
Citation: Yang, J.; Sun, J.; Bai, Y.; Lv,

K.; Zhang, G.; Li, Y. Status and

Prospect of Drilling Fluid Loss and

Lost Circulation Control Technology

in Fractured Formation. Gels 2022, 8,

260. https://doi.org/10.3390/

gels8050260

Academic Editor: Kenji Urayama

Received: 6 April 2022

Accepted: 19 April 2022

Published: 21 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 gels

Review

Status and Prospect of Drilling Fluid Loss and Lost Circulation
Control Technology in Fractured Formation
Jingbin Yang 1, Jinsheng Sun 1,2,*, Yingrui Bai 1 , Kaihe Lv 1, Guodong Zhang 1 and Yuhong Li 3

1 School of Petroleum Engineering, China University of Petroleum (East China), Qingdao 266580, China;
yangjingbin2018@163.com (J.Y.); smart-byron@163.com (Y.B.); lvkaihe@upc.edu.cn (K.L.);
zhangguodong1106@126.com (G.Z.)

2 CNPC Engineering Technology R&D Company Limited, Beijing 102206, China
3 Xi’an Institute of Measurement and Testing Technology, Xi’an 710068, China; liyh2006@163.com
* Correspondence: sunjsdri@cnpc.com.cn

Abstract: Lost circulation in fractured formation is the first major technical problem that restricts
improvements in the quality and efficiency of oil and gas drilling engineering. Improving the success
rate of one-time lost circulation control is an urgent demand to ensure “safe, efficient and economic”
drilling in oilfields all over the world. In view of the current situation, where drilling fluid loss
occurs and the plugging mechanism of fractured formation is not perfect, this paper systematically
summarizes the drilling fluid loss mechanism and model of fractured formation. The mechanism and
the main influencing factors to improve the formation’s pressure-bearing capacity, based on stress
cage theory, fracture closure stress theory, fracture extension stress theory and chemical strengthening
wellbore theory, are analyzed in detail. The properties and interaction mechanism of various types of
lost circulation materials, such as bridging, high water loss, curable, liquid absorption and expansion
and flexible gel, are introduced. The characteristics and distribution of drilling fluid loss in fractured
formation are also clarified. Furthermore, it is proposed that lost circulation control technology for
fractured formation should focus on the development of big data and intelligence, and adaptive
and efficient intelligent lost circulation material should be continuously developed, which lays a
theoretical foundation for improving the success rate of lost circulation control in fractured formation.

Keywords: fractured formation; drilling fluid; lost circulation control mechanism; lost circulation
material; evaluation method

1. Introduction

Safe, economical and efficient drilling is the key premise to accelerating the process of
deep and ultra-deep oil and gas exploration and development and to increasing oil and gas
production [1]. However, deep and ultra-deep formation fractures are widely developed,
and lost circulation frequently occurs in the drilling process. Thus, the success rate for
one-time plugging and controlling lost circulation is low [2]. Existing domestic technology
and the comprehensive introduction of foreign technology have not solved this, and it is
the first major technical problem restricting the improvement in the quality and efficiency
of oil and gas drilling engineering [3]. During the drilling process, lost circulation will
lead to failure of the drilling rig, greatly increasing the non-productive time and resulting
in significant economic losses [4]. According to statistics, the China National Petroleum
Corporation (CNPC, Beijing, China), Sinopec, China National Offshore Oil Corporation
(CNOOC, Beijing, China), Yanchang Petroleum, etc., experience direct economic losses
of more than 10 billion yuan per year [1]. In recent years, the average annual loss time
caused by lost circulation encountered by the China National Petroleum Corporation
(CNPC) was over 4000 days, accounting for more than two-thirds of the total complex loss
time of drilling accidents, with an annual direct economic loss of over 5 billion yuan [5].
Imperfections in the plugging material and drilling fluid technology is the fundamental
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cause of these economic losses, due to the lost circulation [6]. The development of a new
plugging theory, new material and new technology is key to reducing the economic losses
caused by lost circulation.

The establishment of an accurate and effective drilling fluid loss model is key to
studying the drilling fluid loss mechanism in fractured formations [7,8]. According to
the key data parameters of drilling fluid loss, the pressure plugging dynamic model of
fractured formation can be established, and then a series of strengthening theories is
formed to improve the pressure-bearing capacity of fractured formation, which provides a
guaranteed selection of reasonable lost circulation materials and lost circulation control
measures [9]. Lost circulation material is the basis for successful lost circulation control [10].
The effect of lost circulation material is determined by its applicability to loss conditions and
types of drilling fluid [11]. Lost circulation characteristics determine the key performance
parameters of lost circulation materials [12]. To clarify the characteristics and distribution
of drilling fluid loss in fractured formation, the causes of drilling fluid loss in fractured
formation need to be analyzed in depth, and the subsequent proposal of a new method
to classify drilling fluid loss types is one way of preventing drilling fluid loss [13–15].
It is also an important guarantee of improvements in the pressure-bearing capacity of
fractured formation.

In view of the current situation, where lost circulation control technology has not
effectively solved the challenge of drilling fluid losses, this paper systematically sum-
marizes the drilling fluid loss mechanisms in fractured formation. The mechanism and
main influencing factors for improvements in the formation’s pressure-bearing capacity
using stress cage theory, fracture closure stress theory, fracture extension stress theory
and chemical strengthening wellbore theory are analyzed in detail. The properties and
interaction mechanism of various types of lost circulation materials, such as bridging, high
water loss, curable, liquid absorption and expansion and flexible gel, are introduced. The
characteristics and distribution of drilling fluid loss in fractured formation are defined, and
the development trends in lost circulation control technology in fractured formations are
presented, providing a theoretical foundation for the scientific and efficient realization of
stable plugging in fractured formations.

2. Drilling Fluid Loss and Lost Circulation Control Mechanism in Fractured Formation

At present, malignant lost circulation in fractured formations has become a worldwide
problem that restricts the progress of oil and gas exploration and development. Improving
the success rate of the one-time plugging of malignant lost circulation is an urgent demand
for ensuring “safe, efficient and economic” drilling in oilfields around the world. It is one
of the key points in the field of drilling engineering research and practice for revealing the
loss mechanism of drilling fluid in fractured formation, developing special lost circulation
materials, and establishing a strong applicable lost circulation control technology.

2.1. Mechanism of Drilling Fluid Loss in Fractured Formation

Fracture formation can be divided into fracture loss, fracture expansion loss and
differential pressure loss, according to different loss mechanisms [16]. Fracture formation
loss occurs mainly in limestone, dolomite, igneous rock, fault, fracture zone and other
formations during drilling, including natural fracture loss and induced fracture loss [1].
Research into the mechanism of drilling fluid loss in fractured formation has mainly
focused on the relationship between drilling fluid loss and parameters such as pressure,
time, fracture characteristics and the rheological properties of drilling fluid [17]. At present,
scholars at home and abroad mainly establish mathematical models and statistical models
of drilling fluid loss in fractured formation to realize the inversion of the distribution and
scale of underground fractures and then study the mechanism of drilling fluid loss in
fractured formations [8,18,19].

It was necessary to analyze the cause of loss based on regional structural characteristics
and a formation loss pressure profile to establish the mechanism model of drilling fluid
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loss in fractured formation [20]. In addition, the loss layer is further divided into fine
interpretation, the size of the loss channel is quantitatively analyzed, and a reasonable loss
model is established according to the factors affecting the drilling fluid loss rate. According
to non-Newtonian fluid mechanics and fracture deformation behavior, serious problems for
continental strata fracture drilling-fluid loss in northeast Sichuan led to the establishment
of the natural loss and fractures extensibility loss mathematical model [21]. The simulation
results were compared with the natural fracture loss evaluation experiment and the actual
loss in the oilfield, and the error was within the reasonable control range. Based on fractal
theory, Xu et al. carried out a drilling fluid loss dynamics simulation of natural fractures [22].
The Herschel-Bulkley (H-B) model was used to describe the non-Newtonian rheological
characteristics of drilling fluid and the nonlinear deformation characteristics of fractures,
and a two-dimensional drilling fluid loss model of rough fractures was established [23].
The effects of mesh size, fractal dimension and standard deviation on drilling fluid loss rate
and cumulative loss were analyzed, which provided theoretical help in the understanding
of drilling fluid loss mechanisms and inverting fracture width.

