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Abstract: The issue of top contact in paste backfill materials is a common technical challenge in coal mine filling processes, 
and overcoming this problem has become a significant research direction in current studies and engineering practices. 
This paper utilizes coal gangue as aggregate and hydrogen peroxide as a foaming agent to prepare foamed paste backfill 
materials. Three close-packing theories were employed to investigate the effects of different coal gangue particle gradations 
on the mechanical properties, expansion ratio, water absorption, and dry density of foamed paste backfill materials under the 
same foaming agent content. The hydration mechanism and pore structure evolution were analyzed using XRD, SEM, and 
OSM techniques. The results indicate that when the hydrogen peroxide addition is 5%, the foamed paste backfill material 
regulated by MAA gradation theory exhibits the best comprehensive performance, achieving a 28-day compressive strength 
of 0.89 MPa, an expansion ratio of 155.5%, and a dry density of 1.24 g/cm3. The regulation of coal gangue aggregate particle 
gradation not only improves the foaming efficiency but also allows the formation of CH to fill the material pores, enhancing 
the overall structural support capacity and forming a closer microstructure. This research provides new insights into 
controlling the properties of foamed paste backfill materials.
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1. Introduction
Coal is a crucial energy source for humanity, with high demand and intensive extraction processes [1, 2]. However, 
coal mining generates significant waste and underground voids, leading to issues such as land subsidence and 
groundwater pollution [3–8]. Currently, paste backfill technology is one of the effective technologies widely 
applied in recent years to manage underground voids, as illustrated in Figure 1 [9]. Compared to traditional 
filling materials, paste backfill materials offer excellent flowability and high compressive strength, making them 
adaptable to various geological conditions and engineering environments [10]. Paste backfill materials is composed 
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of cementitious materials, supplementary cementitious materials (such as fly ash and slag), aggregates (such as 
coal gangue and slag), additives (such as retarders and water reducers), and water, mixed uniformly [11–17]. After 
mixing on the surface, paste backfill materials are typically transported by gravity or pumping. The hydrated paste 
backfill materials not only provide support to the surrounding rock but also ensure a safe working environment for 
miners.

Figure 1. Paste backfill process

However, paste backfill materials typically require good fluidity during the pumping process, which results 
in a high water-to-binder ratio. This often leads to water loss and bleeding during placement and hydration. 
Additionally, the high proportion of aggregate in paste backfill materials can cause aggregate settlement, creating 
voids between the paste backfill material and the roof, preventing a compact contact with the roof and making 
it difficult to completely fill the goaf, thereby reducing the stability of the underground filling area, as shown in 
Figure 2 [18, 19]. To date, several techniques have been proposed to overcome this issue, such as artificial roof-
contacted, forced roof-contacted, and multi-point discharging [20]. These techniques can significantly improve the 
poor contact between paste backfill materials and the roof, but their high costs make them difficult to implement. 
Therefore, finding a cost-effective solution to the problem of poor roof contact has become a key research 
direction for paste backfill materials.

Figure 2. Gaps occurring in paste backfill roof contact
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Foamed concrete is characterized by its advantages of volume expansion and minimal shrinkage, while 
its porous structure helps reduce local stress concentration, effectively addressing the aforementioned issues. 
Inspired by foamed concrete, incorporating foaming agents into paste backfill materials to create foamed paste 
backfill materials is an effective approach. Due to the high porosity of foamed paste backfill materials, they have 
lower density and poorer mechanical properties compared to traditional paste backfill materials. To enhance 
performance, current research on foamed paste backfill materials primarily focuses on mineral additives, dosage, 
and types and amounts of foam [21–25]. However, for coal gangue-based foamed paste backfill materials, cost 
constraints typically result in coal gangue aggregates comprising over 70% of the material. The content and 
gradation of these aggregates are decisive factors affecting the compaction performance and compressive strength 
of coal gangue-based foamed paste backfill materials [26].

This study systematically evaluates the impact of different coal gangue particle gradations on foamed paste 
backfill materials based on three-particle packing theories (Talbot gradation theory, MAA gradation theory, and the 
I method). The mechanical properties of the foamed paste backfill materials were assessed using a pressure testing 
machine, and the pore structure, microstructure, and phase composition were investigated using SEM, XRD, TG-
DTG, and MIP techniques. The foaming mechanism and top contact process issues were theoretically analyzed, 
providing theoretical guidance for improving the stability and safety of goaf areas. Figure 3 illustrates the effects 
achieved by the foaming top contact process.

