Cementing through Naturally Fractured Reservoirs

The risk of losses is greater in the cementation phase than in the drilling phase.
Generally, the values of density and rheological properties of a cement slurry are higher
than the values of these parameters for a drilling fluid while the flow area is smaller.
Therefore, due to the higher equivalent circulation density (ECD) and the smaller clearance
between the casing and the open hole, it can be expected that the dimensions of the existing
fractures will increase during cementation, which will lead to the loss of the cement slurry.
Extreme circulation losses during cementing operations pose a major threat to successful
well cementation.

The loss of circulation during primary cementing results in reduced annular space
coverage, casing corrosion, reduced safety, poor zonal isolation, and often requires the
application of some remedial cementing techniques.

To prevent the loss of a cement slurry, mud loss zones should be sealed by known
methods before cementation. If this is not possible, it is recommended to: (1) maintain the
pressure during cementation below the maximum equivalent mud density in the circulation
(ECD) and (2) place the LCM in the loss zone. Maintaining pressure during cementation
below the maximum equivalent mud density in the circulation (ECD) can be achieved by
decreasing the cement slurry density, reducing the height of the cement slurry column
or limiting the flow resistance during the flow of the cement slurry through the annular
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space by adjusting its rheological properties. In addition, LCM can be used as a spacer
in front of the cement slurry or LCM can be added to the cement slurry. Furthermore,
special additives can be used that give the slurry thixotropic properties so that during
the penetration of the cement slurry into the loss zone, its speed decreases and the gel
structure develops and eventually the zone plugs due to increased resistance to the flow
of the thixotropic cement slurry. Mofunlewi and Okoto (2016) described an engineered
cement spacer fluid that can cure moderate to total losses in permeable and fractured
formations [98]. This spacer contains hydrophobically modified polysaccharides which
form micelles in water. By increasing the differential pressure, the micelles are compressed
and absorbed to form a layer of adsorbed micelles that forms an impermeable seal at
maximum differential pressure. The layer of adsorbed micelles transforms again into
water-dispersed micelles at pressure relaxation or inflow from the formation, so damage to
the formation is minimal. Therond et al. (2018) performed a comprehensive field analysis
to understand lost circulation initiation during different phases of drilling and primary
cementing. They analyzed 40 offshore well sections (18 casing and 22 liners) from four
different locations (the Gulf of Mexico, the United Kingdom, Angola, and Azerbaijan)
that reported losses prior to, or during, primary cementing operations. The results of
the research showed that losses were commonly induced while running casings (in 42%
of the cases) or pre-cement job mud circulation (in 48% of the cases), but rarely during
cement placement (in 5% of the cases) and suggested that if losses are prevented during
drilling, running casings and pre-job circulation, then the probability of having losses
during cementing is significantly reduced [48]. The fact that in 95% of the cases losses
were initiated prior to cementing, even though cementing ECDs are typically higher than
drilling ECDs, is contrary to what is often perceived. Further, the results of the field study
showed that the cement slurry was able to reduce the lost circulation rate when losses
were severe or total prior to cementing (in more than 59% of cases) but this was not the
case when partial or seepage losses occurred. A cement slurry possesses inherent wellbore
strengthening capabilities [48].

5.1. Cement Slurry and Set Cement Properties

The importance of cement slurry design is especially pronounced in situations of
placing a cement slurry in fractured zones or zones of low pore pressure, because then one
can expect a loss of the cement slurry in the surrounding rocks. Since each well is unique
according to its characteristics, which include pore pressure, fracture gradient, bottomhole
temperature, and bottomhole pressure, physical properties of the formation, wellbore
deviation, annular space clearance, and other parameters, the properties of the cement
slurry should be appropriately optimized according to the requirements of each well.

The properties of a cement slurry such as density, viscosity, and thickening time are
the most important parameters and should be considered when designing a successful
primary cementing operation.

5.1.1. Cement Slurry Density

In some cases, it is sufficient to reduce the density of the cement slurry to prevent
circulation losses. A reduction in cement slurry density during the cementation of casings
is achieved by adding light-weight materials to the cement slurry or by foaming the cement
slurry [20,44,49,84,99–103].

