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Given the suboptimal physical properties and distinctive geological conditions of deep coalbed 
methane reservoirs, any reservoir damage that occurs becomes irreversible. Consequently, the 
protection of these deep coalbed methane reservoirs is of paramount importance. This study employs 
experimental techniques such as scanning electron microscopy, X-ray diffraction, and micro-CT 
imaging to conduct a comprehensive analysis of the pore structure, mineral composition, fluid 
characteristics, and wettability of coal seams 3# and 15# in the northern Qinshui Basin of China. The 
objective is to elucidate the types of reservoir damage induced by fracturing fluid intrusion along with 
potential contributing factors. This research is critical for ensuring safe drilling practices, effective 
gas injection, and efficient development strategies for coalbed methane reservoirs. The findings 
indicate that the mineral composition of the coal rock consists of 18.52% clay minerals, 34% quartz, 
and 8.98% calcite. Furthermore, hydrophilicity and natural fractures within the coal rock may lead to 
water-sensitivity, velocity- sensitivity, alkali- sensitivity, and acid- sensitivity damages to the coalbed 
methane reservoir. There exists good compatibility between fracturing fluids and both coal rock as 
well as formation water. The fine particles generated from hydraulic fracturing are prone to transport 
through the coal seam while obstructing pore throats. Thus exhibiting pronounced velocity sensitivity 
characteristics in this reservoir type. Coal rock demonstrates pronounced stress sensitivity. As the 
effective stress escalates from 2 MPa to 10 MPa, there is a marked decrease in the permeability of coal 
rock. With increasing effective stress, the pore structure and natural fractures within the coal rock are 
compressed more tightly, resulting in a diminished permeability of the coal rock. When exposed to 
fracturing fluid saturation, not only does the volume of these particles expand but they can also cause 
blockages that result in up to a 60% reduction in fracture flow capacity. These insights are vital for 
optimizing fracturing designs aimed at protecting reservoir integrity.
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Coalbed methane, also known as coal seam gas, is an unconventional form of natural gas that is formed and 
exists within coal seams. The majority of coalbed methane (70% ~ 95%) is adsorbed onto the inner surface 
of the pore spaces in the coal rock, with a small amount being free in fractures and other pores, and a minor 
portion dissolved in the water present in the coal bed1–3. As a novel type of clean unconventional natural gas, 
its development and utilization not only yield direct economic benefits but also play a crucial role in disaster 
reduction, atmospheric environment protection, and improvement of energy consumption structure. Coalbed 
methane reservoirs in China generally exhibit characteristics such as low porosity, low permeability, low pressure 
conditions, high gas recovery rates, and strong heterogeneity4–7. Additionally, due to their unique occurrence 
state and production mechanism considerations must be given to their low production efficiency and distinctive 
late mining characteristics when compared to conventional tight oil and gas reservoirs. Therefore, it is essential to 
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thoroughly understand the physical properties, petrographic features, wettability, and potential damage factors 
of these reservoirs before exploring mechanisms for increased production efficiency or transformation8–13.

The characteristics of the pore structure of a coal seam determine the presence and movement of pore fluids. 
A coal reservoir is a dual-pore medium, consisting of matrix pores and cleavage fractures. Unlike typical dual-
pore gas reservoirs, cleavages in coalbed methane reservoirs divide the coal into multiple matrix blocks that 
contain numerous micro pores, which serve as the primary space for gas storage with low permeability. On the 
other hand, cleavages form a secondary pore system that plays a significant role in fluid (gas and water) flow 
within the coal seam. Therefore, the structure and morphology of pores and cracks in coal rocks greatly influence 
gas accumulation potential and migration ability within the coal seam. Under various genetic types’ control, 
matrix pores in coal rocks exhibit complex morphologies affected by several internal factors such as volume, 
surface area, size distribution, and effective space size14–16. In comparison to sandstone and carbonate reservoirs, 
coal reservoirs generally demonstrate more intricate pore structures, possess enhanced adsorption capacities; 
however, they exhibit lower permeability, fragile mechanical properties, and a tendency to collapse in the vicinity 
of the wellbore. Gas recovery primarily occurs through adsorption at microscopic levels or small sizes during 
drilling operations on coal rocks17–19. This process weakens regional mechanical strength while exacerbating 
instability issues thereby affecting drilling engineering safety and efficiency. During drainage compression when 
pressure drops occur, effective stress increases leading to compression of micro-cracks resulting in decreased 
permeability. However, it also alleviates constraints imposed by capillary forces causing capillaries to contract/
distort thus increasing fracture numbers ultimately enhancing reservoir permeability.

Compared to shallow coal seams, deep coal seam reservoirs exhibit poor physical property characteristics 
and undergo changing mining conditions, making their development more challenging. The existing production 
improvement technology faces challenges in terms of applicability and compatibility due to the unique geological 
conditions associated with deep coalbed methane development. Additionally, the need for protecting deep coal 
seam reservoirs becomes more prominent. Among various production improvement measures, commonly used 
active water fracturing technology may lead to filtration loss and blockage of proppant filling belt due to the 
vulnerability of deep coal reservoirs20,21. Foam fracturing fluid offers advantages such as minimal filtration loss, 
high sand carrying capacity, and good flowback ability, making it suitable for fracturing deep coalbed methane 
wells22,23. However, current foam fracturing fluids primarily composed of polymer thickening base liquid 
encounter difficulties in breaking down glue and suffer from polymer adsorption issues that can damage the 
coal seam. The serious water lock damage caused by filtrate from working fluid significantly reduces gas phase 
permeability within the reservoir. Therefore, conducting a comprehensive analysis of both pore structure in 
coals and rocks as well as potential damage factors affecting the reservoir is crucial for ensuring safe drilling 
operations, efficient gas injection processes, and effective development of coalbed methane24–27.

The engineering geological characteristics of coal mineral composition, wettability, and formation 
temperature and pressure conditions are analyzed in this paper using experimental methods such as scanning 
electron microscopy, X-ray diffraction, micro-CT, and wettability measurement. The potential damage factors of 
the coal reservoir are clarified, and the compatibility of conventional fracturing fluids is evaluated. Additionally, 
the impact of coal powder on the conductivity of supporting fractures is also discussed. These findings provide 
valuable insights for optimizing coalbed methane (CBM) fracturing design to protect the reservoir, considering 
both the potential damage factors and the compatibility of fracturing fluids. By taking these factors into account, 
the risk of reservoir damage can be minimized, ensuring safe and efficient drilling and hydraulic fracturing 
operations, as well as the effective development of coalbed methane resources.

