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a b s t r a c t

Working fluids loss is a major contributor to low productivity during production process of fractured
tight reservoirs. Lost circulation control effect directly related to the tribological behavior between
fracture surface and lost circulation materials (LCMs). In this study, the friction coefficient (FC) was
investigated using typical clastic rocks and LCMs by considering multiple effect factors divided into
external condition and internal condition. The results show that normal load had a relatively high effect
on sliding model. A positive correlation was observed between FC and asperities heights. FC decreased
induced by particle size degradation of rigid LCMs. Elastic LCMs manifested higher FC compared with
rigid LCMs. Under the lubrication condition by working fluid, FC of rigid LCMs was mainly controlled by
their surface wettability. FC of organic LCMs is more sensitive to high temperature aging than inorganic
LCMs. Fracture plugging experiments show that LCMs optimized based on the research results can
effectively improve the efficiency and strength of fracture plugging.

© 2021 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In recent years, naturally fractured reservoirs have become one
of the hot spots in petroleum industry, because a growing number
of companies are exploring ever more challenging oil and gas res-
ervoirs in tighter, deeper, and more complex conditions. Tight
reservoirs mainly including shale gas reservoirs and tight sand-
stone reservoirs play an important role in oil and gas exploration
and development in the world [1e3]. In China, tight reservoirs are
widely distributed in Sichuan Basin and Tarim Basin [4e6]. Tight
reservoirs are typically characterized by natural fractures

development and ultralow matrix permeability [7,8]. Developed
fractures are conducive to the economic and efficient development
of fractured reservoirs. However, they significantly increase the
severity of working fluid lost circulation [9e12]. Working fluid loss
is a major contributor to the nonproductive time and severest for-
mation damage mode during the exploration and development of
fractured tight reservoirs [13e15].

Lost circulation control technologies for working fluid in frac-
tured reservoirs mainly include adjusting wellbore stress and
plugging lost circulation channel. The methods for adjusting stress
around the wellbore include stress cage, increasing the fracture
closing stress, and increasing the fracture extension stress [16e18].
These methods control the lost circulation by adjusting the
tangential stress field around thewellbore and the stress field at the
tip of the fracture. Plugging the lost circulation channel refers to
forming a tight and high-strength plugging zone using lost circu-
lationmaterials (LCMs) to establish a balance between the wellbore
pressure and formation pressure [19e22]. In all the above-
mentioned techniques, the plugging effect mainly depends on the
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plugging strength of fracture. Low fracture plugging strength is the
main reason for plugging failure and repeated lost circulation,
intensifying the formation damage and fracture propagation
[23,24]. The most frequently used method for lost circulation
control is to form fracture plugging zone with soluble LCMs in
fractured reservoirs [25,26]. As shown in Fig. 1, frictional failure and
shear failure are the main failure patterns of fracture plugging
zones [27]. The friction force of a fracture surface acting on the
plugging zone is the main factor in maintaining the plugging zone
stability under the action of wellbore pressure, in-situ stress, and
formation pressure. The fracture plugging strength is directly
related to the tribological behavior between fracture surface and
plugging zone composed of LCMs. Previous studies have shown
that shear failure is the main failure form in fracture sealing area.
After the formation of a fracture plugging zone, it is affected by the
factors such as formation temperature, pressure, fluid and fracture
surface friction [28e30]. Moreover, the strength of the fracture
plugging zone is related to the performance of LCMs. The model of
fracture plugging strength shows that larger LCM friction coeffi-
cient leads to higher fracture plugging strength [31].

Selection of traditional LCMs is mainly guided by trial-and-error
[32,33]. Friction coefficient is the key LCM mechanical parameter
which affects both the fracture plugging strength and efficiency
[31], a thorough understanding of tribological behavior between
fracture surface and plugging zone composed of LCMs is critical for
a reasonable selection of LCMs. The tribological behavior between
fracture surface and granular matter can be evaluated using
experimental and simulation methods to determine the properties
of a granular flow system and dense solid system [34,35]. Up to
date, extensive studies have been conducted on the tribological
behavior of shale-proppant interface in oil and gas industry

[36e38]. However, unlike rigid granular proppant, types of LCMs
include rigid materials, elastic materials, and flexible materials. The
shapes of LCMs are granular, flaky, and fibrous. In addition, the
difference in fracture surface morphology, working fluid condition,
and high temperature condition makes the tribological behavior
between fracture surface and LCMs more complex. To the best of
our knowledge, very few papers have been published on the
tribological behavior between fracture surface and LCMs consid-
ering the fracture surface morphology, working fluids, and high
temperature condition in fractured tight reservoirs.