Critical design factors must be established to minimize dynamic pressure or equiv-
alent circulating density (ECD) which is exerted in the potential thief zones. To reduce
the hydrostatic pressure of the fluid column during cement slurry placement, in situations
with lost-circulation and weak formations with low fracture gradients, one should use
low-density (lightweight) or ultralow-density (ultra-lightweight) cement slurries having a
lower density than API G neat cement slurry density (<1800 kg/m3), but still high enough
to develop compressive strength in the expected time [44,99]. A variety of materials are
available to provide lower density of the oil-well cement slurry as well as lost-circulation
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prevention agents (see Table 6). Cement slurry density can be reduced by adding con-
ventional lightweight materials such as: bentonite, sodium silicates, diatomaceous earth,
fly ash, fume silica, gilsonite, powdered coal, microspheres, and nitrogen. The ultra-
lightweight cement slurries with densities less than 1200 kg/m3 can be prepared using
hollow microspheres or nitrogen, and lightweight cement slurries using other lightweight
materials.

The above listed materials fall into the category of extenders. Their density is lower
than the density of cement, and some of them adsorb water, so their addition increases the
yield of a cement slurry [44,99]. Unlike extenders, lost-circulation control agents prevent
the loss of a cement slurry into the thief zone by bridging the pores and fractures of exposed
rocks or by causing thixotropic behavior of the cement slurry.

Table 6. Cement slurry additives—extenders and lost circulation control agent modified to [44].

Category Composition Mechanism of Reaction

Extender
(Benefit: lower slurry density; higher

slurry yield)

Bentonite Absorption of water

Sodium silicates Formation of C-S-H gel and absorption of
water

Pozzolans (Diatomaceous earth, Fly
ash, Fume silica)

Lower density than cementGilsonite

Powdered coal

Microspheres

Nitrogen Foamed cement

Lost-circulation control agent
(Benefit: prevent loss of slurry to

formation)

Gilsonite

Bridging effect across formation
Granular coal

Cellophane flake

Nut Shells

Fibrous Additives

Gypsum

Induce thixotropic behavior of cement slurrySoluble sulfate salts

Bentonite

Crosslinked cellulosic polymers

Common cement additives used to prevent lost circulation include granular additives
(such as gilsonite and coal, ground walnut shells), flakes (such as cellophane flakes), or
fibers (made from glass or synthetic polymers) as bridging materials. In addition, different
materials (gypsum, certain soluble sulfate salts, bentonite, cross-linked cellulosic polymers)
can be added to Portland cement to obtain a thixotropic cement slurry (see Table 6) [44].
Cementing operations using advanced, chemically inert fibers mitigate lost-circulation
problems without compromising operational efficiency or the quality of the slurry or set
cement [49,103].

Extenders allow for the addition of more water or lightweight materials to a slurry to
lighten the mixture and to keep the cement solids from separating. In addition, cement
extenders reduce the amount of cement needed for a cementing operation and thus increase
slurry yield [44].

Some of the listed extenders (such as hollow glass and ceramic microspheres (also
known as cenospheres) with a size of 10 to 100 microns) are crushed under the action
of high pressure, so the effect of reducing the density is lost. Therefore, when choosing
lightweight materials, one should consider their strength, i.e., the maximum pressure that
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they can withstand without them crushing because if this pressure is exceeded, it will result
in breaking a percentage of the microspheres and a higher slurry density after placement.

Ceramic hollow microspheres are added to cement slurries (expressed as By Weight
Of Cement (BWOC)) to reduce slurry density to low levels where water in combination
with conventional extenders fail to achieve the required properties. A cement slurry
prepared using cenospheres is a stable system and the set cement properties show relatively
high compressive strength values, low permeability, hence, a high resistance to acid and
brine attacks. Unfortunately, high bottom-hole pressure might crush the conventional
cenospheres which results in an increase of slurry density in down-hole conditions so the
acceptable criteria for this breaking percentage are recommended to have 35% to 45% of
the total cenospheres used in the cement slurry [100,104].