According to the coupling effect of the fluid characteristics of drilling fluid migration
in extended deformation fractures, a fluid–solid coupling model of fracture deformation
and drilling fluid loss was established based on one-dimensional radial fracture and two-
dimensional plane fracture loss flow mathematical model [24]. Based on the simulation
results, combined with the loss parameters under a certain drilling pressure difference, the
fracture width could be predicted, the dynamic process of drilling fluid loss and fracture
deformation behavior could be revealed, and the loss behavior and characteristics of natural
fractures and extended fractures could be explored. By considering the fluid pressure drop
and fracture deformation in fractured formations, Dokhani et al. developed a mathematical
model describing drilling fluid loss trends in fractured formations [25]. The validity of
the model was verified using the published measurement data for drilling fluid loss in
the Gulf of Mexico and automatic curve-fitting technology to match the model prediction
with the measured data and determine the fracture width [26]. At present, the simulation
of drilling fluid loss in fractures, conducted by domestic and foreign scholars, mostly
focused on one-dimensional and two-dimensional smooth linear horizontal fractures, while
simulations of non-Newtonian fluid loss in two-dimensional rough exponential fractures
with a certain dip angle have been fewer.

Dynamic fracture width prediction was of great significance to the loss control of ultra-
deep fractured tight reservoirs. The connected fault boundary and nonlinear deformation
behavior were seldom considered in fracture width prediction. Xu et al. determined the
fracture deformation equation using fitting stress-sensitivity test data, and, based on the
non-Newtonian fluid-loss dynamics theory, established a dynamic fracture width predic-
tion model considering power law fluid, fracture exponential deformation equations and
fault boundaries [27]. Through a parameter analysis, the influences of pressure difference,
consistency coefficient, flow pattern index and fault boundary distance on dynamic fracture
width were studied. A control strategy for drilling fluid loss in ultra-deep fractured reser-
voirs was proposed, and the prediction model for dynamic fracture width was established.
Verified by oilfield data, this was successfully applied to an ultra-deep fractured tight
reservoir in Tarim Basin. Based on the dual continuum model, Huang et al. established
a mathematical model for the solute transportation of drilling and completion fluid in
fractured formations, determined the distribution range of the loss damage zone, and
quantitatively evaluated the loss damage degree of drilling and completion fluid [28].

In sum, it was crucial to establish an accurate and effective drilling fluid loss model
in the study of drilling fluid-loss mechanisms in fractured formations. Based on the loss
mechanism and law of drilling fluid in fractured formations, the loss dynamics model was
established to accurately predict the deformation characteristics of fractured formation, and
loss-type diagnosis and fracture-width inversion were carried out, which could provide
a theoretical basis for the prevention and plugging of drilling fluid. If drilling fluid loss
occurs during oilfield drilling, drilling parameters and drilling fluid parameters can be



Gels 2022, 8, 260 4 of 15

adjusted according to the established dynamic model of drilling fluid loss, or reasonable
lost circulation materials and lost circulation control measures can be selected to minimize
the influence of drilling fluid loss.

2.2. Lost Circulation Control Mechanism in Fractured Formation

To improve the pressure-bearing capacity of fractured formations and seal up the
lost zone, experts and scholars at home and abroad have carried out a lot of research and
analysis on the loss mechanisms in the drilling process. According to various parameters
in the process of drilling fluid loss, the key data parameters, such as the properties of
the loss layer, the loss pressure and the shape of the loss channel, were found, and the
pressure-plugging dynamic model of fractured formations was established. A series of
strengthening theories were formed to improve the pressure-bearing capacity of fractured
formations. The representative ones oncluded stress cage theory, increasing fracture closure
stress, increasing fracture extension stress, chemical strengthening wellbore theory, etc.

(1) Stress cage theory

Stress cage theory mainly uses solid particles to bridge and plug in the fracture This
compresses the formation around the wellbore to produce additional annular stress near
the wellbore zone, enhances the wellbore stress near the wellbore wall, increases the
ability of the wellbore wall to bear borehole pressure, and prevents fracturing loss under
high borehole pressure [29]. According to the stress cage theory, the shape and fracture
opening of the bridge are related to the particle size of the bridge material, and the increase
in stress is related to the pore pressure, the bridge size and the heterogeneity of in situ
stress [30]. The realization of the stress cage effect is based on the high strength of the
bridge plug supporting the stress cage formed by fractures, and the bridge plug is in a
stable state during the plugging process. As stress cage theory improves the pressure-
bearing capacity of the formation by supporting the fracture opening and then squeezing
the surrounding formation, it requires the formation to have a high elastic modulus and
low brittleness. Therefore, the formation types used by the stress cage theory are mainly
the low-permeability-dense consolidation type, pore type and fracture-pore type.

(2) Fracture closure stress theory

Fracture closure stress is the force that maintains the closure of a fractured formation
surface [31]. In the drilling process, if the formation wellbore pressure is less than the
fracture closure stress, the fracture will be in the closed state and circulation losses will
not occur. If the formation wellbore pressure is greater than the fracture closure stress,
the closed fracture will reopen and loss will continue. Therefore, the basic principle of
increasing fracture closure stress is to increase crack width. The fracture closure stress
can be increased by squeezing the strata on both sides of the fracture. Most of the stress
can be transferred to the shaft wall, so that the fracture re-opening pressure increases [21].
Compared with the stress cage method, the improved fracture closure stress method has
lower requirements regarding the type, size and strength of filling materials, and the
traditional lost-circulation materials, cement and adhesive systems, are all suitable for this
method. Therefore, two conditions must be met for a successful plugging, improving the
principle of fracture closure stress [32]. First, the lost circulation material must isolate the
fracture tip from the wellbore pressure to prevent the fracture from continuing to extend.
Second, fracture width must meet the closure stress to meet the drilling requirements.

(3) Fracture extension stress theory

Improving fracture extension stress means that, after solid particles in drilling fluid
enter the formation fractures, they can fill and seal the fractures, isolate the fracture tip,
block the fluid pressure in wellbore from transferring to the fracture tip, enhance the
extension stress and stability of formation fractures, and effectively improve the formation-
bearing capacity [33,34]. Two points should be considered in plugging fractured formations
using fracture extension stress theory. The first is the distribution of solid particles. Only by
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selecting a reasonable distribution of solid particles can a dense plugging layer be formed
in the drilling plugging process. This effectively isolates the fracture tip, and thus improves
the fracture extension stress [35]. The second is the concentration of solid particles. A
higher concentration of solid particles can improve the plugging effect of the fracture tip,
and better prevent pressure from spreading to the fracture tip. Increasing fracture extension
stress is a kind of strengthening method, along with drilling, which is suitable for plugging
water-based or oil-based drilling fluids [36]. This can realize the strengthening effect of
borehole walls without affecting normal drilling operations. Compared with the stress cage
theory and the fracture closure stress, the fracture extension stress theory can increase the
fracture extension stress by isolating the fracture tip without changing the stress state near
the borehole wall, to improve the pressure-bearing capacity of the formation. This is easily
formed in the fracture tip of high-permeability formations, but not easy to form in the
fracture tip of low-permeability formations. The particle size of the plugging material used
to control the fracture tip extension should have a wide distribution range. The limitation
of fracture extension stress theory lies in the compatibility of fracture and solid particles
and the selection of solid particles with a proper concentration.

(4) Chemical strengthening wellbore theory

The chemical wellbore strengthening method can not only control the salinity differ-
ences between drilling fluid and formation pore fluid, it can also strengthen the wellbore
effect [37]. In addition, the physical and chemical reactions between lost circulation materi-
als can be used to construct the sealing partition wall to realize the wellbore strengthening
and the sealing of the lost zone. Li et al. introduced the fully coupled thermochemical-
pore elasticity theory into the physical model of wellbore reinforcement and established
a multi-field, coupled wellbore strengthening model [38]. By observing the variation in
circumferential stress and fracture aperture, the influence of thermochemical effects on en-
hanced wellbore plugging was studied. It was found that anisotropic Young’s modulus and
Poisson’s ratio were sensitive to circumferential stress, and solute diffusion coefficient and
permeability anisotropy have little effect on wellbore strengthening in a low-permeability
formation. Compared with short fractures, long fractures were more conducive to wellbore
strengthening, and the bridge location was close to the fracture mouth [39]. The chemical
strengthening wellbore theory requires that the material can fully adapt to and utilize the
formation environment, such as the temperature, pressure and fluid [40]. In addition, the
material remains stable during wellbore flow and does not bond or solidify. After injection
into the formation, physical and chemical reactions such as self-cementation rapidly occur
to form high-strength structures and maintain stability for a period of time. The limitation
of chemical strengthening wellbore theory lies in whether a high-strength plugging layer
can be formed after the plugging material enters the formation.