Figure 3. Foam-based roof contact process

2. Experimental procedure
2.1. Raw materials
This study utilizes various raw materials to formulate foamed paste backfill materials. The primary raw materials 
include P·O 42.5 ordinary Portland cement (sourced from Jiaozuo Qianye Cement Co., Ltd.), industrial-grade 
fly ash, and coal gangue (both sourced from Shanxi Lu’an Environmental Energy Development Co., Ltd.). The 
admixture used is a water-reducing agent produced by Shanxi Sangmus Building Materials and Chemical Co., 
Ltd., and the foaming agent is hydrogen peroxide produced by Yantai Shuangshuang Chemical Co., Ltd. (with a 
density of 1.11 g/cm3 and a concentration of 30%). The XRF analysis of the raw materials is presented in Table 1. 
The particle size distribution of the raw materials is shown in Figure 4 and the XRD results are depicted in Figure 5.



35 Volume 9, Issue 2

Table 1. Chemical composition of raw materials(%)

Chemical composition Cement Fly ash Coal gangue

SiO2 21.95 49.33 57.59

Al2O3 7.99 30.15 21.31

Fe2O3 2.81 6.09 6.51

CaO 58.03 4.78 6.42

K2O 0.88 1.15 3.51

TiO2 0.41 1.08 1.24

Na2O 0.57 0.73 1.03

MgO 3.44 0.70 0.99

SO3 3.54 1.22 0.73

LOI 3.92 6.6 11.4
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Figure 4. Particle size distribution of raw materials: (a) Cement; (b) Fly ash.
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Figure 5. XRD result of raw materials(a) Cement;(b) Fly Ash;(c) Coal gangue.

2.2. Sample preparation
2.2.1. Preparation of foamed paste backfill material
The preparation process of paste backfill materials is illustrated in Figure 6. According to the proportions listed 
in Table 2, accurately weigh the raw materials (the amount of each particle size of coal gangue is calculated 
based on different close packing theories, with results shown in Table 3, Table 4, and Table 5). Sequentially add 
coal gangue, fly ash, and cement into the mixer, and dry mix them thoroughly. Gradually add water and a water-
reducing agent over a period of 90 seconds. After all the water has been added, continue mixing for an additional 
120 seconds. Then, pour hydrogen peroxide into the mixing bowl and stir for 6–8 seconds. Pour the mixture into 
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molds with dimensions of 100 mm × 100 mm × 100 mm for shaping. The molded samples are then placed in a 
standard curing room (20°C, 95% humidity) for curing.

Figure 6. Detail steps for the preparation of paste backfill materials

Table 2. Paste backfill material proportion design(kg/m3).

Cement Fly ash Coal gangue Water reducer Water H2O2

180 270 1320 1.26 312 22.5

Based on the investigation of Fuller, a minimal porosity can be theoretically achieved by an optimal particle 
size distribution (PSD) of all the applied particle materials in the mix [27, 28]. Talbot also proposed a fitting equation 
based on the trend of the curve, as shown in Equation 1 below: 

Y = 100 �
D0

Dmax
�

n
  (1)

In this equation, P(D) is a fraction of the total solids being smaller than size D, D is the particle size (μm), 
Dmax is the maximum particle size (μm) and q is the distribution modulus.

Table 3. Percentage of cumulative sieve residue for Talbot theory

Label n
Mass content (%) of particles passing through the following sieve pores (mm)

16 9.5 4.75 2.36 1.18 0.6 0.3 0.15

1 0.38 100.00 82.03 63.03 48.32 37.13 28.72 22.07 16.96

2 0.42 100.00 80.34 60.05 44.76 33.45 25.18 18.82 14.07

3 0.44 100.00 79.50 58.60 43.08 31.76 23.58 17.38 12.81

4 0.46 100.00 78.68 57.20 41.46 30.14 22.08 16.05 11.67

5 0.5 100.00 77.06 54.49 38.41 27.16 19.36 13.69 9.68

Dinger and Funk., through experimentation, suggested that in reality, there must be a finite lower size limit. 
Hence, they proposed a modified model based on the Andreasen and Andersen Equation, as shown in Equation 2 [29].