The coal quality and mineral characteristics of coal rocks
Block geological background
The research area is situated within the Shanxi formation of the Permian system in the Qinshui basin, China. The 
formation comprises 1–4 coal seams, with two economically exploitable seams: the 3# coal seam and the 15# coal 
seam, totaling a thickness of 10.70 m. Based on test results, the desorbed gas content of dry ash-free basis for the 
3# coal seam generally ranges from 9.0 m3/t to 21.3 m3/t, while for the 15# coal seam it typically falls between 10.8 
m3/t and 22.5 m3/t. Overall, the gas content of the 15# coal seam exceeds that of the 3# coal seam. The porosity 
of 3# coal seam ranges from 3.95 to 5.96%, while the porosity of 15# coal seam ranges from 5.1 to 5.92%, based 
on statistical analysis of core data. The measured permeability indicates that the permeability of 3# coal seam is 
(0.97 ~ 2.07) × 10−3µm2, whereas the measured permeability of 15# coal seam, due to its greater depth compared 
to 3# coal seam, is slightly lower, ranging (0.68 ~ 1.76) × 10−3µm2. Based on the injection/drawdown test data 
from the parameter wells in the study area, it is indicated that the pressure of 3# coal seam ranges from 3.76 to 
5.94 MPa, with a pressure coefficient of 0.693–0.808. The pressure of 15# coal seam ranges from 4.40 to 6.74 MPa, 
with a pressure coefficient of 0.703–0.828, both indicating low-pressure reservoirs. Additionally, the geothermal 
gradient of the reservoir is approximately 1.8–2.2 °C/100 m.

Based on the in-situ stress data from the parameter wells in this area, it is determined that the minimum 
horizontal stress (i.e. confining pressure) of 3# coal seam ranges from 8.154 to 11.184 MPa, with an average 
of 9.869 MPa, and a stress gradient of 0.0029 to 0.0035 MPa/m. The minimum horizontal stress of 15# coal 
seam ranges from 10.037 to 15.208  MPa, with an average of 12.526  MPa, and a stress gradient of 0.0036 to 
0.0057 MPa/m.

Coal quality analysis
(1) Macroscopic coal rock type and microscopic composition.

The coal rock type is dull coal-semi-dull coal, with a composition mainly consisting of dark coal, followed by 
light coal. Additionally, there is a small amount of linear-thin strip-shaped vitrinite, and locally visible thin layers 
of silk carbon (Fig. 1). The microscopic coal rock composition contains 52.76% vitrinite and 47.24% inertinite. 
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The organic component accounts for 74.37%, and the organic component is mainly clay, accounting for 12.83%, 
and the contents of silicon oxide, sulfide and carbonate are 4.12%, 3.85% and 4.83%, respectively.

(2) Degree of coal metamorphism.
The coal has a high degree of metamorphism and has reached the stage of anthracite. The average reflectance 

of coal seam is 3.67%, and the metamorphic stage is all high - grade anthracite I.
(3) coal quality characteristics.
The water content of coal rock ranges from 0.52 to 1.71%, with an average of 0.98%. the ash content ranges 

from 17.73 to 63.15%, with an average of 34.27%. the volatile matter content ranges from 4.62 to 36.32%, with 
an average of 6.26%. the average total sulfur content is 1.18%, belonging to low - sulfur coal. the average carbon 
content is 89.35%. the true density is about 1.82 g/cm3, and the apparent density is about 1.74 g/cm3.

Mineral characteristics
The organic component of coal is referred to as the main body, while the inorganic mineral composition 
significantly influences reservoir damage and protection. Sensitive minerals can be categorized into four groups 
based on their propensity for reacting with fluids, leading to reservoir damage (Table 1).

The analysis of rock mineral composition can be divided into whole rock analysis and clay mineral analysis, 
both of which are determined through X-ray diffraction. Each crystalline substance, including crystalline 
minerals, possesses a unique chemical composition and crystal structure. By examining the behavior of various 
minerals in rocks at different diffraction angles and peak intensities on the X-ray diffraction spectrum, it is possible 
to accurately and rapidly determine the composition of diverse crystalline substances and minerals within rocks. 
Therefore, the application of X-ray diffraction technology allows for rapid and precise determination of the 
mineral composition in both whole rock samples and clay samples. By integrating this method with scanning 
electron microscopy analysis and conducting X-ray diffraction experiments, the type, occurrence, content, and 
distribution characteristics of sensitive minerals in rocks have been determined, a deeper understanding of the 
physical properties of the reservoir can be achieved, and potential damage types, degrees, and causes can be 
identified.

Whole rock analysis
According to the Stocks sedimentation theorem in hydrostatics, clay minerals with particle sizes less than 
10  μm and 2  μm were extracted using water suspension separation or centrifugal separation methods. The 
clay mineral samples with particle sizes less than 10 μm were utilized to determine the total relative content 
in the original rock, while those with particle sizes less than 2 μm were used to determine the relative content 
of different types of clay minerals. Since each mineral crystal possesses a specific X - ray diffraction pattern, 
the intensity of characteristic peaks in the pattern is related to the mineral content in the sample. Therefore, 
through experiments, it can be determined that there is a positive correlation between a mineral’s content and 
its characteristic diffraction peak intensity - known as K value. When conducting quantitative analysis of X - ray 
diffraction using the “K value method,” one can calculate the mineral’s content by measuring its characteristic 
peak intensity in an unknown sample.

	
Xi = 1

Ki
× Ii

Icor
× 100%� (1)

Mineral Classification typical mineral

Water and salt sensitivity montmorillonite, ilmenite/montmorillonite interlayer mineral, chlorite/montmorillonite interlayer mineral.

Alkali sensitivity Various clay minerals such as kaolinite, feldspar and quartz

Acid sensitivity
Hydrofluoric acid sensitivity minerals: calcite, dolomite, feldspar, quartz, zeolite, various clay minerals and mica. 
Hydrochloric acid sensitivity minerals: iron rich chlorite, siderite, pyrite, hematite, iron calcite, iron dolomite, 
biotite, magnetite, etc.

Velocity sensitivity Clay minerals and various non-clay minerals with a particle size less than 37 μm, such as quartz, siderite, calcite, etc.

Table 1.  Sensitive minerals in coal.

