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Deep well drilling in high-salinity geological formations presents significant challenges, including 
recurrent loss of drilling fluids and repeated plugging failures. These issues necessitate a reevaluation 
of conventional lost circulation materials (LCMs) and their performance metrics. Here, we investigate 
the behavior of commonly used bridging LCMs under high-salinity conditions characteristic of the 
Kuqa foreland in China’s Tarim Basin. Our comprehensive experimental study reveals that high-salinity 
environments substantially impact the stability of LCM formed plugging zones. We demonstrate 
that after exposure to formation water with 200,000 mg/L salinity at 150 °C for 24 h, millimeter-
sized calcium carbonate LCMs exhibit significant physical and mechanical changes. These include 
color darkening, 4.79% mass loss, and a 13.75% reduction in friction coefficient. The compressive 
strength degradation rates at D90 for pre- and post-high-salinity treatment were 17.58% and 5.48%, 
respectively. Walnut shell LCMs showed more pronounced alterations, with color change from dark 
brown to black, 32.51% mass loss, and a 28.57% decrease in friction coefficient. Their compressive 
strength degradation rates at D90 were 3.53% and 28.76% for pre- and post treatment, respectively. 
Synthetic polymer LCMs, while maintaining color stability, experienced a 9.51% mass loss and a 
20.86% reduction in friction coefficient, with compressive strength degradation rates of 2.40% and 
22.96% for pre- and post-treatment, respectively. Our findings indicate that the frictional performance 
and compressive strength of LCMs are compromised in deep, high-salinity geological formations. This 
deterioration leads to shearing instability and particle size degradation, ultimately resulting in plug 
failure. This study provides crucial insights for the selection of LCMs capable of maintaining long-term 
pressure stability in challenging deep, high-salinity formations, potentially revolutionizing drilling 
practices in such environments.
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High-salinity geological formations, such as salt layers, hypersaline lacustrine oil reservoirs, massive salt strata, 
and deep high-salinity aquifer gas reservoirs, are widely distributed across the globe1–4. These formations, which 
have developed during various geological periods, can be found in sedimentary basins on every continent. 
Notable examples include the Honigsee salt cavern gas storage facility in Germany, the Eminence salt cavern 
gas storage facility in the United States, the extensive salt strata of the Tarim Basin in China, and the hypersaline 
lacustrine oil reservoirs in the Qaidam Basin5,6. These high-salinity geological formations play a critical role in 
both gas storage and the enhancement of oil and gas reserves. In the context of gas storage, salt cavern storage 
facilities are particularly suitable for storing gases such as natural gas due to their excellent sealing properties 
and stability. As for hydrocarbon resources, salt strata serve as effective cap rocks for oil and gas reservoirs, 
potentially trapping significant quantities of hydrocarbons beneath them. For instance, the Kuqa Depression in 
the Tarim Basin, China’s largest and most prolific deep hydrocarbon basin, is the primary natural gas production 
area, with geological reserves surpassing one trillion cubic meters. The thickness of the salt strata in this region 
ranges from nearly 4000 m to over 100 m7–10. Additionally, hypersaline lacustrine oil reservoirs and deep high-
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salinity hydrocarbon reservoirs comprise unique depositional environments rich in oil and gas resources. Such 
formations are key exploration targets for oil companies, exemplified by the high-salinity hydrocarbon reservoirs 
in the Tarim Basin and the hypersaline lacustrine oil reservoirs in the Qaidam Basin11–16.

Drilling engineering in high-salinity geological formations faces stringent geological conditions and 
numerous technical bottlenecks. Notably, wellbore lost circulation is one of the most common and challenging 
drilling complications to17–21. Wellbore lost circulation, defined as the substantial loss of drilling fluid into the 
surrounding formation, not only results in significant consumption of drilling fluid and Prolonged drilling times 
but also poses risks such as well collapse, blowouts, stuck pipe events, and even the catastrophic failure of the 
wellbore, leading to considerable engineering disasters. At present, the global drilling leakage rate accounts 
for about 20–25% of the total number of drillings, and the annual cost of plugging leakage is as high as $4 
billion22. Accounts indicate that wellbore lost circulation constitutes approximately 70% of the total operational 
downtime attributed to drilling complications, incurring direct annual losses exceeding 10 billion CNY in 
China, with immeasurable indirect losses 37. It is a critical bottleneck impairing the efficiency and effectiveness 
of deep geological resource extraction Management23–28. The physical method of lost circulation prevention 
and plugging is currently the most widely employed technique in drilling engineering7,29. This method offers 
numerous advantages, including a wide range of available LCMs, simplicity of procedure, and manageable 
construction safety risks. It involves adding physical LCMs (such as particulate or fibrous materials) to the 
drilling fluid, which then forms a high-pressure barrier within the formation’s pores and fractures, temporarily 
or permanently isolating the wellbore from the formation to prevent drilling fluid loss manage28,30,31. Extensive 
research has been conducted on the optimization and selection of LCMs, which vary significantly in function 
and performance. Notably:

	(1)	 Geometric parameter optimization: The main concern is the spatial compatibility between lcm and fracture 
system. (Key parameters: particle size distribution (D50, D90), aspect ratio, sphericity.) Alsaba et al.28 and 
Razavi et al.32 proposed matching the particle size of LCMs with fracture dimensions experimentally, estab-
lishing the Mortadha and Omid bimodal selection criteria. Lei et al. investigated the principles of optimal 
material selection based on the formation mechanism of the plugging layer30. (Limitations: Static particle 
size matching ignores downhole dynamic conditions that lead to particle rearrangement and particle size 
degradation).

	(2)	 Mechanical parameter optimization: It mainly solves the mechanical stability problem of the plugging lay-
er under the action of underground stress. (Key Characteristics: Compressive strength (> fracture closure 
stress), Friction coefficient, Elastic modulus).Beardmore et al.33 highlighted that particle size degradation 
occurs with particulate LCMs during circulation.

	(3)	 Chemical parameter optimization: Kang et al.34 underscored that high-salt treatment failure is a significant 
factor in the structural breakdown of plugging layers in deep wells. These insights contribute to refining 
the selection and application of LCMs in drilling operations, aiming to mitigate wellbore lost circulation 
and enhance the overall efficacy of deep geological resource exploration. Current restrictions: Most studies 
use short-term (< 2 h) compression tests and ignore the creep behavior over time. Limited data on friction 
coefficient degradation at high temperatures (> 120 °C).There is no established cyclic stress resistance test 
standard.

Drilling operations in high-salinity geological formations frequently encounter recurrent fluid losses, indicating 
that conventional metrics for evaluating LCMs—such as particle size distribution, geometric shape, and thermal 
resistance—are inadequate to meet the demands of drilling fluid loss control. The pressure stability of LCMs 
under conditions of high temperature, high in-situ stress, and high salinity has emerged as a key technical 
challenge in managing fluid losses within these formations34. Sider, for example, a block in the Kuqa Depression 
of the Tarim Basin, where the reservoir is at a depth of 7700 m, with a temperature of 168 °C and an average 
formation water salinity of 210,000 mg/L. During drilling operations in this block, multiple instances of drilling 
fluid loss occurred, ranging from 24.5 to 573.0 m3, with an average loss volume of 164.7 cubic meters. A single 
application of while-drilling plug setting initially mitigated fluid loss, but recurrent losses subsequently ensued, 
requiring 18 instances of while-drilling plug setting and three dedicated plug-setting operations, none of which 
effectively controlled the losses. Insufficient pressure capacity following plug-setting operations led to repeated 
fluid losses during subsequent activities, significantly hampering hydrocarbon extraction progress.

While prior studies (e.g., Alsaba et al.,28; Razavi et al.,32) established particle size optimization criteria for 
LCMs and Kang et al.34 addressed high-temperature aging, the combined effects of high salinity (200,000 mg/L), 
temperature (150 °C), and pressure on LCM stability remain poorly understood. This study bridges this gap 
by systematically evaluating LCM performance under conditions mirroring the extreme salinity of the Tarim 
Basin’s Kuqa Depression—a critical advancement for regions where recurrent losses persist despite conventional 
LCM use.

Unlike traditional evaluations focused on standalone metrics like particle size or thermal stability, this 
work introduces a holistic assessment of LCMs under high salinity, integrating mass loss, friction coefficient 
degradation, compressive strength changes, and microstructural analysis via SEM. This approach reveals 
previously undocumented interactions, such as salt precipitation enhancing calcium carbonate’s compressive 
strength (17.58% vs. 5.48% degradation pre-/post-salinity treatment) and walnut shell’s structural collapse due 
to dissolution pores (32.51% mass loss).

By employing SEM, this study uncovers micro-scale mechanisms driving LCM failure in saline environments. 
For instance, walnut shells develop honeycomb-like dissolution pores under salinity, directly linking structural 
degradation to friction coefficient reduction (28.57%). Such granular insights are absent in prior literature, 
which often relies on macroscopic performance metrics.
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The findings challenge industry reliance on organic materials like walnut shells in high-salinity formations, 
demonstrating their unsuitability due to chemical instability. Conversely, synthetic polymers, despite minimal 
visual changes, exhibit significant friction degradation (20.86%), necessitating a paradigm shift toward inorganic 
or composite materials. These results provide a science-backed framework for optimizing LCM formulations 
in saline reservoirs, addressing a critical field challenge highlighted by repeated losses in the Kuqa Depression.