The high-performance hollow glass microspheres provide excellent advantages since
they are light weight, they decrease thermal conductivity, increase compressive strength,
improve dispersion and liquidity, and they have excellent chemical stability. They can be
used as fillers in well cementing to achieve an ultra-light weight slurry with a density as
low as 840 kg/m3 [44].

The minimum achievable density of a cement slurry by common extenders is shown
in Table 7.

Table 7. Some common cement extenders and minimum achievable slurry density range.

Extender Minimum Achievable Density of
Cement Slurry (kg/m3) Common Concentration

Active Extenders

Bentonite 1380 Up to 20% BWOC

Diatomaceous Earth 1320 Up to 40% BWOC

Silica 1200 Up to 28% BWOC

Fly Ashes 1572 Fly Ash/Cement ratio is 1:3 to 3:1
(+2% bentonite)

Sodium Silicates 1332

Solid sodium silicate (Sodium
metasilicate): 0.2% to 3.0% BWOC

Liquid sodium silicate (water glass): 0.8
to 2.3 l/sk

Inert Extenders

Expanded perlite
(Volcanic Glass) 1440 Cement/Perlite ratio is (sk:kg) 1:14 to 1:56

(+2 to 4% bentonite BWOC)

Gilsonite 1440 Up to 23 kg of gilsonite/sk of cement

Powdered (ground) coal 1430 5.8 to 11.3 kg of powdered coal/sk of
cement (+up to 12% bentonite BWOC)

Microspheres (glass and ceramic) 960 (840) Up to 150% BWOC

Nitrogen 720 As required

5.1.2. Cement Slurry Viscosity and Thickening Time

The viscosity and thickening time must be optimized so that the slurry remains
pumpable long enough to place the cement across the desired zones and achieve the top
of cement (TOC). Additionally, the cement slurry should set as quickly as possible after
pumping stops and minimize the wait on cement (WOC) time.

5.1.3. Set Cement Compressive Strength

The set cement serves to protect and support the casing, as well as deliver the necessary
zonal isolation for the life of the well. In general, as the density of the cement slurry
decreases, so does the strength of the set cement. The cement slurry density needs to be
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light enough to avoid fracturing the formation, while retaining mechanical properties of a
cement sheath to resiliently withstand the forces of fracture stimulation and production
cycling while maintaining zonal isolation integrity throughout the life of the well. The
required minimum compressive strength of set cement is approximately 3.5 MPa. The time
required for a cement slurry to harden into a set cement of minimum compressive strength
(“wait-on-cement time”) depends on the water-to-cement ratio and the cement components
and additives. As a rule, the addition of an extender reduces the compressive strength of
cement [44].

5.2. Two-Stage Cementing Technique

The pressure acting on the loss zones during casing cementing can be reduced by
using mechanical tools such as stage cementing collars in combination with a cementing
basket or External Casing Packers (ECPs). Stage Cement Collars (SCCs) allow cementation
in two or three stages, reducing dynamic and hydrostatic pressure in deeper formations.
Below the SCC a cement basket is placed, and it supports the second-stage cement slurry,
prevents its downward movement and thus its loss into the thief zone.

External casing packers (ECPs) are also placed below the SCC, just above the loss zone
and they are activated after the first stage of slurry pumping. ECP prevents the transfer
of hydrostatic pressure of the second stage cement slurry column on deeper zones by
expanding and sealing the annular space.

Therefore, the cementation of the casing in case of partial and complete losses can be
performed by replacing single-stage cementing, with two-stage cementing which involves
placing a stage cementing collar (SCC) above the thief zone. The need to use a SCC and
its placement depth should be determined based on the results of interval drilling, the
presence of thief zones, and the severity of mud loss.

5.3. Cement Slurries for Primary Cementing through Fractured Formations

In order to reduce or prevent the loss of a cement slurry in naturally fractured for-
mations or highly permeable rocks, various methods and techniques of cementing as well
as different lightweight and ultra-lightweight cement slurries can be used, including ce-
ment slurries with microspheres, thixotropic cement slurries, cross-linked cement slurries,
foamed cement slurries, gel-cement slurries, and fiber-cement slurries [20,49,84,101–103].