 

Fig. 1.  Coal rock appearance.
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Where, Xi— the content of mineral i in the sample, %. Ki— Reference strength of mineral i (obtained from 
multiple determinations). Ii— the intensity of a diffraction peak of mineral i. Icor— the intensity of the 
diffraction peak of corundum.

The analysis of clay minerals and non-clay minerals
(1) Determination of total amount of clay minerals.

According to the standard requirements, a rock sample weighing at least 50 g is initially measured, followed 
by undergoing oil washing, drying, crushing and grinding processes to ensure that all particle sizes are below 
40  μm. Subsequently, all components with particle sizes less than 10  μm are extracted using the natural 
sedimentation method, and their percentage content is calculated based on the following formula.

	
X10 = W10

WT
× 100%� (2)

Where, X10— Amount of component in sample with particle size less than 10 μm, %. W10— The mass of the 
component in the sample with a particle size of less than 10 μm, g. WT  — The sample quality, g.

The corundum was thoroughly mixed in a 1:1 ratio with the sample containing particles smaller than 10 μm 
before measuring the integral intensity of the selected diffraction peak. Subsequently, the K-value method 
(Eq. 2) was employed to determine the content of different non-clay minerals.

Therefore, the total amount of clay minerals can be obtained by calculating the sum of non-clay minerals with 
a particle size smaller than 10 μm, 

∑
Xi.

	
XT CCM = X10 ×

(
1 −

∑
Xi

)
� (3)

Where, XT CCM  — content of clay minerals in coal, %.
(2) Determination of non-clay mineral content.
The determination of non-clay mineral content is directly conducted through the adiabatic method. 

Specifically, 1–2 g rock samples are taken and made into sheets according to relevant requirements. Then, the X 
- ray diffraction instrument is used to measure the integral intensity of selected diffraction peaks of various non-
clay minerals. The percentage content of each non-clay mineral can be calculated using the adiabatic method 
with the following formula:

	
Xi = Ii/Ki∑

(Ii/Ki)
× (1 − XT CCM ) × 100%� (4)

After conducting X - ray diffraction analysis, the whole-rock mineral composition of various well groups was 
determined. For specific test results, please refer to Fig. 2.

The results of inorganic whole-rock mineral analysis indicate that the coal rock contains 18.52% clay minerals, 
posing a high risk of sensitivity damage. Therefore, there is potential for sensitivity damage in the tested stratum. 
Among the non-clay minerals, quartz is one of the predominant components with the highest content, exceeding 
34% even within the coal rock itself. Quartz microcrystals are particularly susceptible to alkali-sensitivity 
damage. Additionally, calcite constitutes 8.98% of the coal rock and can easily cause acid-sensitivity damage.

Fig. 2.  Analysis of whole-rock mineral composition of inorganic minerals in coal rock.
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(3) Clay mineral composition analysis.
‌Utilizing the diffraction phenomenon of X-rays in clay mineral crystals, various types of clay minerals 

generate distinct diffraction patterns, thereby facilitating the determination of their mineral classification. 
N-plates are conventionally employed in X-ray diffraction analysis to identify the type and structure of clay 
minerals. Conversely, EG-plates represent another category of oriented thin sections derived from clay minerals 
that may have undergone specific treatments or preparations for more precise or condition-specific X-ray 
diffraction analyses. After the separation of clay minerals, the X’ PertMPD PRO powder X-ray diffractometer 
can be utilized for further determination of their types and contents. The qualitative analysis is employed to 
identify the types of clay minerals, while Table 2 provides a comprehensive overview of the X-ray diffraction 
identification characteristics commonly associated with these minerals. By employing an X-ray diffractometer, 
one can observe the spectral features specific to clay minerals, leading to analysis results indicating that illite, 
kaolinite, chlorite, illite-mullite mixed layer minerals and green mullite mixed layer minerals are predominantly 
present in the target area.

After conducting qualitative analysis, the X-ray diffraction analysis software can be utilized to perform peak 
separation of various clay minerals that have been identified in the sample. This allows for separate calculation of 
the areas of illite (It) and I/S interlayer minerals (I/S) peaks that overlap at l.00 nm. The clay mineral composition 
of different well reservoir rocks is tested using X-ray diffraction, with results displayed in Fig. 3.

After conducting X - ray diffraction analysis, it was determined that the rock sample does not contain 
smectite and green smectite. however, it exhibits a relatively high abundance of emeraldine smectite, ranging 
mostly between 55% and 76%. In terms of reservoir damage potential, this particular mineral type is susceptible 

Fig. 3.  Relative content analysis of clay minerals in coal.

 

Mineral

Spectral pattern characteristic

N-plates EG-plates 450 °C ~ 550 °C HC1

Kaolinite K Two diffraction peaks of 0.70 and 0.36 nm were observed
There is no change in the two 
diffraction peaks at 0.70 and 
0.36 nm.

The lattice is broken and the peak 
disappears.

No change in peak 
position

Chlorite C
There are four diffraction peaks of 1.40, 0.72, 0.48 and 0.36 nm, 
among which the 0.72 nm peak is the strongest and the 0.36 nm 
peak is the second.

No change in the four peaks at 
1.40, 0.72, 0.48 and 0.36 nm

The 1.40 nm peak shifted to 1.35 nm, 
and the intensity of the rest peaks 
weakened greatly and disappeared.

Most of the lattices 
are broken and the 
peaks disappear.

Smectite S
At a relative humidity of 50%, the calcium montmorillonite has 
a peak of 1.50 nm, and the sodium montmorillonite has a peak 
of 1.25 nm.

There are peaks at 1.700, 0.85 
and 0.56 nm. The 1.70 nm peak shifts to 1.00 nm —

Illite It There are 1.00, 0.50 and 0.32 nm peaks, among which the 0.50 nm 
peak is about 1/3 of the 1.00 nm peak.

No change in 1.000, 0.500 and 
0.32 nm peaks

The peak position at 1.00 nm remains 
unchanged, and the intensity remains 
unchanged or changes slightly.

No change in peak 
position

Chlorite/
sericite 
interbedded 
mineral C/S

Chlorite/trans-sapphire: peak between 1.50 and 1.42 nm. chlorite/
sodium-sapphire: peak between 1.42 and 1.25 nm

There is a diffraction peak 
between 1.70 and 1.42, 0.85 and 
0.70 nm respectively.

A peak appears between 1.42 and 
1.00 nm.

Most of the lattices 
are broken and the 
peaks disappear.

