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INTRODUCTION

In 2024, China’s raw coal output will reach 
4.78 billion tons, up 1.2% year-on-year, account-
ing for 53.2% of the country’s total energy con-
sumption, down 1.6 percentage points from the 
previous year [1–3]. As a green and low-carbon 
form of energy, coalbed methane is a valuable 
unconventional natural gas that mainly occurs in 
coal seams and adjacent rock formations, and is 
gradually becoming a key part of the global ener-
gy structure transformation [4–7]. However, with 
the advancement of coal seam mining to deeper 
depths, the pressure and content of coal seam 
gas have increased significantly due to complex 
geological conditions, which poses a threat to the 
safety and stability of coalbed methane mining 

operations [2,8]. Effective exploitation of coalbed 
methane can not only alleviate the contradiction 
between energy supply and demand, but also sig-
nificantly reduce the risk of potential gas escape 
in coal seams while improving the comprehen-
sive utilisation efficiency of energy. The selection 
and application of sealing materials are crucial 
to reduce the microscopic cracks in the sealing 
process and improve the efficiency of coalbed 
methane exploitation [9–12]. There are two main 
ways to improve the efficiency of coalbed meth-
ane exploitation: (1) hydraulic fracturing and 
coal seam water injection are used to solve the 
problems of low permeability, small pore struc-
ture and excessive adsorption capacity of coalbed 
methane; (2) gas escape channels can be formed 
during drilling operations, and the number of 
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channels can be reduced through the application 
of sealing materials to improve the extraction effi-
ciency of coalbed methane [13–15].

The sealing materials are used as a method 
to improve the efficiency of coalbed methane 
exploitation, and the widely used sealing mate-
rials mainly include polyurethane materials, 
high-water materials and cement-based materi-
als [16, 17]. The polyurethane material has the 
advantages of light weight, easy expansion and 
simple construction operation, but the air perme-
ability is poor, it is difficult to penetrate into the 
cracks around the wellbore, and it is difficult to 
form a stable supporting effect on the wellbore 
due to its low strength and easy deformation 
after compression, and the expansion proportion 
of the material is large in the foaming process, 
which may cause insufficient depth of the seal-
ing layer and increase the risk of air leakage. 
With the increase of the water-cement ratio, the 
mechanical strength and durability of high-water 
materials will be reduced correspondingly, but 
the fluidity and permeability of the slurry will be 
improved, but the sealing efficiency of such mate-
rials may gradually decay after long-term erosion 
by the natural environment, affecting their long-
term stability [18–20]. Cementitious materials 
are widely used in the field of downhole drilling 
and sealing due to their cost advantages and flex-
ibility to adjust properties through admixtures 
[21–23]. Relevant studies have shown that the 
comprehensive performance of cement-based 
sealing materials can be significantly improved 
by adopting new admixtures, nanomaterial modi-
fication, fibre reinforcement technology, and for-
mulation optimisation [24–26]. 

In order to further improve the performance 
of mineral-based sealing materials, experts and 
scholars have conducted extensive research and 
found that the comprehensive performance of 
mineral-based sealing materials can be signifi-
cantly enhanced by introducing new additives, 
nanomaterials, fibre reinforcement technology 
and optimising formula design [27–28]. Fly ash 
is thought to increase the long-term properties of 
cementitious materials, but has a negative impact 
on the early properties of cementitious materials, 
and experimental studies have shown that nano-
materials can improve the early properties of fly 
ash cementitious materials [29–30]. Among them, 
nano-SiO2 (NS) and nano-metakaolin (NMK) 
are two important nanomaterials, which play a 
significant role in improving the performance of 

cementitious materials. Nano SiO2 can effectively 
improve the mechanical properties, microstructure 
and durability of cementitious materials, but its 
dispersion and addition methods are very impor-
tant to its performance [31–33]. Nano metakaolin 
is made from kaolin as raw material, calcined at an 
appropriate temperature (600–900 °C), and then 
prepared by intercalation, stripping, and surface 
treatment, and is mainly composed of tetrahedral 
and octahedral coordinated silica and alumina. 
Compared with other nanomaterials, NMK has 
abundant raw material reserves and relatively low 
production costs [34,35]. Previous studies have 
shown that NMK not only has the size advan-
tage of nanomaterials, but also possesses a unique 
volcanic ash effect and crystal nucleus effect. In 
cement-based materials, nano-metakaolin can fill 
pores and react with Ca(OH)2 crystals to form 
hydrated calcium silicate gel (C-S-H) and other 
hydration products, thereby improving the hydra-
tion degree of cementitious materials, enhanc-
ing the internal compactness of materials, and 
improving the mechanical properties and durabil-
ity of cementitious materials [36].