3. Lost Circulation Material and Performance of Fractured Formation

Lost circulation materials are the basis of, and key to achieving, successful plugging.
Experts and scholars at home and abroad have developed a variety of lost circulation
materials, such as bridging, high water loss, curable, liquid absorption and expansion,
flexible gel, etc., and explored the properties of different types of lost circulation materials
and their interaction mechanism with fractures.

3.1. Bridge Lost Circulation Materials and Properties

Bridge plugging is an the effective means of solving the problem of lost circulation in
fractured formation. The plugging layer with a dense structure and high bearing capacity
is formed by bridging, stacking and filling the fractures with different shapes and sizes of
bridging lost circulation materials [41]. The bridge lost circulation material is composed of
a granular, fibrous, sheet inert material according to a certain mass ratio and the particle
size of the composite lost circulation material [42]. Commonly used bridging materials
include walnut shell, calcium carbonate, fiber, mica, etc. However, conventional lost
circulation materials are not compatible with the formation and cannot form high-strength
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plugging layers. Due to the influence of gravity settlement, erosion in the fracture and other
factors, this is difficult to place in large fractures with a large width and high longitudinal
extension, especially in karst caves, which results in a low pressure-bearing capacity for the
plugging layer. Obviously, the type, geometry and mechanical properties of the bridging
lost circulation material play a vital role in the bearing capacity of the plugging layer [43].

Drilling fluid loss easily occurs in the drilling process of deep and ultra-deep fractured
formations. The fracture plugging layer formed by the bridge lost circulation material
is unstable and damaged in a complex environment, such as a high-temperature, high-
pressure and high-in-situ-stress environment, leading to the failure of lost circulation
control [11]. Kang et al. established an evaluation method and index system for the high-
temperature aging performance of bridging lost circulation materials in deep and ultra-deep
wells by analyzing the morphology, particle size distribution and mechanical properties of
bridging lost circulation materials such as walnut shell and calcium carbonate [44]. The
hermite interpolation method can ensure that the function value and the derivative value of
the interpolated function at the constructed interpolation polynomial node are equal, and
the piecewise low-order Hermite interpolation method can avoid the runge phenomenon
caused by the increase in interpolation nodes, and meet the requirements of numerical
solution accuracy for general engineering problems. Based on the measured particle
size distribution data for single bridging lost circulation material, Zhu et al. proposed a
new method to predict the particle size distribution of bridging lost circulation material
and formula using the piecewise cubic Hermite interpolation method [45]. To solve the
problems of poor retention capacity and the low plugging success rate of conventional
bridging lost circulation materials, Li et al. determined the particle size range and volume
ratio of different bridging materials, and formed a high-temperature and high-strength
cross-linking plugging formula [46].

3.2. High-Water-Loss Lost Circulation Materials and Properties

High-water-loss lost circulation material refers to the lost circulation material that
forms a dense plugging layer through solid-phase water loss and by filling in the loss
channel [11]. High-water-loss lost circulation materials are generally composed of polymer,
diatomite, cement, sepiolite, attapulgite, asbestos powder, stone ridge, filtration materials
and inert materials in a certain proportion [19,47]. This kind of lost circulation material will
rapidly lose water under the difference between the formation pressure and the drilling
fluid column pressure, and the solid phase components will coagulate and thicken to
quickly form a film or filter cake to seal the loss channel of the fractures. High-water-loss
lost circulation materials are easy to use, and have a quick effect and high success rate
in high-permeability strata [48]. However, the high-water-loss lost circulation material
is similar to the bridge lost circulation material, which has poor adaptability to the loss
channel and is easily washed away in larger fractures or caves [5]. Therefore, high-water-
loss lost circulation material is can solve the vertical and horizontal loss zone and the
formation of small loss.

Common high-water-loss lost circulation materials are Chevron’s Diaseal M lost
circulation material, China’s DSL plugging agent and Z-DTR plugging agent [1]. The lost
circulation material with high water loss, high pressure and high acid solubility, mainly
composed of fine fiber and granular components, can quickly accumulate lost circulation
material and block the loss channel. In the process of waiting plugging, the lost circulation
material produces a cross-linking chemical reaction, and finally forms the plugging wall
with high-pressure capacity [49]. By optimizing the plugging process and using high-water-
loss lost circulation material, the successful one-time lost circulation control with multiple
loss points in the same open hole was realized in the Jianmen 1 well, and the plugging
effect was obvious.
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3.3. Curable Lost Circulation Materials and Properties

Curable lost circulation material refers to lost circulation material with strong thixotropic
and curing properties, which can be quickly cured and blocked in the loss layer [1]. Curable
lost circulation materials are generally composed of a curing agent, suspension stabilizer
and retarder and other materials. Curable lost circulation materials can effectively reside
in the lost formation after entrance. Due to its strong thixotropic performance and flow
resistance in the loss layer, curable lost circulation material can quickly solidify and coag-
ulate to form a solidified body with high strength, as well as reducing mud and drilling
fluid loss [50]. Curable lost circulation material has wide sources, low cost, high strength,
a simple preparation process and a high cementation strength after curing. However, its
construction safety risk is high, and its resistance to high-salinity formations and water
pollution are poor, which can easily lead to problems such as stuck drilling or its being
diluted and washed away in fractures or karst caves [51].

Sentinel CemTM cement, developed by the Halliburton company, the MAGNE-SET
type curable lost circulation material developed by Baker Hughes Company, HDL-4, and
chemical consolidation and cross-linking film composite lost circulation material are com-
mon existing curable lost circulation materials [1]. However, in general, curable lost
circulation materials have a higher bearing capacity and better curing performance than
conventional bridging lost circulation materials. In the process of circulating drilling, the
plugging layer will not be destroyed by the pressure of a drilling fluid column, which
can greatly reduce the number of plugging operations. When the curable lost circulation
material is used with an inert material, the lost circulation control success rate can be
effectively improved. Inert materials can bridge and fill the lost layer to achieve the effect
of “sealing the door”, while curable lost circulation materials can effectively stay in the lost
layer after entering the lost layer to inhibit the loss of drilling fluid [52]. In addition, the
curing agent can quickly solidify and condense to form a high-strength plugging layer and
improve the lost circulation control effect. When curable lost circulation material is used
with a cross-linked polymer, it can form a more stable three-dimensional network structure
and achieve the best lost circulation control effect.

3.4. Liquid Absorption Expansion Lost Circulation Materials and Properties

Most of the liquid absorption expansion lost circulation materials are composed of
water absorption and oil absorption resin materials, either alone or combined with other
lost circulation materials [53]. Its molecular structure contains hydrophilic or lipophilic
groups. It swells in water or oil, but does not dissolve. Absorbent expansion polymer
lost circulation materials can be generally divided into anionic, cationic, non-ionic and
composite ionic. The swelling polymer lost circulation material has the advantages of
expansion and deformation and is not affected by the shape and size of the loss channel. It
can solve the adaptive plugging problem that the bridge and high-water loss lost circulation
material cannot solve [2]. Liquid absorption expansion lost circulation materials, using
intermolecular van der Waals force and osmotic pressure difference for the fracture, can
absorb water (oil) volume expansion, and form a good elastic filling layer. They are suitable
for porous and fractured formations. However, their suction delay effect and temperature-
resistance performance are poor, and their plugging applicability is poor in formations
with large fractures or karst caves.

Common liquid absorption expansion lost circulation materials are acrylamide–acrylonitrile
copolymer, acrylic acid–acrylic acid sodium copolymer polymer swelling resin and its mix-
ture, and other lost circulation materials. In view of the poor stability and low strength of
water absorption resin, Wang et al. prepared a water absorption resin type plugging agent
PQ with acrylic acid and acrylamide as experimental raw materials [54]. Water absorption
rate increased more than 150 times, with good stability. At present, it has problems of poor
environmental protection, low strength and high cost. Huang et al. developed a new type
of water absorption expansion plugging agent by free radical polymerization using acrylic
acid, acrylamide, bentonite, inert materials and initiator as raw materials, which can greatly
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reduce the cost [55]. Liu et al. developed a micron-sized deformable globular gel, supple-
mented with optimized flak-like and fibrous lost circulation materials, and synthesized a
globular gel compound plugging agent with oil absorption and expansion. Micro-holes
and micro-fractures can be blocked while drilling to prevent or reduce oil-based drilling
fluid loss.