5.3.1. Cement Slurry with Microspheres

Microspheres are small gas-filled beads with specific gravities ranging from 0.4 to
0.6 [44]. Two types of microspheres are available: ceramic and glass. Ceramic microspheres
are derived from fly ash (the shell is aluminosilicate) and they are heavier than glass
microspheres with a specific gravity of 0.7; thus, a higher concentration is necessary to
achieve low slurry densities. The use of ceramic microspheres is recommended at bottom
hole pressures below 31 MPa. The glass microspheres can withstand higher pressures
than ceramic microspheres (up to 69 MPa); the particle-size distribution may vary from
20 to 200 microns with a wall thickness from 0.5 to 2.0 microns [44,105]. Veisi et al. (2015)
described the results of field implementation of the engineered highly crush-resistant ce-
ment slurry (lightweight cement slurry with engineered glass bubble extenders) for casing
cementation over a weak formation in zones with low fracture gradients in the three gas
fields located in Delta Mahakan in Indonesia instead of a cement slurry with conventional
cenospheres as the extender that was previously used [100]. The field implementation
results of the engineered highly crush-resistant cement slurry, compared to the previously
used slurry, showed: a reduction in losses from 48% to 27%, a decrease in the percentages
of zero cement slurry return to the surface from 13% to 3%, the elimination of the necessity
of performing second-stage cementing (with a cenosphere-based cement slurry, 1 s-stage
cement job out of every 10 cementing jobs), and a reduction in the occurrence of sustained
casing pressure from 24% to 11%.
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Putra et al. (2016) also described a lightweight material with a high crush resistant
property that was applied to reduce the cement slurry density used in the cementation
phase of the 88.9 mm (3 1

2 in) tubing and long column of cement (>2134 m MD) at the
Sejadi field offshore of East Kalimantan, Indonesia. These engineered particles resemble a
soda-lime borosilicate glass in the form of a white powder. Its specific gravity ranges from
0.39 to 0.45, its particle size is approximately 50 microns, and its isostatic crush strength
is 55.16 MPa. At the Sejadi-X well, 116 m3 of SBM had been lost into the hole when a
loss rate of >6.4 m3/h was encountered while drilling 215.9 mm (8 1

2 -in) for an open hole
section. The loss rate could not be reduced even after spotting 4.8 m3 conventional lost
circulation material (LCM) pill and cost significant volume of SBM and LCM amount lost
to the formation three times, as well as 2 rig days spent in an attempt to cure the loss
during drilling and cementing through the depleted sandstone formation. The cementation
with this highly-crush resistant lightweight cement system was satisfactory with no losses
occurring and the targeted intervals were covered with good cement [104].

5.3.2. Thixotropic Cement Slurry

A thixotropic cement slurry is based on a Portland cement slurry to which thixotropic
additives are added. A thixotropic cement slurry has the following specific properties:
shear thinning, high apparent viscosity, and very rapid development of static shear force
under static conditions [102]. Thixotropic properties allow for the rapid gelling of cement
slurries immediately after interruption of circulation. Furthermore, the hardening time
of a thixotropic cement slurry in set cement is very fast and the drilling process can
be continued in a short time after the cement plug setting [20]. Due to the previously
mentioned characteristics, thixotropic cement slurries are mainly used as cement plugs
which are placed in the loss zone.

Thixotropic slurries develop good gel and compressive strength, but they remain
liquid during placement, which permits the slurry to be lost prior to developing enough
gel strength for effective loss prevention [101].

Fomenkov et al. (2019) described the first application of the new special-purpose
thixotropic cement slurry, during September 2016, for the mitigation of partial and total
losses of drilling fluid within the Volga-Urals region. The advantages observed using this
slurry were the following: 50% reduced drilling NPT which is equivalent to two days per
one well, minimized mud losses and associated mud costs, and improved conditions for
primary cementing operations. In addition, the advantages of the thixotropic cement slurry
used for lost circulation control include the fact that it mixes easily, can be pumped through
BHA with telemetry tools and a drill bit, it features high gel strength and a relatively high
compressive strength when set, and it has low content of abrasive particles [84].