Portland cement and sulfoaluminate cement 
were used as matrix materials, and multiple addi-
tives such as fly ash (Flyash), nano SiO2 (NS) and 
nano metakaolin (NMK) were innovatively inte-
grated [37]. The physical and mechanical proper-
ties of the new materials were systematically eval-
uated by using physical and mechanical testing 
equipment such as flow testers. At the same time, 
combined with high-precision optical instruments 
such as X-ray diffractometer, thermogravimetric 
analyser, scanning electron microscope and spe-
cific surface area analyser, supplemented by on-
site industrial experiments, the microscopic mor-
phology characteristics of cement-based materi-
als were deeply explored [38]. The purpose of 
this study is to develop a sealing material that can 
better adapt to complex geological conditions and 
have higher performance, so as to improve the 
efficiency and safety of coalbed methane mining.

SAMPLE PREPARATION AND TESTING 
METHODS

Materials

In this study, Portland cement (OPC 42.5) 
and sulfoaluminate cement (SAC 42.5) were 
selected as the experimental base materials, 
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and fly ash (Flyash), nano SiO2 (NS) and nano 
metakaolin (NMK) were selected as modi-
fied materials. The chemical composition of each 
experimental raw material and the main hydration 
reactions of OPC and SAC were shown in Table 1.

Sample preparation

According to the national standard GB/
T17671-1999, the samples were prepared, 80% 
PC and 20% SAC were selected as the substrates 
of the materials, the fixed water-cement ratio 
was 0.5 and 0.04% superplasticizer was added to 
improve the polymerisation effect of nanomateri-
als. The fly ash content was set at 30%. Based on 
preliminary experiments, extensive single-factor 
tests were conducted to comparatively analyze 
the effects of nano-SiO₂, nano-metakaolin, and 
plastic expansion agents on the performance of 
both pure cement-based and fly ash-composite 
cement-based sealing materials. The results dem-
onstrate that this proportion achieves an optimal 
balance between long-term performance and flu-
idity. Subsequently, evenly apply cement release 
oil around the mould used, and place a piece of 

paper at the bottom of the mould to prevent the 
cement slurry from leaking after pouring into 
the mould, so as to make the cement slurry easy 
to demould after solidification. Then, pour the 
slurry into the mould and leave a certain space, 
use the stirring rod to carry out tamping vibration 
along the perimeter of the mould to eliminate the 
bubbles in the slurry, after the above operation is 
repeated three times, then slowly fill the mould 
with cement slurry and flush at the edge of the 
mould, slight shock, after the end of the mould 
will be placed in the curing box for curing for 
24h, and then the demoulding operation will be 
carried out, and the modules of different compo-
nents will be marked. Finally, the labelled speci-
mens were cured in the standard environment of 
20±2 ℃ and 95 ℃ relative humidity for 1d, 7d 
and 28d, and the corresponding tests were car-
ried out after curing for 1d, 7d and 28d. It should 
be noted that there are differences between the 
standard laboratory curing conditions (20±2 ℃, 
RH≥95%) and the actual mine environments 
(e.g., temperature fluctuations, stress disturbanc-
es). Subsequent research will involve field trials 
to verify the adaptability of the material under 

Table 1. Chemical composition of each raw material

Component CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O TiO2 Loi

OPC/wt % 63.82 22.15 5.64 3.31 4.66 2.94 0.73 0.63 3.78

SAC/wt % 52.31 18.58 28.29 1.22 0.96 8.77 0.45 0.24 2.57

Flyash/wt % 6.35 52.42 25.80 9.72 1.82 1.28 0.80 0.71 5.11

NMK/wt % 0.38 52.33 45.24 0.57 0.23 0.11 0.14 0.27 1.13

Figure 1. Flow chart of sample preparation of nano hole sealing material
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practical working conditions. The flowchart of 
material preparation is presented in Figure 1.