CPFT(%) = 100�
Dq − DS

q

DL
q − DS

q�   (2)
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In this equation, CPFT(%) represents the cumulative percentage finer than a given particle size D; DL denotes 
the maximum particle size in the system; DS represents the minimum particle size in the system; D is the known 
particle size; q is the distribution coefficient.

Table 4. Percentage of cumulative sieve residue for MAA grading theory

Label q
Mass content (%) of particles passing through the following sieve pores (mm)

16 9.5 4.75 2.36 1.18 0.6 0.3 0.15

1 0.17 100.00 85.84 68.86 53.64 40.24 28.60 17.98 8.54

2 0.21 100.00 84.68 66.73 51.09 37.69 26.38 16.33 7.64

3 0.25 100.00 83.47 64.58 48.56 35.22 24.25 14.78 6.82

4 0.29 100.00 82.23 62.41 46.06 32.82 22.23 13.33 6.06

5 0.33 100.00 80.97 60.24 43.61 30.52 20.33 11.99 5.36

Based on the study of the maximum packing density curve theory, particle interference theory, and related 
grading algorithms, a calculation formula was proposed using the percentage passing decrement rate i as a 
parameter, known as the I method, as shown in Equation 3 [30]:

Pi = 100(i)(x)  (3)

In this equation, Pi represents the percentage passing through the x-th sieve size (%); i is the decrement rate 
of the particle passing percentage, ranging from 0.7 to 0.8; the series , where dx is the corresponding square sieve 
opening size for each particle grade (e.g., 16, 13.2, 9.5, ..., 0.075 mm).

Table 5. Percentage of cumulative sieve residue for i-method theory

Label i
Mass content (%) of particles passing through the following sieve pores (mm)

16 9.5 4.75 2.36 1.18 0.6 0.3 0.15

1 0.7 100.00 76.48 53.55 37.37 26.16 18.48 12.94 9.06

3 0.72 100.00 78.12 56.26 40.39 29.09 21.11 15.21 10.95

5 0.74 100.00 79.75 59.02 43.56 32.24 24.04 17.79 13.17

7 0.76 100.00 81.36 61.84 46.89 35.64 27.27 20.73 15.76

2.2.2. Preparation of test samples
The preparation of samples is illustrated in Figure 7. The preparation process of test samples is as follows: The 
paste backfill blocks are precisely cut into different sizes for various microstructural analyses. For XRD testing, 
one-sixteenth of the block is taken, crushed, and hydration is terminated using alcohol. The sample is then dried at 
a constant temperature of 50°C until a stable mass is achieved. The dried sample is ground to pass through a 200-
mesh standard sieve. MIP test samples are prepared as regular rectangular prisms with dimensions of 10mm ± 
1mm in length and width and a height not exceeding 20mm ± 1mm. All samples are soaked in anhydrous ethanol 
for 48 hours to terminate hydration reactions, followed by drying at 50°C.
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Figure 7. Schematic diagram of microscopic sample preparation.

2.3. Test methods
2.3.1. Bulk density and expansion ratio
Using a plastic measuring cup, weigh the mass M of 1000 ml of paste with the foaming agent, and record the 
volume V after foaming ceases. The weight of the plastic measuring cup is m. The bulk density is calculated as 
shown in Equation 4. The expansion ratio is the ratio of the final volume to the initial volume of 1000 ml.

 γ = M−m
v

   (4)

2.3.2. Dry density
Three test blocks are taken, and the length, width, and height of each block are measured in three directions. 

The average of six measurements is used as the length value in each direction. The volume V of each test block is 
calculated. The three blocks are placed in a drying oven at a temperature of (60 ± 5) °C until the mass difference 
between two consecutive measurements, 4 hours apart, is no more than 1g. After removal, the dry mass m0 of the 
test block is weighed, accurate to 1g. The dry density is calculated as shown in Equation 5. The dry density is the 
average of the three blocks, accurate to 1 kg/m3.

ρ0 = m0
V

   (5)

2.3.3. Water absorption
The immersion process for determining dry density uses a graded immersion method. The test block is placed 
in a constant temperature water environment at (20 ± 5) °C, proceeding in three stages: first, immersed to 1/3 of 
the block height for 24 hours, then water is added to 2/3 height for another 24 hours, and finally, water is added 
to exceed the block surface by 30mm for a further 24 hours. After immersion, the block is removed, surface 
free water is wiped off with a damp cloth, and the mass mg is immediately weighed (accuracy 1g). The water 
absorption rate W is calculated as shown in Equation 6. The water absorption rate should be the average of the 
three test blocks, accurate to 0.1%.