The development of a custom friction coefficient apparatus (COF-1) and compressive strength tester tailored 
for high-salinity conditions represents a methodological leap, enabling precise simulation of downhole shear 
and pressure dynamics. This contrasts with conventional lab setups that overlook salinity’s role in material 
degradation.

Materials and methods
Experimental sample
Bridging LCMs, filling materials, and deformable fibers collectively constitute the fracture plugging zone, with 
bridging LCMs forming the structural framework and occupying the largest volume fraction. In this study, we 
selected three commonly used bridging LCMs for high-salinity reservoir drilling in the Kuqa Depression of 
the Tarim Basin: millimeter-scale calcium carbonate (Fig. 1a), walnut shells (Fig. 1b), and polymer materials 
(Fig.  1c). These materials respectively represent three characteristic categories of bridging LCMs: inorganic 
mineral materials, plant-derived organic materials, and synthetic polymer materials.

For the experimental fluid, we prepared simulated formation water in the laboratory, matching the salinity 
data of deep well drilling fluids from a block in the Tarim Basin (Table 1). This setup ensured that the test 
conditions accurately reflected the high salinity conditions encountered in the field.

High-salinity treatment experiment for LCMs
The experimental procedure for high-salinity treatment of lost circulation materials (LCMs) is as follows: (1) 
Weigh 30.00 g of walnut shell LCMs using an analytical balance, and place it into an aging cell; (2) Pour the pre-
prepared simulated formation water into the aging cell containing the LCMs, ensuring that the liquid completely 
submerges the material and isolates it from atmospheric oxygen. Place the aging cell into a roller oven set at 
150 °C. After 24 h, retrieve the aging cell; (3). After allowing the aging cell to cool, remove the LCMs, rinse 
and dry it thoroughly at 80 ℃. Utilizing a Quanta 450 environmental scanning electron microscope, scan and 
analyze the microstructural changes of the LCMs before and after high-salinity treatment; (4) Take the same 
mass of millimeter calcium carbonate and polymer material and repeat steps 2–3.

Performance parameter testing of LCMs before and after high-salinity treatment
Mass loss rate
To assess the mass loss rate of the lost circulation materials (LCMs) subjected to high-salinity conditions, we 
measured the mass of the LCMs both prior to and following the salinity treatment. The mass loss rate was 
calculated using the following equation (Eq. 1):

	
K = M0 − Mt

M0
× 100%� (1)

Salt dosage (g/L)

ppmNaCl KCl NaHCO3 CaCl2

100 85 12.5 2.5 200,000

Table 1.  Experimental formula for simulating formation water.

 

Fig. 1.  Images of each bridging LCMs utilized in this study. (a) Organic rigid LCMs; (b) Inorganic rigid LCMs; 
(c) Synthetic polymer LCMs.
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where (M0) represents the initial mass of the LCMs in grams (g), and (Mt) denotes the post-treatment mass of 
the LCMs in grams (g).

Coefficient of friction testing
The coefficient of friction (COF) for three types of lost circulation materials (LCMs) was measured before and 
after high-salinity treatment using a custom-developed COF-1 friction measurement apparatus. The operational 
principle of the COF-1 apparatus is depicted in Fig. 2. The experimental procedure is outlined as follows: (1) 
Preparation of Friction Plates: The granular LCMs were first dried at 60  °C in an oven. One side of a steel 
plate was coated with an adhesive, and the dried granular LCMs were uniformly applied in a single layer. The 
adhesive-coated steel plate was then lightly pressed against a clean glass plate to ensure a flat surface, forming the 
granular LCMs friction plates. Two sizes of granular LCMs friction plates were prepared: lower plates measuring 
5 cm by 3 cm and upper plates measuring 2 cm by 3 cm; (2) Assembly for Testing: The lower granular LCMs 
friction plate (Fig. 3a) was mounted on a stand with the LCMs-coated side facing upward. The pre-weighed 
upper granular LCMs friction plate (Figs. 3b, 4a–c) was placed horizontally at the left end of the lower plate; (3) 
Load Application: A weighted mass was gently placed at the center of the upper surface of the lower friction plate 
and secured. A fine steel wire was used to connect the slide to a spring, ensuring the wire remained slack; (4) 
Liquid Immersion: Lubricating fluid was slowly added to a temperature-controlled liquid bath until the liquid 
level submerged the contact interface; (5) COF Measurement: The COF measurement apparatus was activated 

Fig. 4.  Friction plate of LCMs. (a) Upper friction plate of calcium carbonate; (b) Lower friction plate of 
Walnut shell; (c) Lower friction plate of rubber granule; (d) Lower friction plate of QR-1 fiber; (e) Lower 
friction plate of combined LCMs.