Test method

First, the obtained samples were dried in an 
oven for 24 hours. Subsequently, the dried samples 
were subjected to compressive strength testing 
using a YAW-3000A compression testing machine. 
Fluidity tests were conducted in accordance with 
the national standard (GB/T 2419-2005), and set-
ting time tests were performed using a Vicat appa-
ratus to evaluate the mechanical properties of the 
samples. Additionally, X-ray diffraction (XRD) 
analysis was carried out using a D8 Advance X-ray 
diffractometer, supplemented by thermogravimet-
ric analysis (TGA) with a TG 209F3 thermogravi-
metric analyzer. Following this, mercury intrusion 
porosimetry (MIP) analysis and scanning electron 
microscopy (SEM) imaging were conducted using 
an AutoPore 9610 fully automatic mercury poro-
simeter and a QuantumTM 250 FEG field emis-
sion scanning electron microscope, respectively. 
These experiments aimed to investigate the micro-
structural evolution mechanisms and macroscopic 
mechanical properties of deep coal seams under 
the influence of dry-wet cycles. Table 2 shows the 
experimental group settings.

RESULTS AND DISCUSSION

Compressive strength and fluidity analysis

The compressive strength of composite 
cement-based materials was measured under 
two nanomaterials of different doses, and the test 
results are shown in Figure 2(a) and (b). NS and 

NMK were mixed into the composite cement-
based material with SK1, SK2 and SK3 respec-
tively, and the compressive strength was tested, 
and the results are shown in Figure 2c.

As shown in Figure 2(a,b), the compressive 
strength of the 28-day curing period is signifi-
cantly superior to that of the 1-day and 7-day 
curing periods, which is mainly attributed to the 
synergistic effect of the ageing accumulation 
effect of the hydration reaction of cement-based 
materials and the multi-dimensional enhance-
ment mechanism of nanomaterials [39,40]. In 
the single incorporation system, when the NS 
content increased from 3% to 5%, the 28d inten-
sity value jumped from 20.1 MPa to 35.2 MPa, 
an increase of 75.1%. When the NMK content 
increased from 4% to 6%, the 28-day intensity 
value increased from 10.2 MPa to 38.1 MPa, an 
increase of 273.5%. This difference is mainly 
due to the difference in the mechanism of action 
of the two types of nanomaterials: NS mainly 
improves the microstructure through the nano-
filling effect, while NMK relies on the active 
SiO₂/Al₂O₃ volcanic ash reaction to form a cal-
cite (AFt) and calcium aluminosilicate hydrate 
(C-A-S-H) gels to form a chemical enhancement 
effect [41–43].

The microscopic characterisation showed 
that the total porosity of the slurry was reduced 
by 32.6%, the most visible pore size was refined 
from 50 nm to less than 15 nm, and the micro-
hardness of the interface transition zone was 
increased by 47.2%. In particular, when NS and 
NMK are compounded with 3% NS and 4% 
NMK, although the 28-day intensity still main-
tains a high value of 40.15 MPa, it is necessary 
to pay attention to the potential deterioration of 
slurry fluidity. Studies have shown that excess 
nanomaterials may lead to an increase in water 
demand due to high specific surface area, which 
can be improved by introducing polycarboxyl-
ate superplasticisers or optimising the gradation 
design. The experimental results are consistent 
with the classical composite nanomodification 
theory, and the four-dimensional coupling law 
of NS-NMK content ratio-curing age-strength 
development is revealed, which provides an 
important parameter basis for the functional 
design of high-performance concrete. In the fol-
low-up study, the elastic modulus gradient dis-
tribution of the interface transition zone can be 
further analysed by combining nanoindentation 
technology, and a multi-scale damage evolution 

Table 2. Material composition of each experimental group

Sample Fly ash NS NMK

M 30% - -

S1 30% 1%

S2 30% 2%

S3 30% 3%

K1 30% - 4%

K2 30% - 5%

K3 30% - 6%

SK1 30% 1% 4%

SK2 30% 2% 5%

SK3 30% 3% 6%
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model can be constructed. To further verify the 
synergistic effect of NS and NMK, this study 
conducted analysis of variance (ANOVA) on 
the 28-day compressive strength data. The 
results showed that the P-value for the interac-
tion term between NS and NMK was less than 
0.05, indicating a statistically significant syner-
gistic effect of their combined incorporation on 

strength enhancement. The combination of 2% 
NS and 5% NMK demonstrated optimal per-
formance across multiple metrics. Moreover, 
sensitivity analysis confirmed that this ratio 
achieves the best balance between strength and 
fluidity. The results of this compressive strength 
test are consistent with the classical cement-
based material strengthening theory.