This study investigated the tribological behavior between tight
clastic rocks and LCMs. To better understand the mechanism of
rock-particle tribological behavior for lost circulation control in
fractured tight reservoirs, the frictional behavior was investigated
using a self-developed testing device by considering multiple effect
factors divided into external condition (the normal load, fracture
surface morphology, working fluid, high temperature conditions)
and internal condition (LCM particle size and type). The rocks used
in this study are Longmaxi (LMX) shale and Ahe (AH) tight sand-
stone obtained from Sichuan Basin and Tarim Basin. The rock sur-
face characteristics, microstructural properties of LCMs (before and
after high temperature aging), particle size degradation experi-
ments of rigid inorganic LCMs, and high temperature aging ex-
periments were also conducted to establish relationships between
the observed trends obtained from the friction coefficient tests.

2. Materials and methods

2.1. Rock samples

Two typical tight clastic rocks including shale rock and tight
sandstone rock were prepared for this study. The shale rock of
Longmaxi Formation in southern Sichuan Basin is taken as the
research samples. Longmaxi shale gas reservoir is one of the major
positions for shale gas exploration and development in China
[39,40]. The reservoir lithology is mainly dark grey-black

Fig. 1. Schematic of failure patterns of fracture plugging zone for lost circulation
control in fractured reservoirs [27].

Table 1
Mineral composition of tight clastic samples.

Samples Bulk composition, wt % Relative content of clay mineral, wt %

Quartz Carbonatite Feldspar Pyrite Clay Illite Kaolinite Chlorite Illite/Smectite

Shale 45.92 4.93 7.24 2.73 39.18 84.90 10.30 2.60 2.20
Tight sandstone 81.20 / 12.90 / 5.90 58.60 5.38 26.89 9.13

Fig. 2. Friction rock plates for friction test. (a) LMX shale; (b) fine grain AH sandstone.
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Fig. 3. LCMs. (a) coarse grain rigid inorganic LCM-B1, (b) medium grain rigid inorganic LCM-B1, (c) fine grain rigid inorganic LCM-B1, (d) fine grain rigid organic material LCM-B2, (e)
elastic organic synthetic LCM-F1, (f) organic synthetic fiber LCM-R1.

Fig. 4. Schematic diagram of friction coefficient measurement [42].

Fig. 5. LCM friction plates. (a) coarse grain LCM-B1, (b) medium grain LCM-B1, (c) fine grain LCM-B1, (d) fine grain rigid organic LCM-B2, (e) elastic organic synthetic LCM-F1, (f)
organic synthetic fiber LCM-R1.
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carbonaceous shale and silty shale. The Jurassic sandstone samples
in Kuga Depression of Tarim Basin were selected as the research

object. Kuqa Depression oil and gas fields are the primary alter-
native for west-east natural gas transmission in China and have
recently become a crucial exploration and development area [5,41].
The samples are lithic sandstones buried 4800e5500 m under-
ground. Porosity of sandstone samples ranges from 1.1% to 7.4%.
Permeability of samples ranges from 0.01 mD to 5.38 mD, and the
median permeability is 0.06 mD, which belongs to typical tight
sandstone (measured under 3 MPa confining pressure and 0.6 MPa
flowing pressure by pure nitrogen). Mineral compositions of the
two types of samples were analyzed using an X'Pert Pro X-ray
diffractometer (XRD) produced by Holland PANAlytical company,
and the test results are shown in Table 1.

After sample acquisition, the samples were cored to a diameter
of 25.4 mm, and cut their end surfaces smoothly. Then, slice the
samples into specimens with a thickness of 10.0 mm. The polished
samples were selected as experimental rocks to control the vari-
able. The rock surfaces were polished with 80 mesh, 400 mesh, and
800 mesh metallographic sandpapers in sequence to prepare the
friction rock plates (Fig. 2).