Table 2.  X-ray diffraction identification results of clay minerals.
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to water sensitivity damage. Regarding clay minerals, chlorite, illite, and kaolinite are present in descending 
order of content. Additionally, with respect to clay minerals specifically, kaolinite primarily contributes to tach 
sensitivity damage. nevertheless, all clays and non-clay particles smaller than 37 μm can induce the velocity 
sensitivity damage of reservoir when they exist as bridging or pore-filling agents. It is also noteworthy that 
due to their elevated concentration levels, these minerals are prone to hydrochloric acid sensitivity damage. 
To summarize the findings from the X - ray diffraction analysis: the tested formation contains a substantial 
number of clays which may pose potential risks for sensitivity-related damages. Importantly though, it should 
be emphasized that while there is an absence of smectite and green smectite in the rock sample analyzed here. 
instead, there exists a significant quantity of emeraldine smectite – making this specific rock sample more 
susceptible to water sensitivity damage from a reservoir perspective.

Microscopic characteristics of coal pores
According to the test results of parameter well samples, the average porosity of coal rock is determined to 
be 4.42%. Injection/pressure drop tests were conducted on 16 gas wells in the study area, revealing that the 
overall permeability of the coal seam is relatively low, ranging (0.02 ~ 1.28) × 10−3µm2. Reservoir pore structure 
encompasses the geometric characteristics, size distribution, and interconnectivity of pores and throats within the 
reservoir. Microscopic research categories include analysis of reservoir pore structure, pore wall characteristics, 
and filling material properties. While macroscopic research categories encompass investigation into reservoir 
porosity, permeability, fluid saturation levels, and sensitivity.

(1) SEM analysis of microscopic pore structure of rock.
The scanning electron microscope (SEM) was developed in the 1960s and is commonly referred to as 

SEM. It utilizes a focused electron beam to scan the sample, thereby exciting specific physical signals that 
adjust the brightness of the image tube at corresponding positions during synchronous scanning, ultimately 
achieving imaging. As a type of microscope, SEM analysis provides visual information on the composition and 
distribution of filling minerals within pores, making it an essential tool for studying pore structure. In addition 
to offering insights into particle characteristics such as type, size, content, and symbiotic relationships within 
the pore system, SEM analysis also enables identification of clay mineral types and occurrences along with their 
respective contents while facilitating observation of pore morphology, size variations, and connectivity.

According to Fig.  4, the lithology demonstrates high density and is primarily composed of micropores 
and microfractures. Quartz and Emeraldine mixed layers are observed in the distribution across particle 
surfaces. The framework feldspar exhibits erosion stripes, while the quartz shows significant dissolution. The 
framework surface appears uneven with offsets from the Emeraldine mixed layers. Some areas show signs of 
pyrite spalling. Furthermore, localized pores (also known as biopores) have developed on the matrix surface, 
which are filled with various clay minerals, microcrystalline quartz, feldspar, calcite, etc. Overall, the lithology 
demonstrates favorable porosity characteristics. The lithology exhibits a highly dense composition primarily 
consisting of organic micropores along with localized fractures. On the framework surface, clay minerals and 
scattered microcrystalline quartz can be observed, while feldspar displays plate-like spalling patterns. The matrix 
surface appears relatively smooth with developed pores that are filled with clay minerals and quartz materials. 
Emeraldine mixed layers are distributed both inside and outside the cave area, occasionally containing oblate 
pyrite that leaves signs of spalling behind. Overall, the lithology exhibits commendable porosity characteristics.

(2) Micro CT analysis.
Using computed tomography (CT) technology, the internal structure of materials can be nondestructively 

imaged. Micro CT offers high resolution, enabling detailed investigation of porous material structures. Different 
materials exhibit varying X-ray transmission abilities. CT scans the non-uniform sample internally using X-rays 
and captures light intensity at different receiver positions. The resulting gray image of light intensity provides a 
projection of the sample (as shown below). By discretizing and reconstructing cross-sectional images at different 
angles but at the same height, a cross-sectional image at that specific height can be obtained. This cross-sectional 

Fig. 4.  Electrical microscope scanning image of coal.
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image provides spatial gray values for each point, facilitating easy acquisition of sections parallel to the vertical 
direction (Z direction). In this experiment, the sample is rotated 360 ° with a projection image acquired every 
0.9 °. Combining these projection images with relevant analysis software allows for the reconstruction of an 
uncompressed BMP format cross-sectional gray image file measuring 736 × 736 pixels square in size. Additionally, 
three-dimensional reconstruction and other processing can be performed using this cross-sectional image data. 
During the three-dimensional reconstruction process of the core, software aids in enhancing gray contrast to 
highlight bright matrix areas while filtering slightly dark pore areas to effectively reveal fracture characteristics. 
Figure 5 displays a partial view two-dimensional X-ray CT scan image of coal which demonstrates small fractures 
partially filled with minerals and well-developed cleavage.

The rock fissures in this region are well-developed, and the pore structure of coal reservoirs is favorable for 
the flow of coalbed methane. However, it should be noted that the discrepancy between solid particle intrusion 
and particle migration may result in reservoir damage caused by foreign solids.

Wettability characteristics of coal rock
The liquid on the surface of rocks exhibits automatic flow characteristics. Numerous scholars have undertaken 
comprehensive research and analysis regarding the contact angle and wetting characteristics of oil droplets and 
water droplets within oil and gas reservoirs. These investigations primarily concentrate on the physical properties, 
fluid interactions, and interfacial phenomena associated with various types of oil and gas reservoirs. Employing 
experimental techniques alongside numerical simulations, researchers have examined the factors influencing 
variations in contact angle, including temperature, pressure, liquid composition, and surface roughness28,29.

When the surface of reservoir rocks possesses oil absorption and drainage properties, it is not easily wetted 
by water, known as oil-wetting, with a contact angle greater than 90°. Conversely, when the surface of reservoir 
rocks demonstrates water absorption and drainage properties, it is readily wetted by water, referred to as 
hydrophilic behavior, with a contact angle less than 90°. If there is no significant mutual replacement between 
oil and water on the rock’s surface, it is considered neutral with a contact angle equal to 90 °. The wetting angle 
refers to the tangent angle formed at a certain point in the three-phase junction where the gas-liquid interface 
meets the solid-liquid interface after expansion and equilibrium are reached on an object’s surface. By measuring 
this wetting angle, one can determine whether the rock is hydrophilic or hydrophobic. Experimental methods 
include testing the wetting angle using distilled water and drying core samples after soaking them in fracturing 
fluid for four hours (Table 3).