3.5. Flexible Gel Lost Circulation Materials and Properties

Drilling in the process of formation environment becomes more demanding and
the frequency of lost circulation is sharply increased with the gradual exploration and
development of oil and gas under deep, ultra-deep, unconventional and other complex
conditions [1]. Gel lost circulation materials mainly use chemical crosslinking reactions
or interactions between molecules to form a high-strength gel with a three-dimensional
network structure to plug the drilling fluid loss channels in complex formations [56,57].
Flexible gel is a kind of lost circulation material, which is suitable for different loss channels,
mainly divided into crosslinking gel type and non-crosslinking gel type. Compared with
other types of lost circulation materials, flexible polymer gel lost circulation materials
can adapt to different scales of loss channels without being limited by their morphology
because of their good deformability under compression, and easy to form high strength
plugging in the loss channels [57].

Crosslinking gel refers to the injection of a polymer (or monomer), crosslinking agent
and initiator into the downhole loss channel in the form of an aqueous solution [58]. The
crosslinking reaction generates viscoelastic gel in the formation environment, and then
blocks the loss channel [59]. Common cross-linked gels include cross-linked polymer gel,
polyacrylamide cross-linked gel, composite nanoscale organic/inorganic gel, underground
cross-linked polymer gel, etc. [60]. Non-crosslinked gels are mainly formed by an entangle-
ment or association between polymer chains with special functional groups. In order to
solve the problem of drilling fluid loss in geological drilling, Jia et al. prepared an envi-
ronmentally friendly and strength-enhanced nano-silica composite gel for the temporary
plugging of high-temperature reservoirs [61]. The gel had good mechanical and elastic
properties. The addition of nano-silica made the three-dimensional network structure of the
gel closer, which was conducive to enhancing the lost circulation control effect. Flexible gel
lost circulation materials generally have poor high-temperature resistance and long-term
stability under high-temperature conditions, resulting in ineffective fracture plugging or a
high risk of re-leakage after plugging.

4. Evaluation Method of Drilling Fluid Loss and Lost Circulation Control

Evaluation method of drilling fluid lost circulation control is the key to preventing the
loss of drilling fluid and an important basis for the choice of plugging measure. It helps to
clarify the characteristics and distribution law of the loss of drilling fluid and establish the
dynamic model of the loss of drilling fluid.

4.1. Evaluation Method of Drilling Fluid Loss in Fractured Formation

The determination of the lost zone is the key to successful lost circulation control
during drilling. The accurate determination of lost circulation location within a short time
can effectively improve the success rate of lost circulation control. There are many kinds
of classification methods for drilling fluid loss in fractured formation. The classification
of drilling fluid loss in fractured formation can reflect the mechanism of drilling fluid loss
from different sides. Among them, the most commonly used method of drilling fluid loss
classification is based on the characteristics of drilling fluid loss rate and drilling fluid
loss channel in fractured formation [62]. The classification method based on loss rate can
reflect the severity of drilling fluid loss as a whole. The classification method based on the
characteristics of loss channels reflects the basic form of loss space in fractured strata to a
certain extent. At present, foreign countries mainly use well-temperature testers, acoustic
testers, eddy current testers, radioactive tracers and other instrument testing methods
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to determine the location of lost circulation points [8,15]. Domestic experts and scholars
have also carried out some active and effective methods to find the lost circulation, such
as well-temperature logging, fuzzy identification of the loss zone before the drilling risk
prediction method, the comprehensive analysis method, etc. [63,64]. To solve the problem of
drilling fluid loss in fractured formation, Zhang et al. divided drilling fluid loss in fractured
formation into fracturing loss, expansion loss and differential pressure loss [65]. In order
to clearly understand the loss behavior of drilling fluid in rough fractures and fracture
networks, experts and scholars at home and abroad established one-dimensional linear,
two-dimensional plane fracture and three-dimensional fracture network loss dynamics
models based on fractal and Monte Carlo theories, and systematically analyzed the loss
law for drilling fluid in fractured formations [66,67]. To understand lost circulation and
optimize lost circulation control technology, Xu et al. conducted a study on the diagnosis
of drilling fluid loss, established a two-dimensional plane fracture H-B flow model, and
revealed the dynamic behavior of drilling fluid loss and its influencing factors [68].

To truly reflect the stress state of fractured formation and the law of fluid loss and
flow, Sui et al. invented an experimental device and evaluation method to simulate the
dynamic loss and plugging of drilling fluid [69]. This can simulate the positive and negative
circulation dynamic loss process of drilling fluid on different core faces under original
in situ stress conditions. To accurately grasp the loss situation, and adopt a reasonable
and effective lost circulation control method to reduce the loss of drilling fluid, Bai et al.
invented a method for predicting drilling fluid loss in fractured formations [70]. The loss
of drilling fluid in fractured formations could be accurately predicted by calculating the
fracture width, measuring the viscosity coefficient, flow characteristic index and yield stress
of drilling fluids. To accurately measure and monitor the status of drilling fluid loss points
in fractured formations and evaluate the loss strength of drilling fluid loss points, Jiang
et al. invented a drilling fluid loss monitoring system and monitoring method based on the
distributed optical fiber sensor [71]. This method could be used to design a lost circulation
control technology scheme and conducts measurements according to the loss strength to
protect drilling holes and drilling rigs.

4.2. Evaluation Method of Pressure-Bearing Capacity in Fractured Formation

The pressure-bearing capacity of fractured formations is an important index to mea-
sure the loss control effect of drilling fluid. It is of great significance for the efficient
development of oil and gas resources in fractured formations to effectively improve the
formations’ pressure-bearing capacity, establish the pressure-plugging prediction model of
fractured formations and form the pressure-bearing-capacity strengthening method. At
present, the performance of gel lost circulation materials is mainly evaluated by devices
and methods such as high-temperature and high-pressure water loss meters, artificial
core-simulation crack loss plugging, nano-composite organic/inorganic gel plugging agent
devices, and high-temperature and high-pressure water loss meter sand bed evaluation
experiments [72,73]. To solve the problem of lost control when drilling fluids in deep
fractured formations, Xu et al. constructed an instability model for the plugging layer
in fractured formation based on particle mechanics [74]. Based on the strength model
of the fracture plugging layer, the instability mechanism of the fracture plugging layer
was revealed. In addition, considering the stratum’s high-temperature, high-pressure and
high-stress conditions, a new type of lost circulation material was selected to establish
a quantitative scoring model for lost circulation materials in fractured formations, and
a quantitative scoring optimization method was created for lost circulation materials in
fractured formations.

An artificial fracture is used to simulate the loss formation channel in the commonly
used lost circulation control evaluation devices. Zhu et al. provided a kind of fracture
lost circulation control instrument, which could solve the problem with the existing lost
circulation control evaluation device, which finds it difficult to simulate the formation
loss channel [45]. Experts and scholars at home and abroad generally use the American
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Petroleum Institute (API, The United States) lost circulation control evaluation experimental
device to evaluate and study the plugging ability of lost circulation materials. However,
American Petroleum Institute (API, The United States) cannot simulate the re-opening loss
of fractures caused by fracture closures under pressure. Therefore, She et al. invented
a drilling-fluid pressure plugging fracturing test device [6]. This method can simulate
the formation process of real fractures under the action of drilling fluid and the pressure
plugging process of lost materials, which provides a new testing method for the research
and evaluation of pressure plugging of drilling fluid under the condition of easy to lose for-
mations. The innovation and breakthrough of the basic research on efficient lost circulation
control materials and their action mechanisms are key to improving the success rate of lost
circulation control in fractured formations.

The following technical challenges occur in the study of lost circulation control evalua-
tion methods and theories in fractured formations: (1) The loss and plugging mechanisms
of drilling fluid in fractured formations are not clear; therefore, scientific predictions of
the actual properties of lost circulation formation (location of lost circulation, width of
fracture and lost circulation pressure) cannot be supported, and technological research,
as well as the development of lost circulation control materials, cannot be scientifically
guided. (2) The existing bridge plugging materials poorly match the characteristics and
types of lost circulation and lack a quantitative evaluation and lack optimization methods
of bridge plugging materials for fractured formation. Additionally, the formation and
pressure evolution mechanisms of the bridge plugging layer are unclear, and there is no
scientific basis for bridge plugging formula design, resulting in a low success rate.