5.3.3. Cross-Linked Cement Slurry

Cross-linked cement slurries have been used to temporarily or indefinitely seal critical
intervals where drilling and cementing operations are very difficult to be successfully
accomplished due to severe lost circulation. A cross-linked cement slurry is a combination
of cement and frack products mixed as regular cement slurry in a gelled fluid. The
combination results in a homogeneous mix, which is pumped as a linear fluid. In down-hole
conditions, a cross-linked cement slurry sets rapidly when placed into the lost circulation
zone where it develop significant compressive strength. The cement slurry density and
thickening time can be adjusted to satisfy the specific application by the addition of common
oil well cement additives. It can be designed to be used in pay zones (i.e., Magnesia cross-
linked cement, up to 98% soluble in HCl) or to cure severe lost circulation problems in
situations where there are, natural or induced fractures, primarily in non-productive zones
and low-cost environments (i.e., regular cross-linked cement, 73% soluble in HCl) [101].
Magnesia cross-linked cement is mixed with carboxy-methyl hydroxy-ethyl-cellulose as a
gellant and fluid loss control agent, a borax-based retarder, a zirconium cross-linker and in
some critical cases, calcium carbonate and can be used at temperatures up to 121 ◦C [101].
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The setting of a magnesia cross-linked cement slurry is a chemical reaction activated by
temperature as opposed to conventional cements that are set by hydration. A magnesia
cross-linked cement slurry, as well as a regular cross-linked cement slurry, develop enough
compressive strength to resist dynamic forces that will be generated while drilling or
completion operations continue. They are also used as cement plugs. Positive results have
been observed in field applications of both cement slurries.

5.3.4. Foamed Cement Slurry

A foamed cement slurry is a cement slurry in which gas (air, or even more often,
gaseous nitrogen), is incorporated directly into the base cement slurry, as density-reducing
medium. In this way, an ultra-lightweight cement slurry is obtained. The first application
of a foamed cement slurry in well cementing occurred in 1979 [44]. The required foamed
cement slurry density is achieved by changing the concentration of nitrogen injected into
the base cement slurry [105–107]. The conventional cements slurries with densities of 1800
to 1920 kg/m3 are usually used as base slurries. The generation of a foamed cement slurry
in the field requires a source of gas (a liquid nitrogen vaporizing unit) and a surfactant to
stabilize the foam. Generally, foam cementing equipment includes standard and special
equipment, such a cementing unit, a nitrogen unit with a nitrogen tank, a chemical injection
skid, a foam generator, a batch mixer, a bulk trailer, a water tank, and a data acquisition
van [105–107]. At the location of the well, a foam cement slurry is prepared by adding
all of the additives except the surfactant to the base slurry. Gas and surfactant for foam
stabilizing are injected into the base slurry during its pumping into the wellbore. A foamed
cement slurry is less expensive than a cement slurry with microspheres, and in addition to
low density and high plastic viscosity, it develops a relatively high compressive strength,
so it is often used to solve circulation problems and cement zones of total losses [44,108].
Fomenkov et al. (2018) described how they experienced serious downhole problems related
to total mud losses and successfully completed 61 foam cementing jobs (from 2013 to 2017)
in the Volga-Ural region of Russia. The loss rates varied from 2 to 60 m3/h, but some cases
were more complicated, with no returns to the surface and a static level drop in the well to
500 m or more below the wellhead. The conventional methods of lost circulation control
including high-viscosity circulation materials (LCMs) generally failed, so the operators
applied new foam cementing technology which was designed to seal disastrous loss zones
in highly permeable and fractured rocks and mitigate or eliminate mud losses during well
drilling. The high-viscosity foam water spacer with a density of 300 kg/m3 to 900 kg/m3

was injected in the thief zone in front of a foamed cement slurry (with a density less than
1200 kg/m3). This reduces hydrostatic pressure in the well and creates a viscous but light
layer that prevents loss of a foam cement slurry deep into the thief zone. The plastic
viscosity of a base cement slurry with a density of 1950 kg/m3 foamed to a density of
1000 kg/m3 (foaming quality 48.7%) is 5.5 times higher than that of a base cement slurry.
As a result, a foamed cement slurry can cover the entire thief zone and uniformly fill
voids and cavities in the near-wellbore area [107]. The analyzed historical data on the
successful application of the foam cementing technology to stop mud losses shows that the
average efficiency of the foam technology was 76.2% which is much higher than the average
efficiency of conventional methods (30 to 40%). In addition, foam cementing reduced non-
productive time by an average of 2 days in comparison to conventional cementing [107].
The foam cementing technique was tested in the Volga-Ural field at the end of 2015 and in
early 2016 and became the standard solution for cementing the 178/146 mm production
casing strings up to 4000 m Measured Depth (MD), so more than 66 foam cementing jobs
were performed from 2016 until 2020 [106].