Table 2
Experimental plan of friction coefficient between rock surface and LCM.

Number Friction rock plate LCM friction plate Fluids environment Normal load (N) Sample pretreatment

1 LMX shale Fine grain LCM-B1 Dry condition 0.94 Dried at 60�C in air for 48 h
2 1.52
3 2.29
4 LMX shale Coarse grain LCM-B1 1.52
5 Medium grain LCM-B1
6 Fine grain LCM-B1
7 AH tight sandstone Fine grain LCM-B1
8 LMX shale LCM-F1
9 LCM-R1
10 LMX shale Fine grain LCM-B1 Dry condition
11 Formation water
12 White oil
13 Fine grain LCM-B2 Dry condition
14 Formation water
15 White oil
16 LMX shale Fine grain LCM-B1 Dry condition Dried at 60�C in air for 48 h
17 Rolling at 180�C in diesel for 8 h
18 Fine grain LCM-B2 Dried at 60�C in air for 48 h
19 Rolling at 180�C in diesel for 8 h

Fig. 6. Diagram of plugging zone in the fracture for lost circulation control in naturally
fractured reservoir [45].

Table 3
Normal stress exerted on the fracture plugging zone for LMX shale gas reservoir of W1eH1.

Depth (m) Drilling fluid density (g/cm3) shmin (MPa) Pf before lost circulation (MPa) Maximum Pf after lost circulation (MPa) Pc (MPa) Reference

2272 1.85 34.84 28.55 41.19 0e6.3 [42,44]

Fig. 7. Friction coefficient between LMX shale and rigid inorganic bridging materials LCM-B1 with different particle sizes: (a) friction coefficient vs. time; (b) MSFC, ASFC, and SFCV
vs. normal load.

C. Xu, H. Zhang, M. Zhu et al. Petroleum 8 (2022) 352e362

355



2.2. Materials

Fracture plugging by utilizing LCMs is the most common
method to control lost circulation in naturally fractured reservoirs.
According to their function, LCMs can be split into three types:
bridging LCMs, filling LCMs, and reinforcement LCMs. The bridging
material forms the frame of fracture plugging zone because they
have high compressive strength under fracture closure stress. The
filling material is filled in the pores between bridging materials to
improve the compactness and pressure containment of the plug-
ging zone. Note that the division of bridging materials and filling
materials is not invariable. For example, sized calcium carbonate is
the commonly used LCM because of its low-cost efficiency. Calcium
carbonate with a larger particle size can be used as a bridging
material, while particles with a smaller particle size can be used as
filling materials. The reinforcement material that are easy to
captured in the fracture plays an essential role in improving the
plugging efficiency of fracture.

In this study, typical bridging materials, filling materials, and
reinforcement materials in the tight gas reservoir in Sichuan Basin
and Tarim Basin were selected for friction coefficient measure-
ments. Two typical bridging materials were selected in this study:
rigid inorganic material LCM-B1 and rigid organic material LCM-B2.
The filling material is elastic organic synthetic material LCM-F1; the
reinforcement material is organic synthetic fiber material LCM-R1.
Rigid inorganic material LCM-B1 was smashed into different
meshes to evaluate the influence of particle size on friction coef-
ficient between rock fracture surface and LCMs (Fig. 3).

2.3. Friction coefficient test procedure

A COF-1 friction coefficient system was used to measure the
friction coefficient between rock surface and LCMs at in-situ tem-
perature and fluid environment conditions (Fig. 4). The selected

equipment includes a sample holding system, control system, dy-
namic system, and data acquisition system. The basic principle of
experiment was that the friction rock plate slides on the friction
plate formed by LCMs to calculate the friction coefficient of LCMs.
The friction data were monitored during the sliding, and the fric-
tion coefficient curve was obtained. The dry LCMs were stick on a
thin steel plate using the binder and gently crushed with a clean
glass to smoothen the surface of LCM friction plate. The size of LCM
friction plate was 5.0 cm long and 3.0 cm wide (Fig. 5). The normal
load, fracture surface morphology, LCM particle size and type,
working fluids, and high temperature are the key factors affecting
the tribological behavior between fracture surface and LCMs. The
experimental plan of friction coefficient between rock surface and
LCM is shown in Table 2. The experimental steps of analysis and the
effect of working fluid infiltration on friction coefficient are as
follows: (1) The LCM is dried in an oven at 60�C for 48 h. (2) The
LCM friction plate is placed on the support and the weighted