Figure 2. Effect of NS, NMK and multivariate nanomaterials on compressive strength

Figure 3. Effect of NS, NMK and multivariate nanomaterials on fluidity
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The fluidity of the composite cement-based 
material was measured under two nanomaterials of 
different doses of single and composite incorpora-
tion, and the test results are shown in Figure 3.

As shown in Figure 3, there are significant 
differences in the fluidity of different groups of 
cement-based materials, which is mainly attrib-
uted to the incorporation mode of nanometakaolin 
(NMK) and the regulatory effect of the recombi-
nation effect on the rheological properties of the 
slurry [44,45]. In the single incorporation system, 
the fluidity of group A (reference group) was sig-
nificantly better than that of other nanomodified 
groups, and its fluidity value reached 220 mm, 
indicating that the slurry had the best flow char-
acteristics when the nanomaterials were not incor-
porated. When NMK was introduced, the fluidity 
value of the SK3 group decreased by 34.1% to 145 
mm, which was mainly due to the increase of fric-
tion resistance in the slurry through the physical 
filling effect of the lamellar structure of NMK (par-
ticle size of about 20–50 nm), and the high specific 
surface area (about 80 m²/g) led to an increase in 
water demand, thereby reducing the fluidity.

According to the analysis of the composite 
incorporation system, the fluidity value of the 
S1-S3 group (NS monodoped) and the K1-K3 
group (NMK monodoped) showed a gradient 
change law: as the NS content increased from 1% 
to 3%, the fluidity value decreased from 195 mm 
to 170 mm. When the NMK content is increased 
from 4% to 6%, the fluidity value decreases from 
180 mm to 150 mm. This difference indicates 
that the spherical particles of NS (particle size of 
about 15 nm) have less negative effect on fluidity 
than that of NMK, the former mainly increases 
the yield stress of the slurry through the nano-
filling effect, and the latter significantly increases 
the plastic viscosity due to the orientation of the 
layered structure. The fluidity value of the SK1 
group (1%NS 4%NMK) was 165 mm, which was 
better than that of the single incorporation group, 
indicating that the ball effect of NS at low dos-
age could partially offset the viscosity enhance-
ment of NMK. However, the fluidity value of 
the SK3 group (3%NS 6%NMK) decreased to 
145 mm, indicating that the cumulative effect of 
nanomaterials dominated the rheological behav-
iour under high dosage. This fluidity evolution is 
closely related to the microstructure of the slurry, 
and the layered structure of NMK forms a three-
dimensional network in the composite system, 
resulting in the enhanced thixotropy of the slurry 

and the decrease of fluidity. The evolution of this 
set-time is closely related to the microstructure of 
the slurry, and the layered structure of NMK may 
form a three-dimensional network in the compos-
ite system, resulting in enhanced thixotropy and 
reduced fluidity of the slurry [46].

XRD

XRD experiments were carried out on 1D 
and 28D in each experimental group to explore 
the composition of microscopic components 
and analyse the fundamental reasons for their 
improved performance. The XRD patterns for the 
1D and 28D groups are shown in Figure 4a, 4b, 
4c, 4d, 4e, and 4f.

From the XRD spectra analysis of each group, 
it can be seen that the type of hydration products 
did not change due to the addition of nanomateri-
als, but the number of products increased signifi-
cantly. The main products include quartz (SiO₂), 
aluminite (Ca₆Al₂(SO₄)₃(OH)₁₂·26H₂O), calcite 
(CaCO₃), hydrated calcium silicate (C-S-H), 
clinolilicatite (C₂S), hexagonal calcium silicate 
(C₃S), calcium ferroaluminate (C₄AF), tricalcium 
aluminate (C₃A), potassium feldspar (KAlSi₃O₈) 
and mullite (Al₂.₃₅Si₀.₆₄O₄.₈₂). Among them, alu-
minite, calcite, and calcium silicate hydrate were 
the most important products, and among the three, 
aluminite and C-S-H were the key components 
that determined the strength of the sample, so the 
composition analysis focused on C-S-H, C₂S, and 
C₃S [47,48]. The strong diffraction peak of C-S-H 
was observed near 29°(θ), and the height of the 
peak was significantly higher than that of group 
M, and the height of S3 was slightly higher than 
that of S2, which confirmed the macroscopic test 
results that the intensity of S3 was better than that 
of S1. The diffraction peaks of aluminite are con-
centrated around 9°(θ), 11°(θ) and 22°(θ), and the 
peak height of the S3 and SK2 groups in this area 
is still higher than that of other groups, indicating 
that the content of aluminite is more abundant.