Experimental observations have revealed that the coal sample demonstrates strong water wetting, 
characterized by a small wetting angle and correspondingly high capillary pressure. Capillary force serves as 
a crucial indicator for assessing the extent of water blockage in tight gas reservoirs, with greater capillary force 
indicating more severe damage. However, following fracturing fluid treatment, the coal sample’s wetting angle 
transitions to a flat state (i.e., reduced to 0°), displaying complete water-wetting characteristics and increased 

No. Well depth / m

Wetting contact angle / °

Experimental liquidCA (L) CA (R)

1 496 − 470 Tile shaped Tile shaped Fracturing fluid

2 496 − 470 51.30 51.30 Distilled water

3 496 − 470 58.26 58.26 Distilled water

4 495–498 Tile shaped Tile shaped Fracturing fluid

5 495–498 24.29 24.29 Distilled water

Table 3.  Determination results of coal rock wetting angle.

 

Fig. 5.  Two-dimensional view of coal Micro CT.

 

Scientific Reports |         2025) 15:3025 7| https://doi.org/10.1038/s41598-025-87026-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


wettability. This trend may lead to an increase in capillary force, which is unfavorable for gas flow and more likely 
to cause water locking damage.

Properties of coal seam fluid
(1) Characteristics of coalbed methane components.

The methane gas component content ranges from 84.7 to 98.45%, with an average of 91.95%. The nitrogen 
gas content ranges from 1.28 to 14.79%, with an average of 7.42%. The carbon dioxide content ranges from 0.19 
to 0.52%, with an average of 0.38%, and the heavy hydrocarbon gas content is negligible.

(2) Coal bed water quality.
The coal seam water in this area is mainly sodium sulfate water, indicating shallow water characteristics. The 

salinity is 2657.6 ~ 29347.2 mg/L, with an average of 12843.6 mg/L.

Temperature and pressure characteristics
The main coal seam in the target area is moderately buried, primarily at a shallow depth of 900 m. The measured 
reservoir temperature ranges from 18 to 45 °C, and the geothermal gradient mostly remains below 3 °C/100 
m, predominantly distributed between 1.90 and 2.62  °C /100m. Based on the well test results of parametric 
wells in the area (Fig. 6), the coal reservoir pressure varies from 3.30 to 11.86 MPa, with each well exhibiting a 
pressure gradient ranging from 0.70 to 1.20 MPa/100 m within the normal pressure system range. The areas with 
steeper dip angles have higher pressures compared to those with gentler dip angles. The fracture pressure of the 
coal seam depends on its burial depth and mechanical properties of surrounding rocks. specifically, it ranges 
from 7.90 to 18.15  MPa for coal fractures, while wellhead fracture pressure gradients fall between 1.46 and 
3.41 MPa/100 m. Closure pressures range from 7.21 to 17 0.24 MPa and increase proportionally with increasing 
dip angle.

Engineering factors of reservoir damage
Compatibility of fracturing fluid and formation fluid
Experimental liquid
Upon introduction into the formation, the fracturing fluid will come into contact with and blend with the 
formation fluid. Due to disparities in ion types and concentrations between the two fluids, precipitation may 
occur upon mixing. Therefore, it is crucial to combine the fracturing fluid with the formation fluid and observe 
any alterations or occurrence of precipitation within the mixed solution. The formula for fracturing fluid used 
corresponds to that utilized on-site.

1% KCl + 0.5% Coal powder dispersant + 0.05% Bactericidal agent + Water.

Experimental procedure
Firstly, the formation fluid should be filtered to remove any solid impurities. Next, combine 50 mL of the filtrate 
from the formation fluid with 50 mL of fracturing fluid (prepared using distilled water) and allow it to stand for 
a duration of 1 h in order to observe the mixture. Subsequently, introduce 50 mL of tap water and leave it for an 
additional hour to observe the resulting mixture.

Experimental results and analysis
After analyzing Table 4, it was observed that, except for No. 5 and No. 8, the filtrates of formation fluids appeared 
as colorless and clear liquids. The filtrate from No. 8 exhibited a yellow hue while remaining clear, whereas the 
filtrate from No. 5 appeared as a slightly transparent milky yellow microemulsion liquid. Apart from No. 5, there 
were no observable changes in the formation fluids after adding fracturing fluid and tap water; no precipitation 

Fig. 6.  Relationship between coal reservoir pressure and pressure gradient and depth.
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occurred either. However, after standing for 1 h, the filtrate from No. 5 showed a slight yellowing but still did not 
precipitate. Upon addition of tap water and subsequent one-hour standing time, further discoloration occurred 
along with decreased transparency in this particular sample’s formation fluid filtrate. This phenomenon may 
be attributed to the oxidation of Fe2+ into Fe3+, which could have been caused by the presence of oxygen in 
the air or tap water sources, respectively. Furthermore, it is worth noting that although no precipitation was 
observed within the mixture itself, its transparency diminished while becoming more turbid - indicating a 
tendency towards precipitation albeit without actual occurrence. In summary, both fracturing fluid and tap 
water demonstrated good compatibility with the formation fluid.

Compatibility between fracturing fluid and formation rocks
Experiment evaluation of reservoir sensitivity
(1) Principles of experimental evaluation.

In this experiment, the liquid phase was utilized as the fluid medium. Following Darcy’s law, we introduced 
various liquids associated with formation damage or altered seepage conditions (such as flow velocity and net 
confining pressure) to measure the permeability of the rock sample and assess the extent of damage caused by 
critical parameters, experimental liquids, and seepage conditions on its permeability. Within rocks, liquids adhere 
to Darcy’s law for their flow behavior. The subsequent formula can be employed to calculate the permeability of 
the rock sample.

	
K1 = µ · L · Q

∆ p · A
× 102� (5)

Where, K1— The liquid permeability of rocks, × 10−3µm2. µ —Fluid viscosity, mPa·s. L— Rock sample length, 
cm. A— Sample cross-sectional area, cm2. ∆ p— The pressure difference at both ends of the rock sample, MPa. 
Q— The volume of fluid passing through a rock sample per unit time, cm3/s.