 

Fig. 3.  Friction plate of particle plugging material: (a) friction plate of lower particle plugging material, (b) 
friction plate of upper particle plugging material8.

 

Fig. 2.  Schematic diagram of friction coefficient measuring system (COF-1)8.
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to record the friction force versus displacement curves; (6) Calculation of Friction Coefficient: Using Eq. (2), the 
coefficient of friction was calculated, and the variations in the COF of the granular LCMs were plotted.

	
ms = Ff

mg
� (2)

In Eq. (2), µs represents the surface friction coefficient between the granular LCMs (dimensionless); Ff is the 
friction force recorded by the force sensor (N); and (m) denotes the total mass and weight of the upper friction 
plate (kg).

Compressive strength testing
Using a self-developed drilling plugging rigid material compressive strength tester, we conducted compressive 
strength tests on the plugging materials before and after high-salinity treatment. The degradation rate of particle 
size distribution D90 was chosen as the evaluation metric for compressive strength. A schematic of the testing 
apparatus is depicted in Fig. 5. The compressive strength of the granular materials was evaluated through the 
following experimental steps: (1) Initial Particle Size Distribution Measurement: Measure the initial particle 
size distribution of the granular LCMs to determine the initial D90 value ((D90i)); (2) Sample Preparation: 
Spread a single layer of the granular LCMs onto the lower steel plate B, and place steel plate A on top of the 
granular LCMs; (3) Application of Pressure: Activate the hydraulic press to apply a constant vertical pressure 
of 30.0  MPa on steel plate A. Maintain this pressure for 30  min before shutting down the hydraulic press; 
(4) Material Recovery: Recover the granular LCMs, ensuring a mass recovery rate of at least 95%; (5) Post-
Compression Particle Size Distribution Measurement: Measure the particle size distribution of the compressed 
granular LCMs to determine the post-compression D90 value ((D90_c)); 6) Calculation of D90 Degradation 
Ratio: Utilize Eqs. (5) and (6) to calculate the D90 degradation ratio (DDR) of the compressed granular LCMs.

	
DDR=D90i − D90c

D90i
× 100%� (3)

Mechanical factors impacting shear instability
Shear instability in fracture plugging zones arises from the interplay of stress distribution, particle interactions, 
and boundary conditions. Key mechanical factors include:

Stress heterogeneity
Local stress concentration  Fracture surfaces exhibit natural roughness, leading to uneven stress distribution. 
Regions with higher asperity contact experience elevated shear stress, initiating localized failure.

Force chain dynamics  Granular LCMs form force chains that transmit stresses through the plugging zone. 
Weak or discontinuous force chains (e.g., due to particle degradation) reduce load-bearing capacity, accelerating 
shear failure35.

Fig. 5.  Schematic diagram of pressure device of LCMs8.
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Particle morphology and friction
Shape and roughness  Angular particles (e.g., walnut shells) enhance interlocking and friction, whereas spher-
ical particles (e.g., polymer beads) exhibit lower shear resistance.

Friction coefficient reduction  High-salinity aging reduces surface roughness (Section "Mechanism of the im-
pact of high-salinity treatment on the friction performance of LCMs"), diminishing inter-particle friction and 
destabilizing force chains.

Confinement pressure
Lateral Constraint: In situ stresses provide lateral confinement that stabilizes the plugging zone. However, in deep 
formations (> 7000 m), elevated deviatoric stresses may exceed the critical shear strength of LCM assemblies.

Particle size degradation
Fragmentation under load  Compressive failure of LCMs (Section "Impact of high-salinity treatment on the 
compressive strength of LCMs") generates fines that fill voids, initially improving packing density. However, 
excessive degradation reduces particle interlock and weakens the force chain network.

Key assumptions in the analysis
Our analysis relies on the following assumptions, justified by experimental and field conditions:

Quasi-static loading
Assumption  Stress redistribution within the plugging zone occurs slowly relative to particle rearrangement 
timescales.

Justification  Drilling fluid pressure changes gradually during circulation, validating a quasi-static approach.

Homogeneous fluid pressure
Assumption  Fluid pressure acts uniformly across the plugging zone.

Justification  High-permeability fractures (width > 1 mm) in salt formations allow rapid pressure equilibration, 
as observed in field data from the Kuqa Depression.