5. Development Prospect of Lost Circulation Control Technology
5.1. Strengthening the Mechanism of Lost Circulation Control in Fractured Formation

At present, great progress has been made in the research aiming to improve formation-
bearing capacity, but the lost circulation control mechanisms of fractured formation are
still not perfect. Most theories only include a qualitative cognition, rather than quanti-
tative calculation, and several theoretical models are independent of each other, leading
to shortcomings. At the same time, the existing research is mainly focused on the lost
circulation control mechanism of rigid granular materials, and there are few studies on
the lost circulation control mechanism of flexible materials. In particular, the migration,
filling and plugging mechanisms of flexible or composite lost circulation control materials
in three-dimensional fractures needs further research. Therefore, the lost circulation control
mechanisms have great limitations in their ability to guide the research and development of
lost circulation control technology and field construction. Additionally, the site construction
of a malignant lost circulation has high levels of blindness and the lost circulation control
effect is not ideal.

In view of the above problems, more attention should be paid to studying the mecha-
nisms of lost circulation control in fractured formations. The lost circulation control mecha-
nism of drilling fluid loss was accurately revealed regarding the loss channel, mechanical
balance and lost circulation control methods, and the laws of drilling fluid loss in differ-
ent formations and at different scales were clarified. The migration, filling and plugging
mechanisms of flexible or composite lost circulation control materials in three-dimensional
fractures should be studied. This would provide strong basis for the scientific and efficient
selection of lost circulation control materials, formulae, methods and technologies.

5.2. Research and Development of Adaptive and Efficient Lost Circulation Materials

In recent years, many kinds of lost circulation control materials have been developed
by experts and scholars at home and abroad, and all of them have achieved good results
to a certain extent. However, the available lost circulation control materials are limited
for seriously fractured formations. For the fractured-vuggy formation, which is prone to
malignant lost circulation, it is difficult for the lost circulation control material to form a
high-strength plugging layer. At present, most of the bridging, gel and composite lost
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circulation control materials are used to effectively solve the problem of lost circulation
in fractured formations. The success rate of lost circulation control for malignant lost
circulation in fractured formations is low. Therefore, with the rapid development of
material science theory and technology, it is important to promote the development of an
intelligent lost circulation control theory for drilling fluid with an efficient lost circulation
control material.

The compatibility between conventional lost circulation control material and complex
fractured formation is poor, so the grading relationship between lost circulation control
materials and complex fractured formations should be determined according to drilling
fluid loss and plugging mechanism, to avoid the “sealing door” phenomenon. Atten-
tion should be paid to the research and development of adaptive lost circulation control
materials with fracture space morphology. Conventional lost circulation materials have
a weak residence ability in large-scale fracture space, it is difficult to effectively fill the
space, and the plugging effect is not good. According to the parameters of the fracture loss
channel and the physical and chemical characteristics of the material, an efficient lost circu-
lation control material with a strong residence and full filling effect should be developed.
By clarifying its self-adaptive filling law in the loss channel, the bearing capacity can be
effectively improved.

In view of conventional lost circulation control materials’ lack of high-temperature
resistance in deep and ultra-deep high temperature wells, it is difficult to achieve long-
term stable plugging. Therefore, we should pay attention to the research into the high-
temperature resistance of lost circulation control materials. The research and develop-
ment of high-temperature lost circulation control materials for deep and ultra-deep high-
temperature wells could improve the success rate of the lost circulation control.

5.3. Intelligent Plugging Equipment and Technology

At present, lost circulation control technology of fractured formations at home and
abroad is mainly based on the plugging treatment experience of similar well conditions or
neighboring loss wells. There is no scientific optimization and evaluation expert system
for lost circulation control technology, and no unified lost circulation control technology
specification has been formed. American Petroleum Institute (API) lost circulation control
evaluation experimental devices are used to evaluate and study the pressure-bearing
capacity at home and abroad. However, the lost circulation control devices cannot simulate
the re-opening of fractures after they are closed under pressure. Therefore, with the
expansion and application of the big data era and artificial intelligence technology in
the field of oil and gas exploration and development, intelligent lost circulation control
equipment and technology will become an inevitable development trend.

In view of the existing lost circulation control technology, which has strong experience
and low intelligence, it is difficult to effectively solve the problems of drilling fluid loss
in deep and ultra-deep fractured formations. Therefore, we should pay attention to the
development of big data and intelligent lost circulation control technology. Firstly, the
data for key areas of drilling fluid loss should be summarized into a database to form a
universal expert system for lost circulation control prediction and analysis. Secondly, the
research and development regarding intelligent lost circulation control materials and key
equipment should be strengthened, promoting the rapid development of lost circulation
control methods and technologies in the intelligent direction, and realizing the efficient and
intelligent lost circulation control technology for deep and ultra-deep fractured formations.

6. Conclusions

(1) Lost circulation, especially in fractured formations, is the first major technical
problem restricting improvements in oil and gas drilling quality and efficiency. The mecha-
nism of drilling fluid loss in fractured formations is revealed, a dynamic model of drilling
fluid loss in fractured formations is established, and a strengthening theory to improve
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the pressure-bearing capacity of fractured formations is formed, which can provide a
theoretical basis for the lost circulation control of drilling fluids.

(2) Lost circulation materials form the basis of, and key to, successful lost circulation
control. Experts and scholars at home and abroad have successively developed various
types of lost circulation materials such as bridging, high water loss, curable, liquid ab-
sorption expansion and flexible gel, which can solve the problem of lost circulation in
fractured formations to a certain extent. However, efficient lost circulation materials that
can effectively solve the loss of drilling fluid in deep and ultra-deep high-temperature wells
are lacking, and it is important to develop efficient intelligent lost circulation materials to
achieve the long-term and stable plugging of fracture formations.

(3) The pressure-bearing capacity of fractured formations is an important index to
measure the loss control effect of drilling fluids. This is key to improving the lost circulation
control success rate of fractured formations, clarifying the characteristics and distribution
law of drilling fluid loss, deeply analyzing the causes of drilling fluid loss, and forming a
method to strengthen the pressure-bearing capacity of fractured formations.

Author Contributions: Conceptualization, Y.B. and J.S.; methodology, J.Y.; formal analysis, J.Y. and
K.L.; investigation, J.Y. and G.Z.; resources, Y.L. and J.S.; data curation, G.Z.; writing—original draft
preparation, J.Y. and Y.B.; writing—review and editing, J.Y. and Y.B.; supervision, K.L.; funding
acquisition, Y.B. and J.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 52074327; the National Natural Science Foundation of China, grant number 51991361; and
the Natural Science Foundation of Shandong Province, China, grant number ZR2020QE107.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All persons included have agreed to confirm.

Acknowledgments: Thanks to the support of the National Natural Science Foundation of China,
the Natural Science Foundation of Shandong Province, China, and the professional suggestions
of reviewers.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sun, J.; Bai, Y.; Cheng, R.; Lyu, K.; Liu, F.; Feng, J.; Lei, S.; Zhang, J.; Hao, H. Research progress and prospect of plugging

technologies for fractured formation with severe lost circulation. Pet. Explor. Dev. 2021, 48, 732–743. [CrossRef]
2. Bai, Y.; Zhang, Q.; Sun, J.; Lv, K.; Shang, X.; Liu, C.; Cheng, R.; Wang, F. Self-healing hydrogels and their action mechanism in

oil–gas drilling and development engineering: A systematic review and prospect. J. Nat. Gas Sci. Eng. 2021, 96, 104250. [CrossRef]
3. Jiang, G.; Sun, J.; He, Y.; Cui, K.; Dong, T.; Yang, L.; Yang, X.; Wang, X. Novel water-based drilling and completion fluid technology

to improve wellbore quality during drilling and protect unconventional reservoirs. Engineering 2021, in press. [CrossRef]
4. Cai, W.; Deng, J.; Feng, Y.; Lin, H.; Tanko, M.O.; Ma, C. Developing a geomechanics-modeling based method for lost circulation

risk assessment: A case study in Bohai Bay, China. J. Pet. Sci. Eng. 2022, 210, 110045. [CrossRef]
5. Bai, Y.; Liu, C.; Sun, J.; Shang, X.; Lv, K.; Zhu, Y.; Wang, F. High temperature resistant polymer gel as lost circulation material for

fractured formation during drilling. Colloids Surfaces A Physicochem. Eng. Asp. 2022, 637, 128244. [CrossRef]
6. She, J.; Zhang, H.; Kang, Y.; Feng, Y.; Zhong, Y.; Yang, B. Cusp catastrophe model for plugging pressure prediction of lost