(2) Preparation of experimental rock cores.
The standard core drilling direction should align consistently with the flow direction of reservoir liquids to 

ensure the preservation of mineral composition and pore structure in the core. The end face and cylindrical 
surface of the sample must be flat, with the end face perpendicular to the cylindrical surface, free from any 
missing angles or structural defects. The sample diameter is 2.54 cm (1 inch), while its length ranges from 3.0 to 
3.5 cm. Prior to conducting experiments, it is essential to thoroughly clean all original fluids within the sample. In 
case of an unknown composition, a mixture of alcohol and benzene should be employed for cleaning purposes. 
When dealing with local formation water salinity exceeding 20,000 mg/L, desalination using methanol reagent 
becomes necessary. To maintain unchanged properties of clay and gypsum in the sample, drying temperature 
should not exceed 60 °C, ensuring each sample is dried until reaching constant weight for no less than 48 h.

(3) Preparation of experimental fluids.
According to the actual circumstances, a simulated experimental brine was prepared. Based on geological 

data, the coal bed water produced in this area is classified as sodium sulfate type, indicating its shallow water 
characteristics. The salinity ranges from 2657.6 to 29347.2 mg/L, with an average value of 12843.6 mg/L. To 
ensure compliance with standard requirements for the quality of the experimental fluid, it should be allowed to 
settle for at least one hour and subsequently filtered through a 0.20-micron filter prior to testing.

(4) Experimental evaluation of coal rock velocity sensitivity damage.
The purpose of the velocity sensitivity evaluation experiment is to explore the relationship between formation 

permeability and fluid velocity variation, and determine the critical velocity Vc or critical flow Qc value, so as to 
provide a scientific basis for selecting appropriate flow velocity in the laboratory and on the site.

Constitute 1.25% Na2SO4 solution to simulate formation water. Evacuate and saturate the rock sample for 
more than 24 h. Put the saturated rock sample into a core holder and gradually increase the confining pressure to 
4.0 MPa. Test the rock permeability value at flow rates of 0.1 mL/min, 0.25 mL/min, 0.5 mL/min, 0.75 mL/min, 
1.0 mL/min, 1.5 mL/min, 2.0 mL/min, 3.0 mL/min, 4.0 mL/min, 5.0 mL/min and 6.0 mL/min.

The test fluid was simulated formation water (1.25% Na2SO4 solution) with a net confining pressure of 
4.0 MPa.

Well No. Appearance of the filtrate After adding fracturing fluid for 1 h After adding water for 1 h

1

Colorless clarification No precipitation No precipitation
2

3

4

5 Milk yellow microemulsion Yellow milky, no sediment Yellowing and becoming turbid, without sediment

6
Colorless clarification

No precipitation No precipitation
7

8 Yellow clarification

9 Colorless clarification

Table 4.  Compatibility of formation fluid filtrate with fracturing fluid and tap water.
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The flow velocity sensitivity injury rate can be calculated based on Eq. 7. For the relevant evaluation indexes 
of sensitivity, please refer to Table 5 below.

	
DV =

∣∣Kn − Ki

∣∣
Ki

× 100%� (6)

Where, Kn—Permeability corresponding to the point where the permeability changes the most at different flow 
rates, × 10−3µm2. Ki—Permeability at minimum flow rate, × 10−3µm2.

The critical flow velocity (VC) refers to the flow velocity at the preceding point where the rate of change in 
rock permeability (DVm) exceeds 20%.

(5) Experimental results and analysis.
The coal and rock samples were subjected to a velocity-sensitivity evaluation, resulting in the determination 

of the permeability ratio and injection velocity relationship curve for both samples (Fig. 7).
The velocity-sensitivity damage rate of rock sample 1 and sample 2 are calculated, and the results show that 

they belong to strong velocity sensitivity.
DV1=99.46%, VC1=0.2 mL/min.
DV2=97.61%, VC2=0.2 mL/min.
Based on the experimental data acquired from velocimetry of two coal rock cores, it can be inferred that 

the coal rock reservoir demonstrates significant damage in terms of velocity measurements. This damage is 
characterized by alterations in flow dynamics and potential disruptions to the structural integrity of the reservoir. 
However, as the flow velocity of formation water increases, rather than decreasing, permeability exhibits an 
unexpected enhancement. This phenomenon indicates a complex interaction between fluid dynamics and 
geological properties within the reservoir. The loss of fine coal particles was observed under conditions of high 
flow velocity, likely attributed to particle shedding and migration processes occurring at elevated velocities. 
These fine particles are sufficiently small to escape their original locations but not large enough to effectively 
obstruct seepage channels; instead, they contribute to enhancing overall permeability by creating additional 
pathways for fluid movement. Consequently, this interplay between particle behavior and fluid flow may have 
substantial implications for resource extraction strategies and reservoir management practices.

Influence of fracturing fluid on coal powder volume
(1) Experimental steps and evaluation methods.

Based on X-ray diffraction analysis of rock minerals, coal demonstrates potential water sensitivity. To evaluate 
the compatibility between fracturing fluid and coal, the impact of fracturing fluid on coal powder volume can be 

Fig. 7.  Relationship between permeability ratio of coal and rock sample and injection velocity.

 

Damage rate of velocity sensitivity DV ⩽ 5 5 <DV ⩽ 30 30 < DV ⩽ 50 50 < DV ⩽ 70 DV>70
Damage degree No Weak Moderately weak Medium to strong Strong

Table 5.  Evaluation indexes of velocity sensitivity reservoir damage.
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measured. This test method is akin to the swelling rate test for clay stabilizers. Due to the higher density of coal 
powder compared to bentonite, 1.0 g instead of 0.5 g was used in this experiment. The experimental procedure 
involves adding 10.0 mL each of kerosene, clear water, and a formulated fracturing fluid (consisting of 1% KCl, 
0.5% coal powder dispersant, 0.05% bactericide and water) into a centrifuge tube with weighed coal powder 
(1.0 g). After shaking and allowing it to settle for 2 h, the tube is centrifuged at a velocity of 1500 r/min for 
15 min before reading the volume of immersed coal powder as V1 in fracturing fluid or V0 in kerosene as original 
volume. A new indicator called “swelling rate” is defined by comparing these volumes.