Rigid particle behavior
Assumption  LCMs undergo negligible elastic deformation under stress.

Justification  Calcium carbonate and walnut shells have Young’s moduli > 10 GPa, making elastic strains 
(< 0.1%) negligible compared to fracture displacements (> 1 mm).

Isothermal conditions
Assumption  Temperature effects on mechanical properties (e.g., polymer viscoelasticity) are secondary to sa-
linity effects.

Justification  Prior studies show that salinity-induced degradation dominates over thermal effects for the tested 
LCMs at 150 °C (Qiu et al., 2006; Kang et al.34).

The selection of specific parameters for evaluating the performance of lost circulation materials (LCMs) under 
high-salinity conditions was guided by the need to comprehensively assess the materials’ stability, mechanical 
integrity, and functional efficacy in deep, high-salinity geological formations. The following parameters were 
chosen based on their direct relevance to the operational challenges encountered in such environments:

Mass loss rate  Mass loss is a critical indicator of the chemical and physical stability of LCMs when exposed to 
high-salinity environments. In deep geological formations, LCMs are subjected to harsh conditions, including 
high temperatures and saline fluids, which can lead to chemical reactions, dissolution, or degradation of the ma-
terials. By measuring the mass loss rate, we can quantify the extent to which the materials are affected by these 
conditions. A high mass loss rate suggests that the material is susceptible to degradation, which could compro-
mise the integrity of the plugging zone and lead to recurrent fluid losses. This parameter is particularly impor-
tant for organic materials, such as walnut shells, which are prone to chemical reactions in saline environments.

Friction coefficient  The friction coefficient between LCMs and the fracture surfaces is a key factor influencing 
the stability of the plugging zone. In high-salinity environments, the friction properties of LCMs can be altered 
due to changes in surface morphology, chemical interactions, or the formation of salt precipitates. A reduction in 
the friction coefficient can lead to shear instability within the plugging zone, making it more susceptible to fail-
ure under pressure differentials. By measuring the friction coefficient before and after high-salinity treatment, 
we can evaluate how the materials’ frictional performance is affected, which is crucial for ensuring the long-term 
stability of the plugging zone in deep, high-salinity formations.

Particle size degradation (D90 compressive strength)  Particle size degradation, particularly the D90 compres-
sive strength, is a critical parameter for assessing the mechanical integrity of LCMs under high-stress conditions. 
In deep geological formations, LCMs are subjected to significant fracture closure stresses, which can cause par-
ticle breakdown or size reduction. If the particles degrade too much, the plugging zone may lose its structural 
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integrity, leading to failure. By measuring the D90 degradation rate, we can evaluate the compressive strength of 
the materials and their ability to withstand the high pressures encountered in deep wells. This parameter is espe-
cially important for inorganic materials like calcium carbonate, which are expected to maintain their structural 
integrity under high-stress conditions.

By focusing on these key parameters, this study aims to address the limitations of conventional LCM evaluation 
metrics, such as particle size distribution and thermal stability, which do not fully capture the challenges posed 
by high-salinity environments. The results of this research will provide valuable insights for optimizing LCM 
selection and improving the effectiveness of lost circulation control in deep, high-salinity geological formations.

Experimental results and discussion
Response characteristics of the mass loss of LCMs under high-salinity treatment
As shown in Fig. 6a–c, millimeter-sized calcium carbonate particles are bright white overall, walnut shells are 
dark brown, and synthetic polymer LCMs are black. After high-salinity treatment, the color of the millimeter-
sized calcium carbonate darkened, the walnut shells changed from yellow to black, and the color transformation 
ranged from bright to dark with the production of black debris. The synthetic polymer LCMs showed no 
significant change in color (Fig. 6d–f). Figure 7 illustrates the changes in the mass of LCMs before and after the 
experiment. For walnut shells, their weight was 30.00 g before the experiment. After aging at simulated formation 
temperature for 24 h, their weight decreased to 25.95 g, with a mass loss rate of 13.51%. When considering 
the influence of the high-salinity formation environment, the mass loss rate further increased to 32.51%. For 
mineral-based LCMs such as calcium carbonate, the impact of salinity on mass loss rates was relatively lower, 
with a mass loss rate of 4.79% in high-salinity aging conditions. High-salinity aging affected the mass loss rate 
of organic polymeric LCMs to 9.51%. The experimental results indicate that various LCMs respond differently 
to high-salinity environments. Millimeter-sized calcium carbonate particles, walnut shells, and rubber granule 
materials exhibit differing changes in both color and mass. This suggests varied sensitivity of the saline-induced 
degradation and physical structure of different materials to salinity. The significant mass and color of walnut 
shells indicate that they are more prone to degradation or reaction in saline environments. This is attributed to 
the organic components in walnut shells, which are more susceptible to chemical reactions in the presence of 
salinity. In contrast, the relatively low mass loss rate of millimeter-sized calcium carbonate particles demonstrates 
better stability in saline environments. This is because calcium carbonate, given its mineral nature, is chemically 
more stable and less reactive with salinity. The pH of formation water is about 6.16, which is weakly acidic.