Fig. 8. Friction coefficient between fine grain LCM-B1 and clastic rocks (FN ¼ 1.52 N): (a) friction coefficient vs. time; (b) MSFC, ASFC, and SFCV.

Fig. 9. 3D laser-scanner morphologic images of rock samples: (a) LMX shale, (b) AH tight fine grain sandstone.

Fig. 10. Effect of particle grain on size degradation of sample of rigid inorganic
bridging materials LCM-B1 after 120 min.
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friction rock plate is put on the left side of the plate. (3) Connect the
friction rock plate to apply force to a transducer and slightly put the
poise weight on the center of friction rock plate. (4) the working
fluid which is already heated to the formation temperature is
injected into the heating system slowly until the liquid level rea-
ches the contact interface between the friction plates. (5) the motor
is adjusted and the movement is controlled at a speed of
4.0e5.0 mm/min, and automatically record the friction force data
till the friction rock plate moves to the right edge of lost circulation
friction plate. (6) Calculate the friction coefficient using the recor-
ded data.

2.4. Other experiments

Three-dimensional (3D) surface laser scanning was conducted
for the qualitative evaluation of rock surface roughness of shale and
tight sandstone samples. Size degradation experiments of rigid
inorganic materials LCM-B1 during drilling fluid circulation were
conducted according to the experimental procedure reported by
Kang et al. (2019) [43] High temperature aging experiments of the
two types of bridging materials were conducted at 180 �C diesel
condition for 8 h. Microstructural properties of LCMs (before and
after high temperature aging) were analyzed by scanning electron
microscopy (SEM).

3. Results and discussion

3.1. Effect of normal loads

The fracture propagation direction is generally perpendicular to

the minimum horizontal principal stress direction (Shmin). The
normal stress (Pc), the actual stress exerted on the fracture plugging
zone, is equal to the difference between Shmin and the pressure in
the fracture (Pf) (Fig. 6). During the lost circulation process, as the
addition of drilling fluid from a wellbore into the fracture, the
pressure in the fracture increases further. Take well W1eH1 as an
example; the Pc varies from 0 MPa to 6.3 MPa (Table 3).

The friction coefficient between a representative specimen, LMX
shale, and fine grain rigid inorganic materials LCM-B1 under three
different normal loads (0.94 N, 1.52 N, and 2.29 N) is shown in
Fig. 7a. The normal stress (Pc) ranges from 0.4 MPa to 0.7 MPa,
which is within the range of that in the reservoir. The friction

Fig. 11. Friction coefficient between LMX shale and rigid inorganic bridging materials LCM-B1 with different particle sizes: (a) friction coefficient vs. time; (b) MSFC, ASFC, and SFCV
vs. particle size.

Fig. 12. Friction coefficient between LMX shale and different types of LCMs: (a) friction coefficient vs. time; (b) MSFC, ASFC, and SFCV vs. normal forces.

Fig. 13. Elastic deformation rate for different LCM combinations under different frac-
ture closure stress (“B” represents the rigid bridging LCM, “B&F” and “B&R” represent
the combination between rigid bridging LCM and elastic filler LCM, and the combi-
nation between rigid bridging LCM and fiber reinforcement LCM, respectively).
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coefficient reached a stable state after the initial regime of shearing
time. The friction coefficient curves show obvious stick slip char-
acteristics with a peak value at the end of static friction stage, which
is the maximum static friction coefficient (MSFC). The static friction
stage reflects the transition from a stable state to an unstable state
in the plugging zone, and theMSFC was selected to characterize the
plugging stability of LCMs. The stage of sliding friction reflects the
plugging efficiency of LCMs in the fracture, which can be charac-
terized using the indexes average sliding friction coefficient (ASFC)
and sliding friction coefficient variance (SFCV) in the sliding stage.