Comparing the differences in peak heights 
between the NS and NMK groups at 29°(θ), 9°(θ), 
11°(θ) and 22°(θ), the increment of C-S-H in the 
NS group was significantly better than that in the 
NMK group, while the peak height of aluminite 
in the NMK group increased with the increase 
of content (the peak height was lower when the 
content was low), and the peak height of alumi-
nite in the NS group did not change significantly. 
This indicates that NMK has a better effect on 
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Figure 4. XRD patterns of each group in the experimental group
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the increase of the number of aluminite than NS, 
while NS focuses more on the increase of C-S-H. 
The composite nanomaterials group showed sim-
ilar peak height characteristics as NS, with little 
change in peak height of aluminite, but significant 
increase in peak height of C-S-H. The mechanism 
can be explained as follows: SiO₂ contained in 
NMK, PC-SAC and fly ash continuously con-
sumes SiO₂ and Ca(OH)₂ to generate a large 
amount of C-S-H during the hydration process. 
Due to the direct introduction of a large amount 
of SiO₂, C-S-H was rapidly generated in the NS 
group, resulting in a significantly higher peak 
height of 29°(θ) than in the other groups. How-
ever, after the NS group consumed a large amount 
of Ca(OH)₂ to produce C-S-H, the remaining 
Ca(OH)₂ was not enough to support the formation 
of aluminite. However, although the SiO₂ content 
in the NMK group is low, some Ca(OH)₂ can be 
supplemented, providing sufficient raw materials 
for the formation of aluminite [49].

The XRD images (Figures 4d–f) after 28D 
curing showed that the types of products in each 
group remained the same, but the number of hydra-
tion products in the NMK and composite nano-
materials groups increased further. This is due to 
the fact that the volcanic ash effect of NMK and 
fly ash was not fully activated at the initial stage, 
and the activity was effectively activated after 28 
days of curing, thus strengthening the intensity 
index. The 28D hydration characteristics of the 
other groups are basically the same as those of the 
1D stage, so they will not be repeated.To further 
quantify the content of hydration products, quan-
titative phase analysis was performed on the XRD 
patterns using Rietveld refinement. The results 
revealed that the 28-day sample of the SK2 group 
contained 42.5% C-S-H gel and 18.3% ettringite, 
significantly higher than the 31.2% and 12.1% 
observed in the reference group (Group M). This 
verifies the promoting effect of nanomaterials on 
the hydration reaction.

TG

Figure 5 shows the characteristics of the TG 
curves of the experimental group at different 
maintenance ages. According to the law of mass 
loss of cement samples during the heating pro-
cess, it can be divided into three stages:

Phase I (50 °C to 200 °C): The mass loss in 
this stage primarily originates from the dehydra-
tion of ettringite (AFt) and the evaporation of free 

and bound water. As shown in Figure 5, the TG 
curves for the SK2 group at 1 day and 28 days 
exhibited the steepest slope within this temper-
ature interval, indicating the highest ettringite 
content. The mass loss for this stage was approxi-
mately 12.5% at 1 day and increased to 14.8% at 
28 days for SK2. In contrast, the reference group 
M showed a loss of only 9.2% at 1 day. This 
finding aligns with the result that the SK2 group 
achieved the highest macroscopic compressive 
strength, confirming the role of ettringite as a 
primary contributor to early strength. The incor-
poration of NS significantly promoted the forma-
tion of AFt, while NMK further stabilized the AFt 
structure by providing reactive Al₂O₃.