	
Swelling rate = Volume after expansion − Original volume

Original volume
� (7)

(2) Experimental results and analysis.
Upon analyzing the data presented in Table 6, it is evident that following a 2-hour immersion in fracturing 

fluid, the average swelling volume of coal powder measures 0.24 mL, with a corresponding swelling rate reaching 
9.83%. This notable increase indicates that the interaction between coal powder and fracturing fluid results in 
significant volumetric changes. It is clearly observable that within this context, volumetric expansion occurs 
upon contact between coal powder and fracturing fluid, suggesting a complex relationship between the chemical 
composition of the fluid and the physical properties of the coal material. Furthermore, this phenomenon may 
potentially lead to reductions in pore space and fracture networks due to the presence of nano-scale pores 
within both coal and rock formations. The observed swelling behavior could result in alterations to permeability 
characteristics as well as modifications to flow pathways within these geological structures. Consequently, such 
changes may adversely affect the integrity of the rock stratum by compromising its mechanical stability and 
overall performance during extraction processes.

Coal rock adsorption damage experiment
Experimental methods
The coal sample is initially vacuum-drained to saturate the subsurface water and determine its permeability. 
Subsequently, the test drilling fluid filtrate is injected into the coal sample in reverse direction until 10 PV (Pore 
volume, that means ten times the volume of liquid in the pore space), and the permeability of the coal sample is 
monitored. After sealing for several hours, the subsurface water is then injected into the coal sample in forward 
direction until stabilization, and the permeability of the coal sample is determined again. The damage rate of 
coal permeability serves as the evaluation parameter. It can be calculated according to the following formula.

	
SIp = K1 − K2

K1
× 100%� (8)

Where, SIp- The damage rate of core matrix permeability, %. K1- The benchmark permeability of the rock 
core, × 10−3µm2. K2- Core permeability after fracturing fluid damage, × 10−3µm2.

The initial permeability of a coal sample is determined by injecting groundwater into the formation in the 
forward direction, while the post-damage value is obtained by injecting fracturing fluid filtrate in the reverse 
direction and then injecting groundwater in the forward direction after 10 PV of injection.

Experimental results and analysis
In the evaluation test assessing permeability damage to coal samples induced by fracturing fluid filtrate, the 
permeability change curve over time was observed in Table 7. The test results indicate that the damage to coal 
sample permeability caused by the fracturing fluid system is significantly greater than that associated with active 
water fracturing fluid. This discrepancy underscores the varying impacts of different fluid compositions on 
coal integrity. Specifically, the adsorption effect of the fracturing fluid system plays a critical role in impairing 
coal sample permeability, resulting in an average damage rate of 40.62% for guan gum-based fracturing fluid 

Sample No. Type of fracturing fluid

Permeability / × 10−3µm2

SS Average /%Initial value Damage fluid After damage

1
Active water

0.3672 0.1641 0.2637 0.28
22.51

2 0.0208 0.0097 0.0173 0.17

3
Guanidine gum

0.2382 0.0149 0.1316 0.45
40.62

4 0.5937 0.3151 0.3771 0.37

Table 7.  Permeability damage results of coal samples.

 

Liquid No. 1# 2# 3# 4#

Average swell volume of fracturing fluid
Swelling rate
/ %Liquid Kerosene fuel oil Fracturing fluid 1 Fracturing fluid 2 Fracturing fluid 3

Volume / mL 1.43 1.53 1.55 1.59 0.24 9.83

Table 6.  Volumetric expansion results of coal powder.
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and 22.51% for active water fracturing fluid. Such differences can be attributed to factors including chemical 
interactions among components within each type of fluid and their respective capacities to penetrate and 
modify pore structures within the coal matrix. Furthermore, these findings emphasize the necessity of selecting 
appropriate fracturing fluids based on their potential effects on reservoir properties during extraction processes, 
as excessive loss of permeability could negatively impact hydrocarbon recovery efficiency.

Experimental evaluation of coal rock stress sensitivity
Experimental methods
As oil and gas reserves undergo continuous development, the pore pressure within the reservoir gradually 
declines, resulting in an increase in the effective stress on the rock framework. Consequently, the pore structure 
of the rock will change correspondingly due to variations in effective stress, a characteristic referred to as rock 
stress sensitivity30. Due to stress-sensitivity damage in the rock formations, the permeability of oil and gas 
reservoirs is reduced, leading to a decrease in the productivity of oil and gas wells.

The damage rate of permeability caused by rock stress sensitivity can be calculated using the following 
formula.

	
Dk2 = K1 − K′ min

K1
× 100%� (9)

Where, Dk2 is the maximum damage to permeability caused by the stress increasing to its peak during the 
process. K1- The permeability of the rock sample corresponding to the first stress point, × 10−3µm2. K′ min is 
the minimum permeability of the rock sample after reaching the critical stress, × 10−3µm2.

Experimental results and analysis
Table  8 shows that the permeability ratio of the fractured coal sample changes in a specific trend with the 
change of effective stress during the loading and unloading process. It can be observed that the coal sample’s 
permeability decreases the most when the effective stress increases from 3 to 5 MPa. However, the permeability 
of the coal sample after fracturing fluid damage is difficult to recover during the unloading process as the 
effective stress decreases. Therefore, it can be inferred that the coal sample undergoes stress-sensitivity damage 
after experiencing fracturing fluid damage, and its permeability is difficult to recover.

The coal rock is composed of a network of large molecules with strong connectivity and disconnected 
large molecules, resulting in a higher capacity to adsorb various fluids and gases compared to conventional 
reservoir rocks15. The adsorption of liquid induces swelling in the coal rock matrix, given that the porosity 
of coal seam fractures is merely 1–2%7. Even minimal swelling caused by fracturing fluid can significantly 
diminish both fracture porosity and permeability within the coal seam. This reduction in permeability has 
substantial implications for hydrocarbon extraction efficiency, as it directly influences the flow pathways within 
the reservoir. Moreover, the irreversible swelling of the matrix resulting from fracturing fluid adsorption renders 
it nearly impossible to eliminate the adsorbed fluid or mitigate damage to coal seam permeability through 
conventional pressure drop methods. Additionally, chemical additives present in fracturing fluids engage in 
complex physical-chemical coupled reactions with the coal sample upon contact. These interactions not only 
lead to decreased permeability but also compromise the mechanical properties of the coal structure itself. 
Alterations in mechanical integrity may result in increased brittleness or heightened susceptibility to further 
damage under stress conditions. Consequently, this phenomenon significantly contributes to an increase in 
stress sensitivity within these formations.

The coal rock exhibits low mechanical strength and extensive microfractures, rendering it more susceptible 
to stress variations compared to other rock formations. During hydraulic fracturing operations, there is a 
possibility of the fracturing fluid infiltrating the near-well zone, thereby exacerbating the stress sensitivity of the 
reservoir.