Fig. 7b shows that both ASFC and MSFC increased with an initial
slow increase as the normal load increased from 0.94 N to 1.52 N.
Then, a stable-slight decline was observed as the normal load
increased from 1.52 N to 2.29 N. SFCV showed a decreasing trend as
the normal load increased from 0.94 N to 2.29 N. When the normal
stress was 0.94 N, the sliding stage fluctuates greatly. In contrast,
when the normal load of 2.29 N, the stick slip characteristics were
weakened, and the sliding stage curve was smoother. Therefore,
normal load had a relatively high effect on sliding model and slight
effect on the friction coefficient between LMX shale and LCM-B1.
This result is similar to that of a previous study on friction coeffi-
cient between organic shale and proppant simulant conducted by
He et al. (2020) [37]. Note that with the exploration and develop-
ment of oil and gas reservoirs to deeper formation, a high in-situ
stress makes the friction behavior between tight clastic rocks and
LCMs more complex. It is very important to evaluate the effect of
crushing behavior of rigid LCMs on friction coefficient under high or
ultrahigh normal stress.

3.2. Effect of clastic rock types

The friction coefficient between fine grain LCM-B1 and clastic

rocks is shown in Fig. 8. The friction coefficient of the ASFC and
SFCV between fine grain LCM-B1 and AH tight sandstone increase
than LMX shale, and the increase rates of MSFC and ASFC of coarse
grain AH tight sandstone are 12.5% and 10.0%, respectively. Fig. 9
shows the 3D laser-scanner morphological images of rock sam-
ples. Based on the 3D laser-scanner morphologic image analysis,
there are many asperities with different heights distributed on the
polished LMX shale fracture surface. The asperities height is mainly
around 0.03 mm, while the asperities height of AH tight sandstone
is 0.06 mm. The rock surface of shale is relatively smooth owing to
the small size of rock grains. Therefore, the LCMs were more diffi-
cult to be captured, and the plugging zone formed by LCMs was
easier to lose stability in fractured shale formation than tight
sandstone formation. This is one of the leading causes why it is
harder to control lost circulation during drilling of natural fractured
shale gas reservoirs.

3.3. Effect of LCMs particle size

As the drilling fluid circulates in the wellbore, the particle size of
bridging materials will gradually degrade. The degradation of solid
particle size is especially obvious because of the long open segment
in deep naturally fractured reservoir [43]. As shown in Fig. 10, the
particle size D90 of fine grain LCM-B1 decreased from 358.0 mm to
296.3 mm after circulation of 120 min at a rotation speed of
1000 rpm, with a reduction of 17.2%. Clearly, the size degradation
rate of larger particles is obviously higher than that of finer parti-
cles. For sample LCM-B1 with medium and coarse grains, the
degradations of D90 size are 39.21% and 51.25%, respectively. As
shown in Fig. 11, the MSFC and ASFC decrease with the decrease in
particle size. The SFCV of rigid inorganic bridging materials LCM-B1
with coarse grain is 0.0830, and the sliding stage exhibits a greater

Fig. 14. Friction coefficient of two types of rigid bridging LCMs under different infiltration conditions: (a) friction coefficient of rigid inorganic materials LCM-B1 vs. time; (b) MSFC,
ASFC, and SFCV vs. friction conditions; (c) friction coefficient of rigid organic materials LCM-B2 vs. time; (d) MSFC, ASFC, and SFCV vs. friction conditions.
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fluctuation range. For comparison, the fluctuation range was
reduced, and the sliding stage curve became smoother with the
decrease in particle size. A reasonable performance design of dril-
ling fluid is the key technology to effectively implement formation
damage control and lost circulation control, while the optimization
of size distribution of solid particles is the key to optimize the
drilling fluid formula, which must match the fracture width. Based
on lab tests, reduction in friction coefficient induced by particle size
degradation is one of themain reasons for the poor field application
effect of optimized plugging slurry with good plugging effect.

Therefore, to optimize the friction coefficient between LCMs and
rock surface, it is necessary to consider the effect of circulation
abrasion of LCMs.