5.3.5. Fiber-Cement Slurry

Cementing operations using advanced, chemically inert fibers mitigate lost-circulation
problems without compromising operational efficiency or the quality of the slurry or
set cement [49]. A fiber-cement slurry can offer better zonal isolation and strengthen
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the bond to the casing in HPHT deep wells and maintain cement plugs to control the
lost circulation in fractured, high permeability zones. The main mechanism of the fiber
is to create a mesh network that can improve the strength of the set cement as well as
further control circulation losses [109,110]. Polypropylene Fibers (PPF) added to the base
cement slurry (class G cement) have a negligible effect on the fiber-cement slurry density,
rheological properties, free water, and reduce the thickening time by 75% at a concentration
of 0.75% BWOC. Polypropylene fibers have a significant effect on reducing the porosity
and the permeability of the set cement. An increase of the cement compressive strength of
17.8% was achieved with the addition of polypropylene fibers at a concentration of 0.5%
BWOC [111].

The engineered silica-based fiber does not affect slurry properties, has better dis-
persibility compared to conventional fibers, flexibility, and the capability of creating a
strong fibrous network, which in combination with the solid particles of a cement slurry
features immediate sealing and retains circulation in the event of lost circulation [104].

5.3.6. Gel-Cement Slurry

Gel cement is defined as any type of Portland cement in which a certain percentage of
bentonite has been replaced with the same amount of cement by weight, and the bentonite
thoroughly and uniformly has mixed with the cement. Bentonite is added in concentrations
up to 20% BWOC [44]. Adding bentonite affects the rheological properties of a cement
slurry, reduces the density of the gel-cement slurry, and also reduces the strength of the set
cement [3,44].

6. Procedures for Solving the Problem of Loss of Circulation during Casing
Cementing

If a loss of circulation is determined, it is necessary to locate the loss zone primarily
and determine the intensity of the loss of circulation. Only after the zones of loss and
the intensity of the loss of circulation have been established, the selection of the cement
slurry with the appropriate properties to prevent the loss of circulation is approached. In
Figure 7, the sequences of procedure from the observation of losses to the solution of the
lost circulation problem by selecting and designing a cement slurry of desired properties,
executing cementing using an appropriate cementing method and pumping rate, and other
measures to limit friction and BHP during pumping and displacing the cement slurry,
are presented.
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Figure 7. Sequence of procedures for solving the problem of loss of circulation during casing cementing.

7. Discussion

The drilling of an oil and gas well, especially a deep, or extended reach horizontal
well can be a technically and economically demanding process. This process is usually
fraught with numerous problems as a result of an underground condition on the well site
(the existence of high pressure or depleted zones, unstable zones, naturally fractured or
lost circulation zones, etc.) as well as the technical limitations of the available drilling
technology. These mentioned problems can be related directly to pay zones (reservoirs) or
to the cap rock and overlaying formation up to the surface. Therefore, problem-solving
approaches to the mentioned problems can be very different. Drilling through a naturally
fractured formation is closely related to the fluid lost circulation problems during drilling
or well cementing operations. Although the causes of lost circulation have been well
known for decades, every new well still represents a new challenge even in a well-known
areas. This problem is even more pronounced in case of a wildcat well in a relatively
unexplored area due to lack of data about the presence of naturally fractured formations.
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Moreover, there is no specific data about fracture properties in this formation which makes
the selection of prevention method very difficult. This is the reason why most of the
authors represent their experiences with lost circulation problems in their manuscripts in a
specific naturally fractured formation on a specific field. Unfortunately, in this way, the
database is increasing but without a comprehensive, universal solution for all future cases.
The lost circulation problem can be solved through preventive and different corrective
actions. The emphasis should be put on preventive action and the implementation of
preventive measures in the planning phase of a particular well. The planning of the lost
circulation preventive action in this early stage of project development strongly depends
on the available data collected on offset wells or through geological and geophysical
explorations. Usually, the available data provides information about the existence of
naturally fractured formations (depth and type), as well as the rate of loss, and to a
lesser extent, information about the fractures themselves. The proper quantification of the
existing natural fractures within a specific underground formation represents a key factor
for the successful prevention of fluid loss during drilling and well cementing operations.
After detailed quantification and determination of the underground fracture system and
assessment of possible fluid loss, the appropriate preventive measure should be selected.
Today, the drilling industry offers several high quality technical and technological solutions
for lost circulation problems during drilling operations. The proper solution most often
involves the correct fluid selection, the application of different wellbore strengthening
or lost circulation materials, as well as the application of advanced technologies such as
managed pressure drilling technology or casing drilling technology.