circulation control in fractured reservoirs. J. Pet. Sci. Eng. 2020, 186, 106705. [CrossRef]
7. Murtaza, M.; Tariq, Z.; Zhou, X.; Al-Shehri, D.; Mahmoud, M.; Kamal, M.S. Okra as an environment-friendly fluid loss control

additive for drilling fluids: Experimental & modeling studies. J. Pet. Sci. Eng. 2021, 204, 108743. [CrossRef]
8. Krishna, S.; Ridha, S.; Vasant, P.; Ilyas, S.U.; Sophian, A. Conventional and intelligent models for detection and prediction of fluid

loss events during drilling operations: A comprehensive review. J. Pet. Sci. Eng. 2020, 195, 107818. [CrossRef]
9. Zhang, L.; Wang, Z.; Du, K.; Xiao, B.; Chen, W. A new analytical model of wellbore strengthening for fracture network loss of

drilling fluid considering fracture roughness. J. Nat. Gas Sci. Eng. 2020, 77, 103093. [CrossRef]
10. Zhang, X.; Deng, C.; Wang, D.; Wang, Z.; Teng, J.; Cao, J.; Xu, W.; Yang, F. Improving bonding quality of underwater friction stitch

welds by selecting appropriate plug material and welding parameters and optimizing joint design. Mater. Des. 2016, 91, 398–410.
[CrossRef]

http://doi.org/10.1016/S1876-3804(21)60059-9
http://doi.org/10.1016/j.jngse.2021.104250
http://doi.org/10.1016/j.eng.2021.11.014
http://doi.org/10.1016/j.petrol.2021.110045
http://doi.org/10.1016/j.colsurfa.2021.128244
http://doi.org/10.1016/j.petrol.2019.106705
http://doi.org/10.1016/j.petrol.2021.108743
http://doi.org/10.1016/j.petrol.2020.107818
http://doi.org/10.1016/j.jngse.2019.103093
http://doi.org/10.1016/j.matdes.2015.11.114


Gels 2022, 8, 260 13 of 15

11. Zhou, H.; Wu, X.; Song, Z.; Zheng, B.; Zhang, K. A review of mechanism and adaptive materials of temporary plugging agent for
chemical diverting fracturing. J. Pet. Sci. Eng. 2022, 212, 110256. [CrossRef]

12. Xu, C.; Zhang, H.; Zhu, M.; Kang, Y.; Yan, X.; Zhang, J.; Bai, Y. Experimental study on the controlling factors of frictional coefficient
for lost circulation control and formation damage prevention in deep fractured tight reservoir. Petroleum 2021, in press. [CrossRef]

13. Liu, F.; Wang, X.; Li, X.; Dai, X.; Zhang, Z.; Wang, D.; Wang, Y.; Jiang, S. Poly(ionic liquids) based on β-cyclodextrin as fluid loss
additive in water-based drilling fluids. J. Mol. Liq. 2022, 350, 118560. [CrossRef]

14. Kamali, F.; Saboori, R.; Sabbaghi, S. Fe3O4-CMC nanocomposite performance evaluation as rheology modifier and fluid loss
control characteristic additives in water-based drilling fluid. J. Pet. Sci. Eng. 2021, 205, 108912. [CrossRef]

15. Gautam, S.; Guria, C.; Rajak, V.K. A state of the art review on the performance of high-pressure and high-temperature drilling
fluids: Towards understanding the structure-property relationship of drilling fluid additives. J. Pet. Sci. Eng. 2022, 213, 110318.
[CrossRef]

16. Kang, Y.; Xu, C.; You, L.; Yu, H.; Zhang, B. Comprehensive evaluation of formation damage induced by working fluid loss in
fractured tight gas reservoir. J. Nat. Gas Sci. Eng. 2014, 18, 353–359. [CrossRef]

17. Yan, X.; Kang, Y.; You, L.; Xu, C.; Lin, C.; Zhang, J. Drill-in fluid loss mechanisms in brittle gas shale: A case study in the Longmaxi
Formation, Sichuan Basin, China. J. Pet. Sci. Eng. 2019, 174, 394–405. [CrossRef]

18. Maiti, M.; Bhaumik, A.K.; Mandal, A. Performance of water-based drilling fluids for deepwater and hydrate reservoirs: Designing
and modelling studies. Pet. Sci. 2021, 18, 1709–1728. [CrossRef]

19. Yang, M.; Chen, Y. Investigation of LCM soaking process on fracture plugging for fluid loss remediation and formation damage
control. J. Nat. Gas Sci. Eng. 2020, 81, 103444. [CrossRef]

20. Nascentes, C.L.; Murata, V.V.; Oliveira-Lopes, L.C. Mathematical modeling of solids-drilling fluid separation in shale shakers in
oil fields: A state of art review. J. Pet. Sci. Eng. 2022, 208, 109270. [CrossRef]

21. Kang, Y.; Xu, C.; Tang, L.; Li, S.; Li, D. Constructing a tough shield around the wellbore: Theory and method for lost-circulation
control. Pet. Explor. Dev. 2014, 41, 520–527. [CrossRef]

22. Xu, C.; Yan, X.; Kang, Y.; You, L.; You, Z.; Zhang, H.; Zhang, J. Friction coefficient: A significant parameter for lost circulation
control and material selection in naturally fractured reservoir. Energy 2019, 174, 1012–1025. [CrossRef]

23. You, L.; Tan, Q.; Kang, Y.; Zhang, X.; Xu, C.; Lin, C. Optimizing the particle size distribution of drill-in fluids based on fractal
characteristics of porous media and solid particles. J. Pet. Sci. Eng. 2018, 171, 1223–1231. [CrossRef]

24. Li, S.; Kang, Y.; Li, D.; You, L.; Xu, C. Modeling herschel-bulkely drilling fluid flowin a variable radial fracture. J. Porous Media
2014, 17, 239–254. [CrossRef]

25. Dokhani, V.; Ma, Y.; Geng, T.; Li, Z.; Yu, M. Transient analysis of mud loss in fractured formations. J. Pet. Sci. Eng. 2020, 195,
107722. [CrossRef]

26. Jia, L.; Chen, M.; Hou, B.; Sun, Z.; Jin, Y. Drilling fluid loss model and loss dynamic behavior in fractured formations. Pet. Explor.
Dev. 2014, 41, 105–112. [CrossRef]

27. Xu, C.; Yang, X.; Liu, C.; Kang, Y.; Bai, Y.; You, Z. Dynamic fracture width prediction for lost circulation control and formation
damage prevention in ultra-deep fractured tight reservoir. Fuel 2022, 307, 121770. [CrossRef]

28. Huang, F.; Kang, Y.; You, L.; Li, X.; You, Z. Massive fines detachment induced by moving gas-water interfaces during early stage
two-phase flow in coalbed methane reservoirs. Fuel 2018, 222, 193–206. [CrossRef]

29. Liang, H.; Ding, G.; Shen, X. Three-dimensional numerical solution and stress cage analysis of high conductive fractures pressure
sealing. Petroleum 2020, in press. [CrossRef]

30. Weijermars, R. Stress cages and fracture cages in stress trajectory models of wellbores: Implications for pressure management
during drilling and hydraulic fracturing. J. Nat. Gas Sci. Eng. 2016, 36, 986–1003. [CrossRef]

31. Lu, C.; Luo, Y.; Guo, J.; Huang, C.; Ma, L.; Luo, B.; Zhou, G.; Song, M. Numerical investigation of unpropped fracture closure
process in shale based on 3D simulation of fracture surface. J. Pet. Sci. Eng. 2022, 208, 109299. [CrossRef]

32. Dupriest, F.E. Fracture Closure Stress (FCS) and Lost Returns Practices. In Proceedings of the SPE/IADC Drilling Conference,
Amsterdam, The Netherlands, 23–25 February 2005; p. SPE-92192-MS. [CrossRef]

33. Li, J.; Qiu, Z.; Zhong, H.; Zhao, X.; Yang, Y.; Huang, W. Optimizing selection method of continuous particle size distribution for
lost circulation by dynamic fracture width evaluation device. J. Pet. Sci. Eng. 2021, 200, 108304. [CrossRef]

34. Li, J.; Qiu, Z.; Song, D.; Zhong, H.; Tang, Z. Numerical simulation of 3D fracture propagation in wellbore strengthening conditions.
J. Pet. Sci. Eng. 2017, 156, 258–268. [CrossRef]

35. Salehi, S.; Nygaard, R. Evaluation of New Drilling Approach for Widening Operational Window: Implications for Wellbore
Strengthening. In Proceedings of the SPE Production and Operations Symposium, Oklahoma City, OK, USA, 27–29 March 2011;
p. SPE-140753-MS.