Microstructural response of LCMs to high-salinity treatment
Scanning electron microscopy (SEM) analysis was conducted to observe the microstructural changes in lost 
circulation materials (LCMs) before and after high-salinity treatment. The SEM analysis revealed that millimeter-
sized calcium carbonate particles exhibited a rough surface structure with uneven distribution and small micro 

Fig. 6.  Morphology of Lost Circulation Materials (LCMs) before and after High-Salinity Treatment. (a) 
Inorganic rigid LCMs before treatment; (b) Organic rigid LCMs before treatment; (c) Synthetic polymer 
LCMs before treatment; (d) Inorganic rigid LCMs after treatment; (e) Organic rigid LCMs after treatment; (f) 
Synthetic polymer LCMs after treatment.
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cracks (Fig. 8a) as well as micron-sized debris particles (Fig. 8b). Since the calcium carbonate particles used in the 
experiment were derived from natural calcite minerals, calcite crystals typically demonstrate good cleavage. In 
the crystal structure of calcite, carbonate ions and calcium ions are connected by ionic bonds, forming a layered 
structure. The weaker intermolecular forces within the crystals make these layers prone to glide along specific 
crystal planes, resulting in cleavage. After high salt treatment, the surface of millimeter-sized calcium carbonate 

Fig. 7.  Mass Loss of LCMs before and after High-Salinity Treatment: (a) Changes in mass values (b) Mass loss 
percentage.
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particles is covered by precipitated salt-assisted substances, partially repairing the surface defects. Walnut shell 
LCMs exhibited a relatively rough, multi-layered flaky structure on their surface (Fig. 9a,b). Following high-
salinity treatment, numerous dissolution pores approximately 20 μm in diameter appeared on the walnut shell 
surfaces. These pores were spaced far apart, reducing the structural compactness and giving the overall structure 
a honeycomb-like appearance. The surface of the synthetic polymer LCMs was relatively smooth and dense 
(Fig.  10a,b). No significant microstructural changes were observed before and after high-salinity treatment, 
indicating that this material may possess good resistance to high-salinity conditions.

Mechanism of the impact of high-salinity treatment on the friction performance of LCMs
Figure  11 shows the change curves of the friction coefficients of three LCMs before and after High-Salinity 
Treatment. Overall, the friction coefficient curves of the LCMs exhibit a significant stick–slip characteristic, with 
the peak representing the maximum static friction coefficient. This peak divides the curve into two stages: static 
friction and sliding friction. The static friction stage reflects the transition of the fracture plugging zone from 
a stable state to an unstable state, while the sliding stage indicates the destabilization process of particle-type 
LCMs within the fracture. Figure 12 displays the changes in the average friction coefficients of the three types 
of LCMs. The average friction coefficient of walnut shells decreased from 0.7 before aging to 0.5 after aging, 
representing a reduction of 28.57%. The friction coefficient of millimeter-sized calcium carbonate decreased 
from 0.8 before aging to 0.69 after aging, amounting to a reduction of 13.75%. The friction coefficient of organic 
polymer materials decreased from 1.39 before aging to 1.10 after aging, reflecting a decline of 20.86%. Overall, 
the friction coefficients for organic polymers and organic plant-based LCMs exhibited significant decreases after 
high-salinity treatment.

The friction coefficient between LCMs is a critical parameter influencing the pressure-bearing capacity of the 
plugging zone. The shear strength of the fracture plugging zone itself is the main factor determining its stability 

Fig. 8.  SEM Images of Inorganic rigid LCMs. (a) Before High-Salinity Treatment; (b) After High-Salinity 
Treatment.
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under the pressure difference between the borehole and the fracture. Due to the uneven development of micro 
asperities on the fracture surface, the friction force between the fracture plugging zone and the fracture surface 
is not uniform, making regions with lower friction forces more prone to failure. Moreover, since the formation 
of the fracture plugging zone is a random process, the plugging zone structure exhibits some heterogeneity, 
with inherent structural weak points. During pressure-bearing, instability will first occur at these weak points. 
Local shear instability of the fracture plugging zone is the primary form of structural failure (Fig. 13a). Shear 
instability of the fracture plugging zone refers to the mode of structural failure occurring first at a weak point 
or weak area of the plugging zone under the differential pressure between the borehole fluid column and the 
fracture (Fig. 13b). When the friction coefficient of the LCMs is relatively low, the force chain network in the 
plugging zone is easily disrupted under minimal shear stress. To enhance the efficiency of loss control in saline 
formations, the impact of the salt resistance of LCMs on their friction performance should be considered when 
selecting formulations.