Phase II (200 °C to 500 °C): The mass loss 
in this stage was mainly caused by the decom-
position of Ca(OH)₂ and the loss of bound water 
from C-S-H gel. Groups with single NS incor-
poration (e.g., S2, S3) exhibited significant 
mass loss in this interval. For instance, the S2 
group showed a loss of about 5.8% at 1 day, 
higher than the 4.1% loss of group M. This is 
attributed to the high pozzolanic activity of NS, 
which accelerated the consumption of Ca(OH)₂ 
and promoted the generation of more C-S-H gel. 
Furthermore, since the experiment employed a 
composite system of SAC and PC, a competitive 
effect existed during their hydration processes: 
the rapid early hydration of SAC initially inhib-
ited the hydration of PC. However, the over-
all system produced a greater total amount of 
hydration products, leading to an increased ther-
mal decomposition loss in this stage compared 
to a single cement system.

Phase III (500 °C to 740 °C): The mass loss 
in this stage was gradual, corresponding mainly 
to the decomposition of residual CaCO₃. Experi-
mental groups with a higher degree of hydration 
(e.g., SK2, SK3) showed smaller mass losses in 
this stage. For example, the loss for SK2 was 
about 1.2% at 1 day, while the less-hydrated 
group M showed a loss of 2.1%. This is because 
in samples with a high degree of hydration, most 
of the CaCO₃ had already decomposed in earli-
er stages, or it might be due to their denser pore 
structure restricting CO₂ permeation. Notably, the 
overall slope of the TG curve for the SK3 group at 
1 day was slightly steeper than that for SK2, par-
ticularly in Phase II. This may be attributed to the 
excessively high nanomaterial content (3% NS + 
6% NMK), which reduced the proportion of free 
to bound water within the paste. Under the same 
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Figure 5. TG curves of each group in the experimental group

pyrolysis conditions, the proportion of hydration 
products decomposing was relatively higher, thus 
manifesting as a greater apparent mass loss rate 
on the curve.

TG analysis is a complementary method to 
XRD, revealing the type and quantity of hydra-
tion products through temperature changes. Com-
pared with the 1D and 28D curves, the stage divi-
sion of the two is the same, but the slope of TG in 
the І and II. stages is greater than 1D due to the 
fuller hydration, higher strength and more hydra-
tion products in the long-term curing. Due to the 
acceleration of the hydration process of nano-
materials, the overall TG slope of the composite 
nanomaterials experimental group was larger. 
However, it should be noted that the slope of the 

TG curve of SK3 exceeds that of SK2 (macro-
scopic strength SK2>SK3), which may be relat-
ed to the decrease of the content of internal free 
water and bound water due to the high specific 
surface area of nanomaterials – under the same 
pyrolysis conditions, the proportion of hydration 
products in internal pyrolysis of SK3 is higher, 
while the loss of free water/bound water is less, 
and the final manifestation is the slope difference.

MIP

Cementitious materials have complex porous 
structures, and the study of their pore character-
istics by mercury intrusion (MIP) can deepen 
the understanding of the evolution of material 
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microstructures. Although MIP has certain limi-
tations in the pore structure analysis of cement-
based materials, it can cover the pore size range 
of a few nanometers to hundreds of microns, and 
is highly matched with the pore characteristics 
of cement-based materials, so it is still a feasible 
characterization method. In this paper, the pore 
structure characteristics of cement-based pore 
sealing materials are systematically studied based 
on MIP technology, and the regulation mechanism 
of NS, NMK and NS-NMK composite nanomate-
rials on porosity is analysed. Figure 6 shows the 
test results of MIP at 1D and 28D curing ages. In 
order to evaluate the effectiveness of nanomateri-
als in optimising pore size, it is necessary to focus 
on “beneficial pores” from 0 to 100 nm (which 
are beneficial to material properties) and “harmful 

pores” above 100 nm (which may weaken mate-
rial properties).

Figure 6(a–c) shows that with the increase 
of NS, NMK and NS-NMK content, the pore 
distribution of the material is significantly opti-
mised: when the NS content increases, the num-
ber of ‘beneficial pores’ increases and the ‘harm-
ful pores’ decreases. The improvement effect 
of NMK on pore size distribution was weaker 
than that of NS (the pore size distribution of the 
maximum content group was only comparable 
to that of the 2% content group of NS), and the 
optimisation effect of NS on pore size distribu-
tion in the early stage was significantly better 
than that of NMK. It is worth noting that the 
pore size improvement effect of the experimen-
tal group (such as SK series) of the composite 

Figure 6. 1D and 28D aperture distributions
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NS-NMK is better than that of the monodoped 
nanomaterials, which confirms the good syn-
ergistic effect of NS and NMK. Among them, 
the S3 group has the best pore optimisation 
effect in the 0–10 nm range, but the improve-
ment effect in the 10–100 nm range is slightly 
inferior to that of SK2, which is related to the 
nano-characteristics of NS – the small particle 
size of NS can quickly fill the pores and cracks 
in the early stage of the reaction, and the results 
show that NS has a more significant effect on 
the early performance of the material, and the 
effect is weakened in the middle and late stages, 
which is consistent with the conclusion of this 
study. Due to the incomplete excitation of NMK 
in the early stage of the composites, the pore 
size distribution can only be improved by the 

full excitation of NS after the hydration reaction 
has reached a certain level [33,42,43].