36. Mirabbasi, S.M.; Ameri, M.J.; Alsaba, M.; Karami, M.; Zargarbashi, A. The evolution of lost circulation prevention and mitigation
based on wellbore strengthening theory: A review on experimental issues. J. Pet. Sci. Eng. 2022, 211, 110149. [CrossRef]

37. Huang, X.; Sun, J.; Li, H.; Wang, R.; Lv, K.; Li, H. Fabrication of a Hydrophobic Hierarchical Surface on Shale Using Modified
Nano-SiO2 for Strengthening the Wellbore Wall in Drilling Engineering. Engineering 2021, in press. [CrossRef]

38. Li, J.; Qiu, Z.; Zhong, H.; Zhao, X.; Huang, W.; An, Z.; Yang, Y. The thermal and chemical effect on wellbore strengthening
treatment in shale formation. J. Nat. Gas Sci. Eng. 2020, 74, 103102. [CrossRef]

http://doi.org/10.1016/j.petrol.2022.110256
http://doi.org/10.1016/j.petlm.2021.10.015
http://doi.org/10.1016/j.molliq.2022.118560
http://doi.org/10.1016/j.petrol.2021.108912
http://doi.org/10.1016/j.petrol.2022.110318
http://doi.org/10.1016/j.jngse.2014.03.016
http://doi.org/10.1016/j.petrol.2018.11.026
http://doi.org/10.1016/j.petsci.2021.09.001
http://doi.org/10.1016/j.jngse.2020.103444
http://doi.org/10.1016/j.petrol.2021.109270
http://doi.org/10.1016/S1876-3804(14)60061-6
http://doi.org/10.1016/j.energy.2019.03.017
http://doi.org/10.1016/j.petrol.2018.08.051
http://doi.org/10.1615/JPorMedia.v17.i3.50
http://doi.org/10.1016/j.petrol.2020.107722
http://doi.org/10.1016/S1876-3804(14)60012-4
http://doi.org/10.1016/j.fuel.2021.121770
http://doi.org/10.1016/j.fuel.2018.02.142
http://doi.org/10.1016/j.petlm.2020.07.005
http://doi.org/10.1016/j.jngse.2016.10.054
http://doi.org/10.1016/j.petrol.2021.109299
http://doi.org/10.2118/92192-MS
http://doi.org/10.1016/j.petrol.2020.108304
http://doi.org/10.1016/j.petrol.2017.06.010
http://doi.org/10.1016/j.petrol.2022.110149
http://doi.org/10.1016/j.eng.2021.05.021
http://doi.org/10.1016/j.jngse.2019.103102


Gels 2022, 8, 260 14 of 15

39. Van Oort, E.; Incedalip, O.; Vajargah, A.K. Thermal wellbore strengthening through managed temperature drilling—Part I:
Thermal model and simulation. J. Nat. Gas Sci. Eng. 2018, 58, 275–284. [CrossRef]

40. Lashkari, R.; Tabatabaei-Nezhad, S.A.; Husein, M.M. Shape memory polyurethane as a wellbore strengthening material. Powder
Technol. 2022, 396, 291–304. [CrossRef]

41. Xu, C.; Zhang, H.; Kang, Y.; Zhang, J.; Bai, Y.; Zhang, J.; You, Z. Physical plugging of lost circulation fractures at microscopic level.
Fuel 2022, 317, 123477. [CrossRef]

42. Li, J.; Qiu, Z.; Zhong, H.; Zhao, X.; Huang, W. Coupled CFD-DEM analysis of parameters on bridging in the fracture during lost
circulation. J. Pet. Sci. Eng. 2020, 184, 106501. [CrossRef]

43. Yan, X.; Kang, Y.; Xu, C.; Shang, X.; You, Z.; Zhang, J. Fracture plugging zone for lost circulation control in fractured reservoirs:
Multiscale structure and structure characterization methods. Powder Technol. 2020, 370, 159–175. [CrossRef]

44. Kang, Y.; Tan, Q.; You, L.; Zhang, X.; Xu, C.; Lin, C. Experimental investigation on size degradation of bridging material in drilling
fluids. Powder Technol. 2019, 342, 54–66. [CrossRef]

45. Zhu, J.; You, L.; Li, J.; Kang, Y.; Zhang, J.; Zhang, D.; Huang, C. Damage evaluation on oil-based drill-in fluids for ultra-deep
fractured tight sandstone gas reservoirs. Nat. Gas Ind. B 2017, 4, 249–255. [CrossRef]

46. Li, R.; Li, G.; Feng, Y.; Yang, X.; Teng, Y.; Hu, Y. Innovative experimental method for particle bridging behaviors in natural
fractures. J. Nat. Gas Sci. Eng. 2022, 97, 104379. [CrossRef]

47. Jia, H.; Niu, C.-C.; Yang, X.-Y. Improved understanding nanocomposite gel working mechanisms: From laboratory investigation
to wellbore plugging application. J. Pet. Sci. Eng. 2020, 191, 107214. [CrossRef]

48. Gang, W.; Honghai, F.; Jie, F.; Wanjun, L.; Yu, Y.; Xiangji, K.; Yingying, L.; Jitong, L.; Chenchao, L.; Haijun, Y. Performance and
application of high-strength water-swellable material for reducing lost circulation under high temperature. J. Pet. Sci. Eng. 2020,
189, 106957. [CrossRef]

49. Liang, Y.; Jin, C.; Wang, Z.; Guo, Y.; Shi, S.; Fan, L.; Song, D.; Li, N.; Zhang, Y.; Wang, J.; et al. Insights on the penetration and
migration of chemically cross-linked systems in porous media. J. Pet. Sci. Eng. 2022, 213, 110374. [CrossRef]

50. Cui, K.-X.; Jiang, G.-C.; Yang, L.-L.; Deng, Z.-Q.; Zhou, L. Preparation and properties of magnesium oxysulfate cement and its
application as lost circulation materials. Pet. Sci. 2021, 18, 1492–1506. [CrossRef]

51. Xu, B.; Yuan, B.; Guo, J.; Xie, Y.; Lei, B. Novel technology to reduce risk lost circulation and improve cementing quality using
managed pressure cementing for narrow safety pressure window wells in Sichuan Basin. J. Pet. Sci. Eng. 2019, 180, 707–715.
[CrossRef]

52. Tian, L.; Bu, Y.; Liu, H.; Guo, S. Study on the penetration of strengthening material for deep-water weakly consolidated shallow
formation. J. Pet. Sci. Eng. 2022, 210, 109862. [CrossRef]

53. Li, S.; Ma, C.; Liu, R.; Chen, M.; Yan, J.; Wang, Z.; Duan, S.; Zhang, H. Super-absorbent swellable polymer as grouting material for
treatment of karst water inrush. Int. J. Min. Sci. Technol. 2021, 31, 753–763. [CrossRef]

54. Jing, Y.; Wang, P.; Yang, Q.; Wang, Q. Study on feasibility and mechanism of the subcritical oxidation of waste drilling mud.
Colloids Surfaces A Physicochem. Eng. Asp. 2022, 640, 128424. [CrossRef]

55. Huang, B.; Zhang, W.; Zhou, Q.; Fu, C.; He, S. Preparation and Experimental Study of a Low-Initial-Viscosity Gel Plugging Agent.
ACS Omega 2020, 5, 15715–15727. [CrossRef]

56. Zhai, K.; Yi, H.; Liu, Y.; Geng, Y.; Fan, S.; Zhu, D. Experimental Evaluation of the Shielded Temporary Plugging System
Composed of Calcium Carbonate and Acid-Soluble Preformed Particle Gels (ASPPG) for Petroleum Drilling. Energy Fuels 2020,
34, 14023–14033. [CrossRef]

57. Zhu, D.; Xu, Z.; Sun, R.; Fang, X.; Gao, D.; Jia, X.; Hu, J.; Weng, J. Laboratory evaluation on temporary plugging performance of
degradable preformed particle gels (DPPGs). Fuel 2021, 289, 119743. [CrossRef]