W = mg−m0

m0
× 100%   (6)

2.3.4. Compressive strength
The samples continue standard curing to the predetermined age (3, 7, 28 days) to test the compressive strength of 
the paste cubes. A universal testing machine is used to test the mechanical properties of the samples, with a loading 
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rate of 0.5mm/s during testing. The test results are determined by the average of three samples.

2.3.5. Mercury intrusion porosimetry (MIP)
The mercury intrusion porosimetry (MIP) method is used to measure the cumulative porosity and pore size 
distribution of the samples. MIP characterizes pores larger than 3nm, with a pressure range of 0.1–30000 psia, 
using a full scan mode and a contact angle of 130°.

2.3.6. Scanning electron microscope (SEM)
After curing to the specified age, the test blocks are crushed, and the flaky paste material is soaked in anhydrous 
ethanol to terminate hydration for 48 hours, then dried in a 50°C oven. A scanning electron microscope (SEM) 
from Carl Zeiss NTS GmbH, Merlin Compact, is used for SEM testing. Before testing, the samples are vacuumed 
and gold-sputtered. Secondary electron testing is conducted at 10kV.

2.3.7. X-ray Diffraction(XRD)
X-ray diffraction (XRD) is used to analyze phase changes in samples as the proportion of coal gangue powder 
increases. Prepared powder samples are analyzed using a high-resolution powdered X-ray diffractometer (XRD, 
Cu target). The test voltage is 45 KV, the current is 150 mA, the scan step is 0.02°, the scan speed is 5°/min, and 
the test range is 5–80°.

2.3.8. Thermogravimetric analysis(TGA)
Thermogravimetric analysis (TGA) is used to analyze the decomposition process of samples at high temperatures. 
Approximately 20mg of sample powder is weighed, and thermal analysis is conducted using an STA8122/H 
comprehensive thermal analyzer. The test is conducted under a nitrogen atmosphere, with a heating rate of 10°C/
min, a temperature range of 25–1000°C, and a gas flow rate of 20 mL/min.

2.3.9. Optical super depth-of-field microscope (OSM)
The pore structure of the foamed paste backfill material is observed using a Leica DVM6 ultra-depth-of-field 
microscope from Leica Microsystems. The treated samples are placed on a microscope carrier with a magnification 
of 30× for observation.

3. Results
3.1. Water absorption, expansion ratio, dry density, and compressive strength
Figure 8 illustrates the effects of different coefficients in three close packing theories on the water absorption, 
expansion ratio, dry density, and compressive strength of foamed paste backfill materials.
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Figure 8. The influence of different close packing theories on macroscopic properties: (a–c) the influence of Talbot theory, 
MAA grading theory, and i method on compressive strength and dry density; (d–f) the effects of Talbot theory, MAA grading 
theory, and i method on water absorption and expansion ratio.

Figure 8 (a) and (d) show that in the Talbot theory, as the coefficient n increases, the dry density and 
compressive strength initially decrease and then increase, while the water absorption first increases and then 
decreases, and the expansion ratio exhibits a stepwise increase. This is because, in the Talbot theory, with an 
increase in n, the proportion of coarse coal gangue (16mm–4.75mm) increases, while the proportion of fine 
coal gangue (4.75mm–0.15mm) decreases. The overall specific surface area of the coal gangue decreases with 
increasing n, allowing the same amount of hydrogen peroxide to achieve a greater expansion ratio. The change in 
aggregate particle gradation provides more reaction interfaces for hydrogen peroxide, facilitating bubble diffusion 
and expansion in the paste. When n = 0.44, the expansion ratio decreases while water absorption increases, due to 
the agglomeration of coal gangue observed during foaming. The generation of bubbles causes partial aggregation 
of coarse coal gangue, increasing the number of open pores and thus reducing compressive strength. At n = 0.46 
and n = 0.50, both the expansion ratio and dry density increase because these groups have a higher proportion of 
coarse coal gangue compared to the previous groups, resulting in a heavier overall material.