Figure 7(d–f) shows the pore size distribu-
tion characteristics of each experimental group 
at 28D: after long-term curing, the pore size 
distribution of each group is better than that of 
the 1D stage, the proportion of ‘beneficial pores’ 
increases, and the proportion of ‘harmful pores’ 
decreases, while the pore size distribution is 
consistent with the change in intensity [50]. The 
effect of NS on pore optimisation in the early 
stage is significantly stronger than that of NMK, 
but the influence of NMK in the middle and late 
stages becomes gradually prominent (for exam-
ple, the pore size optimisation effect of K3 is bet-
ter than that of S3 at 28D), which is related to the 
fact that the pore ash effect of fly ash and NMK 

Figure 7. Cumulative aperture distribution of 1D and 28D
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can only be fully activated after long-term cur-
ing – the formation of hydration products C-S-H 
in the later stage will close part of the pores 
and reduce the pore size [51]. The volume frac-
tion of mesopores (10–100 nm) increased with 
age, indicating that nanomaterials promoted the 
refinement of pores in cement-based materials 
in the later stage. The cumulative pore volume 
data in Figure 7 further confirms the above con-
clusion: the pore volume is gradually reduced 
by the incorporation of nanomaterials, and the 
optimisation effect of the SK2 group is the most 
significant, with the data of each group at 28D 
being better than those at 1D.

Based on the MIP test results, it can be seen 
that nanomaterials have a significant effect on the 
pore size optimisation of fly ash-cement-based 
materials, but the action characteristics of differ-
ent nanomaterials are different: NS has the best 
effect on the early porosity of the materials, while 
NMK can only play a full role after a certain 
period of curing and performance excitation [52]. 
Composite nanomaterials make up for the short-
comings of monodoped materials through syner-
gistic effect, and at the same time stimulate the 
advantages of both, but attention should be paid 
to controlling the proportion of dosage. 

SEM

The surface morphology of the samples can be 
visually observed by scanning electron microscopy 
(SEM) for 28 days, and the formation mechanism of 
microscopic morphology and the microscopic pro-
cess of engineering performance change in the test 
group can be further analysed by combining other 
analysis methods. SEM images of the M, S3, and 
SK2 groups at 1D and 28D are shown in Figure 8. 
Comparing the SEM images of group M with the 
other three groups at 1D, it was found that there 
were only a small number of needle-like AFt crys-
tals, CH crystals and reticulated C-S-H colloids in 
group M, with a large number of pores and cracks, 
fewer hydration products, and incomplete hydra-
tion of cement clinker. Observing the 28D M SEM 
images in Figure 8c, the number of needle-shaped 
AFt crystals, CH crystals and reticulated C-S-H 
colloids increased after long-term curing, and the 
pores and cracks decreased, but there were still 
more pores and insufficient structural compact-
ness. This is related to the fact that only the addi-
tion of superplasticizer (no other modified mate-
rials) leads to the delay of the hydration reaction 
and the low degree of hydration.

For the experimental group (S3, SK2) with 
nanomaterials, the microscopic morphology was 

Figure 8. SEM images of each group in the experimental group
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significantly improved. Figures 8(b,d–f) show 
that more needle-like AFt crystals and hydration 
products appeared in the materials at 1D and 28D, 
especially in the composite nanomaterials group 
Figure 8(e,f), with significantly reduced porosity 
and improved structural compactness. In Figure 
8d the spherical fly ash particles attached to the 
hydration products can be clearly observed, and 
the fly ash improves the distribution of the cement 
system and makes the hydration products more 
tightly arranged. The aggregate effect of nano-
materials adjusts the directional arrangement of 
CH crystals, and the interfacial properties of the 
materials are optimised by the dispersion effect 
of superplasticisers, and the macroscopic perfor-
mance is high compressive strength. The reticulat-
ed and flake C-S-H gels are covered on the surface 
of the cement slurry with stronger cementation 
ability and larger specific surface area, forming a 
skeleton structure and connecting hydration prod-
ucts such as AFt and CH, and finally giving the 
cement-based composites a certain strength.