3.4. Effect of LCMs types

Fig. 12 shows the friction coefficient of LMX shale & fine grain
LCM-B1, LMX shale & LCM-F1, and LMX shale & LCM-R1. The order
of the friction coefficient is that: filling material > reinforcement
material > bridging material. The values of MSFC for bridging ma-
terial, filling material, and reinforcement material are 0.32, 0.57,
and 0.42, respectively. The ASFC for filling material increased by
60.0% than the bridging material. The ASFC for fine grain LCM-B1 is
lower than that of all other LCMs because of its point-contact,
which is the main contact type of rigid bridging particles during
the friction. Elastic particles play an important role in improving
the self-adaption capacity of plugging zone to the size change of
fracture loss channel under pressure fluctuation. Under sliding
friction, the contact area for LMX shale & LCM-F1 is much larger
than LMX shale & fine grain LCM-B1 owing to higher elastic
deformation of elastic filling material. Surface contact between
LMX shale& elastic LCM-R1 is the major contact type and leads to a
greater friction resistance during the friction. Similar to elastic filler
materials, fiber is more pliable than rigid particles. The ASFC for
LMX shale & LCM-R1 is 0.43, slightly higher than that of LMX shale
& fine grain LCM-B1 with a value of 0.40 because of a large contact
area. Bridging materials with high compressive strength act as the
frames of plugging zone. However, due to the limitation of particle
shapes and sizes, the fracture plugging zone formed with single
bridging granules is still not high enough; elastic particles and fi-
bers are needed to further improve the tightness of plugging zone.
As shown in Fig. 13, the addition of elastic organic synthetic ma-
terials LCM-F1 and organic synthetic fiber materials LCM-R1 into
rigid bridging can further increase the elastic deformation rate,
increase the contact area between friction pairs, and improve the
plugging efficiency and plugging strength of plugging zone.

3.5. Effect of infiltration of working fluids

Fig. 14 shows the friction coefficient of two types of rigid
bridging LCMs under different infiltration conditions. After fluid
infiltration, both the MSFC and ASFC of the two types of rigid
bridging LCMs decreased than those under the dry condition.
Compared with the dry condition, the reduction rate of MSFC and
ASFC in oil-based condition is greater than that in water-based
condition. This lubrication effect difference between water and oil
conditions is probably the reason for different lost circulation
control difficulties. The decrease in ASFC between LMX shale and
rigid inorganic materials LCM-B1 infiltrated in water condition
filtrate was 31.0%, greater than that of rigid organic materials LCM-
B2 with a value of 2.5%. For oil-based infiltration condition, rigid
organic materials LCM-B2 showed a greater decrease in ASFC than
rigid inorganic materials LCM-B1. The wettability of LCMs signifi-
cantly affects the friction behavior under fluid infiltration condi-
tion. Under the dry condition, the rigid LCMs directly contact with
the asperities on the fracture surface, leading to a high friction
resistance. Under the condition of liquid infiltration, the friction
surfaces were in liquid wet condition, the friction resistance
decreased due to the formation of a lubricating film between the
friction pairs, which is closely related to the wettability of LCMs.
The rigid organic material LCM-B1 is lipophilic, and a stable oil
lubrication film is easier to form owing to the presence of organic
matter. The stable oil lubrication film significantly reduces the
stability of friction sliding, which explains why a distinct friction
coefficient reduction was observed on the friction curve between

Fig. 15. Friction coefficient of two types of rigid bridging LCMs before and after HTA:(a)
friction coefficient of rigid inorganic materials LCM-B1 vs. time; (b) friction coefficient
of rigid organic materials LCM-B2 vs. time; (C) MSFC, ASFC and MSFC, ASFC and SFCV.
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LMX shale and LCM-B2 in oil-based condition.