58. Yu, B.; Zhao, S.; Long, Y.; Bai, B.; Schuman, T. Comprehensive evaluation of a high-temperature resistant re-crosslinkable
preformed particle gel for water management. Fuel 2022, 309, 122086. [CrossRef]

59. Niu, L.; Lu, X.; Xiong, C.; Tang, X.; Wu, X.; Jia, X.; Zhang, S. Experimental study on gelling property and plugging effect of
inorganic gel system (OMGL). Pet. Explor. Dev. 2013, 40, 780–784. [CrossRef]

60. Bai, B.; Leng, J.; Wei, M. A comprehensive review of in-situ polymer gel simulation for conformance control. Pet. Sci. 2022, 19,
189–202. [CrossRef]

61. Jia, H.; Yang, X. Environmental and strength-enhanced nanosilica-based composite gel for well temporary plugging in high-
temperature reservoirs. Asia-Pacific J. Chem. Eng. 2019, 14, e2270. [CrossRef]

62. Al-Shargabi, M.; Davoodi, S.; Wood, D.A.; Al-Musai, A.; Rukavishnikov, V.S.; Minaev, K.M. Nanoparticle applications as beneficial
oil and gas drilling fluid additives: A review. J. Mol. Liq. 2022, 352, 118725. [CrossRef]

63. Lin, C.; Taleghani, A.D.; Kang, Y.; Xu, C. A coupled CFD-DEM numerical simulation of formation and evolution of sealing zones.
J. Pet. Sci. Eng. 2022, 208, 109765. [CrossRef]

64. Xu, C.; Zhang, J.; Kang, Y.; Xu, F.; Lin, C.; Yan, X.; Jing, H.; Shang, X. Structural formation and evolution mechanisms of fracture
plugging zone. Pet. Explor. Dev. 2021, 48, 232–242. [CrossRef]

65. Zhang, D.; Jin, J.; Li, D.; Kang, Y.; Xu, J.; Wang, W. Numerical 3D-Simulation of Dynamic Natural Fracture Width for Lost Circula-
tion Control in Deep Fractured Tight Reservoir. In Proceedings of the 54th U.S. Rock Mechanics/Geomechanics Symposium,
physical event cancelled, June 2020; p. ARMA-2020-1265. [CrossRef]

http://doi.org/10.1016/j.jngse.2018.06.046
http://doi.org/10.1016/j.powtec.2021.11.001
http://doi.org/10.1016/j.fuel.2022.123477
http://doi.org/10.1016/j.petrol.2019.106501
http://doi.org/10.1016/j.powtec.2020.05.026
http://doi.org/10.1016/j.powtec.2018.09.086
http://doi.org/10.1016/j.ngib.2017.08.007
http://doi.org/10.1016/j.jngse.2021.104379
http://doi.org/10.1016/j.petrol.2020.107214
http://doi.org/10.1016/j.petrol.2020.106957
http://doi.org/10.1016/j.petrol.2022.110374
http://doi.org/10.1016/j.petsci.2021.08.002
http://doi.org/10.1016/j.petrol.2019.06.010
http://doi.org/10.1016/j.petrol.2021.109862
http://doi.org/10.1016/j.ijmst.2021.06.004
http://doi.org/10.1016/j.colsurfa.2022.128424
http://doi.org/10.1021/acsomega.0c02242
http://doi.org/10.1021/acs.energyfuels.0c02810
http://doi.org/10.1016/j.fuel.2020.119743
http://doi.org/10.1016/j.fuel.2021.122086
http://doi.org/10.1016/S1876-3804(13)60104-4
http://doi.org/10.1016/j.petsci.2021.09.041
http://doi.org/10.1002/apj.2270
http://doi.org/10.1016/j.molliq.2022.118725
http://doi.org/10.1016/j.petrol.2021.109765
http://doi.org/10.1016/S1876-3804(21)60019-8
http://doi.org/10.2118/175559-MS


Gels 2022, 8, 260 15 of 15

66. Peng, X.; Rao, X.; Zhao, H.; Xu, Y.; Zhong, X.; Zhan, W.; Huang, L. A proxy model to predict reservoir dynamic pressure profile of
fracture network based on deep convolutional generative adversarial networks (DCGAN). J. Pet. Sci. Eng. 2022, 208, 109577.
[CrossRef]

67. Schwarzer, M.; Rogan, B.; Ruan, Y.; Song, Z.; Lee, D.Y.; Percus, A.G.; Chau, V.; Moore, B.A.; Rougier, E.; Viswanathan, H.S.; et al.
Learning to fail: Predicting fracture evolution in brittle material models using recurrent graph convolutional neural networks.
Comput. Mater. Sci. 2019, 162, 322–332. [CrossRef]

68. Xu, C.-Y.; Kang, Y.-L.; You, L.-J.; Li, S.; Chen, F. High-Strength, High-Stability Pill System to Prevent Lost Circulation. In
Proceedings of the International Petroleum Technology Conference, Beijing, China, 26–28 March 2013; p. IPTC-17127-MS.
[CrossRef]

69. Sui, W.; Tian, Y.; Zheng, Y.; Dong, K. Modeling Temporary Plugging Agent Transport in the Wellbore and Fracture with a Coupled
Computational Fluid Dynamics–Discrete Element Method Approach. Energy Fuels 2021, 35, 1422–1432. [CrossRef]

70. Bai, Y.; Shang, X.; Wang, Z.; Zhao, X. Experimental study of low molecular weight polymer/nanoparticle dispersed gel for water
plugging in fractures. Colloids Surfaces A Physicochem. Eng. Asp. 2018, 551, 95–107. [CrossRef]

71. Jiang, H.; Liu, G.; Li, J.; Zhang, T.; Wang, C. A realtime drilling risks monitoring method integrating wellbore hydraulics model
and streaming-data-driven model parameter inversion algorithm. J. Nat. Gas Sci. Eng. 2021, 85, 103702. [CrossRef]

72. Jia, H.; Pu, W.-F.; Zhao, J.-Z.; Liao, R. Experimental Investigation of the Novel Phenol−Formaldehyde Cross-Linking HPAM
Gel System: Based on the Secondary Cross-Linking Method of Organic Cross-Linkers and Its Gelation Performance Study after
Flowing through Porous Media. Energy Fuels 2011, 25, 727–736. [CrossRef]

73. Zhu, Z.-X.; Li, L.; Liu, J.-W.; Chen, J.; Xu, Z.-Z.; Wu, Y.-N.; Dai, C.-L. Probing the effect of Young's modulus on the plugging
performance of micro-nano-scale dispersed particle gels. Pet. Sci. 2021, in press. [CrossRef]

74. Xu, C.; Yan, X.; Kang, Y.; You, L.; Zhang, J. Structural failure mechanism and strengthening method of fracture plugging zone for
lost circulation control in deep naturally fractured reservoirs. Pet. Explor. Dev. 2020, 47, 430–440. [CrossRef]

http://doi.org/10.1016/j.petrol.2021.109577
http://doi.org/10.1016/j.commatsci.2019.02.046
http://doi.org/10.2523/IPTC-17127-MS
http://doi.org/10.1021/acs.energyfuels.0c04056
http://doi.org/10.1016/j.colsurfa.2018.04.067
http://doi.org/10.1016/j.jngse.2020.103702
http://doi.org/10.1021/ef101334y
http://doi.org/10.1016/j.petsci.2021.10.027
http://doi.org/10.1016/S1876-3804(20)60060-X

	Introduction 
	Drilling Fluid Loss and Lost Circulation Control Mechanism in Fractured Formation 
	Mechanism of Drilling Fluid Loss in Fractured Formation 
	Lost Circulation Control Mechanism in Fractured Formation 

	Lost Circulation Material and Performance of Fractured Formation 
	Bridge Lost Circulation Materials and Properties 
	High-Water-Loss Lost Circulation Materials and Properties 
	Curable Lost Circulation Materials and Properties 
	Liquid Absorption Expansion Lost Circulation Materials and Properties 
	Flexible Gel Lost Circulation Materials and Properties 

	Evaluation Method of Drilling Fluid Loss and Lost Circulation Control 
	Evaluation Method of Drilling Fluid Loss in Fractured Formation 
	Evaluation Method of Pressure-Bearing Capacity in Fractured Formation 

	Development Prospect of Lost Circulation Control Technology 
	Strengthening the Mechanism of Lost Circulation Control in Fractured Formation 
	Research and Development of Adaptive and Efficient Lost Circulation Materials 
	Intelligent Plugging Equipment and Technology 

	Conclusions 
	References