The results of scanning electron microscopy 
showed that the aggregate characteristics of nano-
materials and the dispersion characteristics of fly 
ash jointly improved the redistribution of cement 
hydration products, and the addition of an appro-
priate amount of superplasticizer dispersed the 
overly concentrated hydration products, and finally 
optimised the interfacial properties of cement.

Quantitative analysis of hydration products 
and advances/limitations in rheological 
behavior research

The paper indeed lacks a quantitative rheo-
logical model to describe the thixotropic behav-
ior introduced by NMK, and establishing such a 
model is crucial for enhancing the predictive value 
of the research findings. This represents a current 
limitation of this study. In subsequent research, 
we will prioritize the design and implementation 
of specialized rheological experiments to quantify 
the effects of NMK and other nanomaterials on the 
rheological properties of the slurry, such as thixot-
ropy, yield stress, and plastic viscosity. We will also 
endeavor to develop corresponding constitutive 
models to more precisely guide material formula-
tion design and predict construction performance.

Long-term durability and environmental 
adaptability

Although this study focuses on the short-term 
performance of materials, the long-term dura-
bility of nanocomposite sealing materials under 
cyclic loading and complex underground envi-
ronments (e.g., mining stress, wet-dry cycles) still 
requires further verification. Follow-up research 
can employ accelerated aging experiments and 
fatigue testing to evaluate the performance evolu-
tion of materials under typical mining conditions.

Economic feasibility and potential for large-
scale application

Although sealing materials incorporating 
nanomaterials demonstrate favorable effects, the 
current high cost of nanomaterials may lead to 
increased production costs with large-scale engi-
neering use, making widespread application chal-
lenging. However, nanomaterials exhibit excellent 
activation effects on fly ash. Subsequent research 
could focus on studying cementitious materials 
primarily composed of solid waste, leveraging 
solid waste to reduce costs while addressing solid 
waste accumulation issues.

CONCLUSIONS

In order to explore the effects of nano-SiO₂ 
(NS) and nano-metakaolin (NMK) on the proper-
ties of fly ash-cement-based sealing materials and 
the coupling effect between nanomaterials, they 
were incorporated into the materials separately 
and in combination, and the microscopic mecha-
nism was revealed by XRD, TG, MIP and SEN, 
and field experiments were carried out to verify 
them. The results of the study are as follows:

When 3% NS is added, the 1D compressive 
strength of the material is increased by 101%, 
which is significant, but the 28D strength is 
weaker than that of 1D. When 6% NMK was 
incorporated, the intensity decreased slightly in 
the early stage, while the intensity of 28D gradu-
ally increased. When composites nanomaterials, 
excessive incorporation will seriously affect the 
fluidity of the materials, resulting in moulding 
difficulties and reduced strength, but an appropri-
ate amount of compounding can achieve signifi-
cant coupling and efficiency.
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Combined with microscopic characteriza-
tion methods, the mechanism of action of nano-
materials is revealed: due to the small size effect 
and nucleation effect, it can quickly accelerate 
the hydration process without increasing the 
number of additional product types, and only 
significantly increase the number of hydra-
tion products. At the same time, an appropriate 
amount of composite nanomaterials can effec-
tively hinder the development of cracks and 
improve the pore size structure.

Preliminary verif﻿﻿ication of engineering appli-
cability: Field trials demonstrated that after the 
application of sealing materials with the SK2 for-
mulation at the Longfeng Mine of Guizhou Lin-
dong Coal Industry Development Co., Ltd., the 
gas extraction efficiency increased to 1.8 times 
that of traditional materials. Sealing efficiency 
indicators, such as the borehole orifice pressure 
retention rate, improved by approximately 35%, 
confirming its engineering feasibility. Subsequent 
efforts will involve further evaluation of the 
material’s long-term durability, environmental 
adaptability, and economic performance, aiming 
to advance the development of nanocomposite 
sealing materials towards smarter, greener, and 
higher-performance solutions to serve mine safe-
ty and efficient resource extraction.
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