Impact of high-salinity treatment on the compressive strength of LCMs
The particle size of millimeter-grade organic LCMs is concentrated between 1700 and 4750 μm, with a D90 
particle size distribution of 4451 μm (Fig. 14). The particle size distribution of inorganic material is concentrated 
between 550 and 1660 μm, with a D90 of 1470 μm (Fig. 15). The synthetic polymer material LCMs has a particle 
size distribution ranging between 2187 and 4365 μm, with a D90 of 4265 μm (Fig. 16). As shown in Fig. 15a, the 
particle size distribution curve of the organic LCMs slightly shifts to the left after being subjected to a fracture 
closure pressure of 30.0  MPa for 30  min. After high-salinity treatment and subsequent pressurization, the 
leftward shift of the particle size distribution curve becomes more pronounced, with a D90 degradation rate of 
3.53% and 28.76% before and after high-salinity treatment, respectively (Fig. 15b). The particle size distribution 
curve of the inorganic LCMs shifts leftward under pressure, with an increased proportion of particles between 

Fig. 9.  SEM Images of organic rigid LCMs. (a) Before High-Salinity Treatment; (b) After High-Salinity 
Treatment.
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700 and 1000 μm, indicating that some initial millimeter-grade particles degrade to several hundred micrometers 
under fracture closure pressure. The D90 decreases from 1470 to 1212 μm, a reduction of 17.58% (Fig. 14a). 
After high-salinity treatment and subsequent compressive strength testing, the D90 degradation rate of the 
inorganic bridging material calcium carbonate is observed to decrease to 5.48% compared to untreated material, 
suggesting that high-salinity treatment enhances the compressive strength of inorganic rigid plugging materials, 
likely due to the encapsulation effect of precipitated salts on the inorganic surfaces (Fig. 14b). The synthetic 
polymer LCMs has high compressive strength with a D90 degradation rate of only 2.40% (Fig. 16a). However, 
the D90 degradation rate increases to 22.96% after high-salinity treatment (Fig. 16b). Overall, the compressive 
strength ranking of rigid plugging materials before and after high-salinity treatment is as follows: millimeter-
grade calcium carbonate LCMs > synthetic polymer LCMs > walnut shell LCMs. Overall, the compressive 
strength ranking of rigid plugging materials before and after high-salinity treatment is as follows: millimeter-
grade calcium carbonate LCMs > synthetic polymer LCMs > walnut shell LCMs (Table 2).

For deep fractured rock masses, high fracture closure stress is a defining characteristic. The conditions of 
high fracture closure stress in the formation demand superior compressive strength from bridging materials 
(Fig.  17a). Should the compressive strength of these materials fall below the fracture closure stress, particle 
degradation of the bridging material may occur, leading to instability in the fracture plugging zone structure. In 
addition to sealing fractures, bridging materials with high compressive strength serve to maintain the fractures 
in an open state through the “stress cage” effect, thereby enhancing the stability of the fracture system. Walnut 
shell, cottonseed hulls, and similar walnut shell plugging materials remain extensively utilized for loss control in 
deep geological formations. However, organic rigid plugging materials like walnut shells tend to undergo aging 
reactions under conditions of high formation temperature and high salinity, which weaken their compressive 
strength. When the fracture closure stress surpasses the compressive strength of the fracture plugging zone, 
compressive failure of the plugging zone ensues, resulting in structural instability of the fracture sealing system 

Fig. 10.  SEM Images of Synthetic polymer rigid LCMs. (a) Before High-Salinity Treatment; (b) After High-
Salinity Treatment.
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Fig. 11.  Curves of the friction coefficients of LCMs before and after High-Salinity Treatment. (a) Inorganic 
rigid LCMs (calcium carbonate); (b) Organic rigid LCMs (walnut shell); (c) Synthetic polymer LCMs (rubber 
granule).
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Fig. 13.  Shear instability mode of the fracture plugging zone36.

 

Fig. 12.  The changes in the average friction coefficients of the three types of LCMs.
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(Fig.  17b). High temperatures can weaken the material structure, high salinity can lead to dissolution or 
precipitation affecting integrity, and pressure can cause particle degradation. The combined action reduces the 
compressive strength, resulting in failure.