An experimental investigation into the stress sensitivity of fractured coal rock samples treated with 
conventional fracturing fluid revealed that such treatment enhanced the stress sensitivity of the coal sample 
(Fig. 8). This enhancement indicates a significant alteration in the mechanical behavior of the coal under varying 
stress conditions, which is critical for understanding its performance during hydrocarbon extraction processes. 
Throughout the closed-stress loading process, a distinct trend was observed in both permeability and effective 
stress response of the fractured coal sample. Specifically, there was a notable decrease in permeability as effective 
stress increased from 2 to 10 MPa. This reduction can be attributed to several factors, including changes in pore 
structure and matrix swelling induced by fluid adsorption. As effective stress rises, it compresses the fractures 
within the coal matrix more tightly, thereby reducing available flow pathways for fluids.

Sample No.

Effective stress /MPa Permeability / × 
10−3µm2

SS Type of fracturing fluid
Saturation
/%3 5 10 15 20 25

5 63.12 20.13 12.32 3.53 0.62 0.67 0.52 Formation water 31.28

6 81.37 35.48 16.83 3.38 1.69 0.51 0.98 Guanidine gum 32.04

7 79.36 31.24 12.61 2.48 1.43 0.83 0.87 Active water 31.73

Table 8.  Results of coal rock stress sensitivity experiment.
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Influence of coal powder on fracture conductivity
The brittle nature of coal makes coal reservoirs prone to collapse and the generation of coal powder and other 
particles during migration. The pressure differential generated during drainage and workover operations can 
stimulate the formation of coal powder within the coal bed. In CBM reservoir, dust generation from the coal 
bed is inevitable. During the stable drainage stage and declining production phase, as water output gradually 
decreases, hydrodynamic forces diminish, making it challenging to discharge the coal powder from the channel 
into the wellbore. The deposition of coal powder in the channel will impact fracture conductivity, subsequently 
affecting CBM desorption and seepage.

(1) Experimental principle

	
K0 = 2Q0p0µ L

10W Wf (p2
1 − p2

2) � (10)

Where, Ko—Permeability of fracture, µm2. Qo—The flow rate in the fracture, cm3/s. µ—Viscosity of experimental 
gas, mPa·s. L—Length of test segment, cm. W—Fill layer width, cm. Wf —Filling layer thickness, cm. P1—
Pressure at the inlet end, kPa. P2 —Pressure at the outlet end, kPa.

The permeability and conductivity of the bracing fracture are calculated as follows:

	
FRCD = KWf = K0

1 + K0ρ gβ Q0
µ W Wf

× Wf � (11)

Where, FRCD—Fracture conductivity, µm2·cm. Wf —Filling fracture width, cm. Q—The flow of fluid in the 
fracture, cm3/min.

(2) Experimental conditions.
The experiment utilized 35.64 g of quartz sand proppant and a sand concentration of 5 kg/m2 as the medium, 

with nitrogen serving as the testing medium. To investigate the impact of coal powder on fracture conductivity, 
we incorporated 20% coal powder into the proppant for testing purposes and compared its conductivity to that 
of the proppant without coal powder.

(3) Experimental Procedures.
Polish the apron and steel sheet. Clean the flow guide chamber thoroughly, replace the filter screen on the 

inner side of the flow guide chamber, and install it flush with the inner surface. Apply Vaseline to the upper 
and lower piston sleeves, then insert them vertically into the flow guide chamber. Place the lower steel plate in 
position, add and level out the weighed proppant. Securely position the upper steel plate using tape within the 
flow guide chamber. Finally, insert the upper piston vertically into place within the flow guide chamber.

(4) Analysis of experimental results.
As shown in Fig. 9, the conductivity test values of 20/40 mesh quartz sand (Its particle size is approximately 

1 ~ 2 mm‌) without coal powder range from 78.3 µm2·cm to 3.92 µm2·cm, and the conductivity gradually 
decreases with the increase of closure pressure. However, after adding coal powder, the conductivity significantly 
decreases, fluctuating between 63.14 µm2·cm and 1.93 µm2·cm. Compared with the test without coal powder, the 
conductivity is reduced by about 40–55%. Therefore, it can be seen that coal powder blockage and migration has 

Fig. 8.  Stress sensitivity experimental results of coal samples soaked in different liquids.
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a certain impact on the conductivity. In the case of 70/140 mesh quartz sand (Its particle size is approximately 
109 ~ 212 μm) without coal powder, the conductivity test values range from 20.17 µm2·cm to 1.95 µm2·cm, and 
the conductivity gradually decreases with the increase of closure pressure. However, after adding coal powder, 
the conductivity significantly decreases, fluctuating between 12.38 µm2·cm and 0.93 µm2·cm. Compared with 
the test without coal powder, the conductivity is reduced by about 40–60%. Therefore, it can be seen that coal 
powder blockage and migration reduces the fracture conductivity.

Conclusions
This study employed experimental techniques, including scanning electron microscopy, X-ray diffraction, 
and micro-computed tomography, to conduct a systematic and comprehensive analysis of the pore structure, 
mineral composition, fluid properties, and wettability of coal seams 3# and 15# in the northern region of the 
Qinshui Basin. The mineral composition analysis of the coal rock within the block reveals that the clay mineral 
content is 18.52%, while the quartz content reaches as high as 34% and calcite constitutes 8.98%. The coal rock 
demonstrates significant hydrophilicity and well-developed fractures, which present potential risks such as 
water sensitivity, velocity sensitivity, alkali sensitivity, and acid sensitivity regarding coalbed methane reservoir 
formation damage.

The coal-rock reservoirs exhibit significant velocity-sensitivity damage., and the intrusion of fracturing fluid 
further intensifies the reservoir’s sensitivity to stress. As effective stress escalates from 2 MPa to 10 MPa, the 
porous structure and natural fractures within the coal rock are compressed more tightly, leading to a marked 
reduction in permeability.

Fracturing fluids exhibit excellent compatibility with the fluids present in coal and rock reservoirs. Coal 
powder is readily transported within coal seams, while both coal and rock display pronounced characteristics of 
velocity sensitivity and stress sensitivity. Furthermore, exposure to fracturing fluids induces volume expansion 
in coal powder. However, potential plugging caused by the presence of coal powder may lead to a reduction in 
fracture conductivity by approximately 40–60%, significantly affecting proppant pack conductivity.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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