3.6. Effect of high temperature aging

Fig. 15 shows the friction coefficient of two types of rigid

bridging LCMs before and after HTA. The ASFC between LMX shale
and rigid inorganic materials LCM-B1 after HTA was 0.48, exhibit-
ing a slight reduction than that before HTA, with a value of 0.51.
Compared with rigid inorganic materials LCM-B1, the friction co-
efficient of rigid organic materials LCM-B2 is more sensitive to HTA.
After rolling at 180�C in diesels for 8 h, the decrease in ASFC be-
tween LMX shale and rigid organic materials LCM-B2 was 47.5%,
and the stick slip phenomenon strengthened than that before HTA.
Rigid organic materials LCM-B2 contain a lot of lignin, cellulose,
hemicellulose, and other organic matter. Under a high temperature
environment, aging reaction can take place in a short time. The SEM
results show that the structure of LCM-B2 was very dense before
HTA, and the spacing between pores on the surface of walnut shell
was small. Before and after high temperature aging of millimeter-
grade calcium carbonate, no significant change in the surface
structure and no new fractures were observed (Fig. 16). To improve
the efficiency of lost circulation control in ultradeep wells, the ef-
fect of high temperature aging of LCMs on its friction property
should be considered when selecting the lost circulation formula.

4. Optimization of loss control formula

The friction coefficient shows good correlation with fracture

Fig. 16. Images of organic rigid LCMs. (a) rigid inorganic materials LCM-B1 before HTA treatment, (b) rigid inorganic materials LCM-B1 after HTA treatment, (c) rigid organic
materials LCM-B2 [45], (d) rigid organic materials LCM-B2.

Table 4
Experimental results of fracture plugging evaluation.

Number Formula formed by LCMs maximum plugging pressure (MPa)

1-0# 5%LCM-K3 1.5
1-1# 5%LCM-K3þ3%LCM-G11 þ 3%LCM-F1þ0.5%LCM-R1 19.0
1-2# 5%LCM-B2þ3%LCM-G11 þ 3%LCM-F1þ0.5%LCM-R1 13.1

Fig. 17. Fracture plugging experiment results with formulas 1-1# and 1e2#.
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plugging strength and efficiency [35]. Based on the above experi-
mental analysis, considering various influencing factors of mate-
rials, LCM-K3 is selected, which is a high-strength rigid inorganic
LCM with high friction coefficient (up to 1.45) and high tempera-
ture and compression resistance (the degradations of D90 size is
4.2% at 180�C and 30 MPa). Formula 1-1# is based on formula 1-2#
and added with high-strength rigid inorganic LCM-K3. Formula 1-
0# is only added with high-strength rigid inorganic LCM-K3.
Experimental results of the maximum plugging pressure are
shown in Table 4maximumplugging pressure of the three formulas
are 1.5 MPa,19.0 MPa,13.1MPa. Fracture plugging results show that
the high-strength rigid inorganic LCM have obvious plugging effect
when added together with filling and reinforcingmaterials, and the
maximum plugging pressure of LCM-K2 is significantly higher than
that of LCM-B2, which effectively improves the strength of fracture
plugging zone (Fig. 17).

5. Conclusions

In this study, the frictional behavior was investigated by con-
ducting friction coefficient tests between the fracture surface and
LCMs. The tests analyzed the influence of multiple effect factors on
the friction behavior, and the results were as follows:

1) The normal load exhibited a relatively high effect on sliding
model and slight effect on friction coefficient. The friction co-
efficient has a positive correlation with asperities height. The
values of MSFC and ASFC decrease with the decrease in particle
size.

2) The values of MSFC for bridging material, filling material, and
reinforcement material are 0.32, 0.57, and 0.42, respectively. The
ASFC for filling material increased by 60.0% than the bridging
material.

3) The decrease in ASFC between LMX shale and rigid inorganic
materials LCM-B1 infiltrated in water condition filtrate was
31.0%, greater than that of rigid organic materials LCM-B2 with a
value of 2.5%.

4) The ASFC between LMX shale and rigid inorganic materials
LCM-B1 after HTA was 0.48, exhibiting a slight reduction than
that before HTA, with a value of 0.51. After rolling at 180�C in
diesels for 8 h, the decrease in ASFC between LMX shale and
rigid organic materials LCM-B2 was 47.5%.

5) Fracture plugging experiments show that the maximum plug-
ging pressure of the formula formed by the high-strength rigid
inorganic LCM optimized based on research results is 19.0 MPa,
which can effectively improve the strength of fracture plugging
zone.
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