Application of salt resistance evaluation in lost ciruclation control
In deep fractured rock drilling operations, the rational selection of loss control materials is crucial. However, 
current selections are predominantly based on experience and laboratory pressure resistance tests, often 
overlooking the specific environmental conditions of the formation. Particularly in high-salinity geological 
environments, dissolved salts may chemically react with plugging materials, altering their particle size 

Fig. 14.  Curves of the particle size degradation of Inorganic rigid. (a) Before High-Salinity Treatment; (b) after 
High-Salinity Treatment.
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distribution, compressive strength, and friction coefficient, thus impacting the effectiveness and stability of the 
sealing process. Consequently, evaluating the salt resistance of plugging materials is especially important. Salt 
resistance evaluation primarily involves testing the stability of plugging materials in highly mineralized fluids. 
This performance indicator supplements traditional evaluation methods—such as particle size distribution, 
acid solubility, compressive strength, and thermal resistance—providing a more comprehensive assessment of 

Fig. 15.  Curves of the particle size degradation of organic rigid LCMs. (a) before High-Salinity Treatment; (b) 
after High-Salinity Treatment.
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the material’s suitability under specific geological conditions. For instance, in highly saline deep formations of 
the Tarim Basin, commonly used plugging materials like walnut shells, millimeter-sized calcium carbonate, 
and cottonseed hulls continue to be widely employed in practice. However, their salt resistance often receives 
insufficient attention, leading to recurrent loss issues under high-salinity conditions. Additionally, optimizing the 
formulation of plugging materials is an effective strategy to enhance salt resistance. By adjusting the composition 
and ratio of materials and incorporating additives with high salt resistance, the performance of plugging 

Fig. 16.  Curves of the particle size degradation of Synthetic polymer LCMs. (a) Before High-Salinity 
Treatment; (b) After High-Salinity Treatment.
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materials in specific environments can be significantly improved. In summary, evaluating salt resistance is not 
only key to selecting and optimizing plugging materials but also essential for ensuring stability and safety in 
drilling operations within complex high-salinity environments. It is recommended that the drilling engineering 
field further research evaluation methods and optimization strategies for plugging materials under high-salinity 
conditions to reduce losses and improve drilling efficiency.

Conclusions
In this study, we systematically evaluated the performance of three lost circulation materials—organic 
materials, inorganic materials, and synthetic polymers—under high-salinity conditions, leading to the following 
conclusions:

	(1)	 Chemical and physical stability: The materials exhibited significant differences in saline-induced degrada-
tion and physical responses under saline conditions. Notably, the organic material walnut shell showed 
considerable mass loss and color change, indicating its susceptibility to chemical reactions and degradation 
in a saline environment. In contrast, millimeter-sized calcium carbonate demonstrated superior durability 
due to its stable mineral chemistry, exhibiting minimal mass loss. Synthetic polymers, while showing no 
significant color change, maintained high structural stability and experienced a decline in low friction per-
formance, suggesting their potential suitability for high-salinity environments.

Fig. 17.  Schematic illustration of sealing failure due to compressive failure of the plugging zone. (a) Before 
failure; (b) After failure36.

 

Sample ID Material type Pre-treatment D90 degradation rate (%) Post-treatment D90 degradation rate (%)

LCMs-K9 Inorganic 17.6 5.5

LCMs-F1 Organic 3.5 28.8

LCMs-D3 Polymer 2.4 23.0

Table 2.  Evaluation of compressive strength of LCMs before and after high-salinity treatment.
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	(2)	 Friction and compressive strength: The frictional properties and compressive strength of lost circulation 
materials also varied with salinity. Organic materials, particularly after salt treatment, showed a signifi-
cant decrease in friction coefficient, potentially compromising their load-bearing capacity within plugging 
zones. Conversely, inorganic materials displayed a degree of enhancement in compressive strength due to 
salt precipitation, indicating their superior performance in high-salinity conditions. These findings reveal 
the potential limitations and advantages of different materials in extreme environments and emphasize the 
importance of considering environmental factors in the selection and design of lost circulation materials.

	(3)	 Optimization and future research: To optimize lost circulation control strategies in deep fractured rock for-
mations, it is recommended to further investigate and develop materials with high salt resistance and im-
proved mechanical properties. Evaluating salt resistance should become a standard criterion in the selection 
and optimization process of lost circulation materials to ensure their sealing efficacy and structural stability 
in complex geological environments. These conclusions not only contribute to enhancing the safety and 
efficiency of field applications but also provide valuable scientific insights for the future development of lost 
circulation materials.

Data availability
All data generated or analysed during this study are included in this published article.
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