This indicates that the oil and gas industry struggles with the lost circulation problem
on daily basis during drilling and cementing operations. Except during drilling, lost
circulation can be a problem at well completion and workover operations, especially in
depleted or naturally fractured reservoirs, but they are beyond the scope of this paper.
Even though the causes of the problem have been identified, and high quality technical
and technological solutions for the prevention of lost circulation are available, there is
still room for improvement in planning strategies. The application of artificial neural
networks, radial basis functions, and support vector machines is certainly welcome, but
their accuracy strongly depends on a large amount of data from a specific area. Therefore,
future research should be directed towards finding accurate, simple, and cheap methods
for fracture system characterization and quantification before drilling. These assessment
methods should be precise enough in a relatively unexplored area to prevent lost circulation
problems, or at least minimize them. In this respect, it would be interesting to correlate
data obtained through geophysical research (2D and 3D seismic) with available geological
information, and information collected through measured/logging while drilling and
afterwards through well logging. This approach will be helpful in the prevention of lost
circulation, as well as in real-time adjustment of the drilling and cementing process.

8. Conclusions and Recommendations

Based on extensive research of the relevant literature dealing with lost circulation in
naturally fractured formations, it is possible to conclude the following:

• A strategy for managing lost circulation must be an integral part of well planning
and should include the best drilling and cementing practice, drilling fluid and cement
slurry selection, wellbore strengthening and lost circulation material selection, the
appropriate corrective measures, as well as an adequate contingency plan.

• The key to success is proper planning, risk assessment to identify potential high-risk
zones, quality materials and equipment, and experienced supervision.

• Drilling fluid and cement slurry losses into naturally fractured formations can be
avoided or at least mitigated by managing the equivalent circulating density (ECD).

• In the vast majority of cases, losses were initiated prior to cementing, although ce-
menting ECDs are typically higher than drilling ECDs, which is contrary to what is
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often perceived, and the reason lies in the fact that a cement slurry has the inherent
ability to strengthen a well.

The general recommendations for preventing or treating fluid loss in naturally frac-
tured reservoirs are:

• Use artificial intelligence such as artificial neural networks (ANN), radial basis func-
tion (RBF) and support vector machine (SVM) to predict the occurrence of mud loss
and lost circulation zones as well as to predict the fracture width and determine the
particle sizes of lost circulation materials.

• Use available methods and tools to determine the location of the loss zone.
• Control bottom hole pressure (BHP) in static and dynamic conditions by applying

new technologies and low-density fluids.
• Apply a wellbore strengthening strategy by adding WSMs to the mud to increase

fracture pressure and avoid induced fractures or the re-opening of existing fractures.
• Close naturally fractured formations that are also oil and gas reservoirs, select acid-

soluble or time and temperature degradable conventional lost circulation materials
(LCMs) and/or special LCM pills/plugs (e.g., HFHS pills, polymer-based and fiber-
based pills) to avoid permanent formation damage.

• The available materials and methods for solving the problem of lost circulation in
naturally fractured reservoirs are not universal and, therefore, based on the collected
well data for each specific situation, select the appropriate material and method that
have proven successful in practice.
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