Figure 8 (b) and (e) indicate that in the MAA gradation theory, as the coefficient q increases, the dry density 
and compressive strength first increase, then decrease, and increase again, while the water absorption first 
increases and then decreases. The expansion ratio shows a trend of first increasing, then decreasing, and increasing 
again. In the MAA gradation theory, both compressive strength and expansion ratio are relatively better compared 
to the other two close packing theories. As shown in Table 4, the lower content of coal gangue powder results in a 
relatively higher free water content in the paste, making bubble generation easier. However, higher fluidity is not 
always beneficial. In the MAA gradation theory, the proportion of coal gangue powder (0.15mm–0.074mm) is less 
than in the other two theories. As q increases, the proportion of coal gangue powder decreases, making it difficult 
for the paste to encapsulate the coal gangue, reducing the cohesiveness of the foamed paste backfill material, 
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leading to aggregate settlement and segregation. After adding the foaming agent, newly formed bubbles cause 
the aggregate to float. Due to the relatively high density of the aggregate, those initially at the top layer gradually 
move downward, but bubbles may burst during the movement of coal gangue, explaining why the expansion ratio 
increases while the dry density rises at q=0.33.

Figure 8 (c) and (f) demonstrate that in the i method theory, the macroscopic performance trends are similar to 
those in the Talbot theory. As the coefficient i increases, the proportion of coarse coal gangue decreases, while the 
proportion of fine coal gangue increases, leading to an initial rise and subsequent fall in the expansion ratio. This 
phenomenon occurs because a higher proportion of coal gangue powder results in less free water in the paste, reducing 
the foaming effect. The results indicate that in foamed paste backfill materials, the paste must have a certain cohesiveness 
to effectively encapsulate bubbles, preventing their escape and avoiding aggregate settlement [31]. Good particle gradation 
can also enhance compressive strength [32]. On the other hand, an excessive proportion of coal gangue powder can lead to 
poor paste fluidity, making bubble generation difficult and failing to achieve effective top contact [33].

3.2. MIP
Figure 9 illustrates the impact of different coefficients of three close-packing theories on the porosity of foamed 
paste backfill materials. 
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Figure 9. MIP curves of sample with different close packing theories: (a–c) cumulative pore distribution of Talbot theory, 
MAA grading theory and i method theory, respectively. (d–f) dV/dlogD pore volume of Talbot theory, MAA grading theory 
and i method theory, respectively.

It can be observed from the figure that changes in the gradation of coal gangue aggregate particles 
significantly affect pores larger than 10μm within the cementitious system. In Figure 9(a) and (d), the overall 
porosity change according to the Talbot theory is not significant. However, as the coefficient n increases from 
0.38 to 0.50, there is a trend where pores larger than 10μm first decrease and then increase. This is because, at 
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n = 0.38, the higher proportion of coal gangue powder results in less free water within the paste, reducing its 
fluidity and thus the foaming efficiency of the foaming agent. Additionally, due to the closer cementitious system, 
bubbles generated by the foaming agent cannot diffuse into the surrounding area, and the high viscosity of the 
paste prevents bubble coalescence, leading to most pores being smaller than 10μm. As the coefficient n increases, 
the proportion of coarse coal gangue rises while that of fine coal gangue decreases, reducing the overall specific 
surface area of the coal gangue. This increases the free water content in the paste, allowing bubbles generated by 
the foaming agent to diffuse more easily. Furthermore, the decreased viscosity of the paste increases the likelihood 
of bubble coalescence, resulting in more bubbles larger than 10μm. At n = 0.5, the paste’s viscosity is insufficient 
to stabilize the bubbles, leading to a collapse.  In Figure 9(b) and (e), the overall pore distribution according 
to the MAA gradation theory is more uniform compared to the other two theories, with the overall porosity first 
increasing and then decreasing. This phenomenon is mainly attributed to the uniform distribution of aggregate 
particle sizes in the MAA gradation theory, along with a relatively low content of coal gangue powder, which 
prevents excessive paste viscosity and uneven foaming, thereby enhancing overall strength and bubble stability.  
In Figure 9(c) and (f), the pore size distribution according to the i method is similar to that of the Talbot theory, 
with a larger proportion of pores over 10μm. This can lead to decreased bubble stability and increased water 
absorption of the foamed paste backfill material, which may result in material failure under conditions such as coal 
mine goafs. For foamed paste backfill materials, a good pore size distribution can reduce stress concentration and 
improve the overall strength and durability of the material [34, 35].

3.3. Sectional view
Figure 10, Figure 11, and Figure 12 illustrate the effects of different coefficients in three close-packing theories 
on the aggregate distribution in foamed paste backfill materials. Based on the analysis, the coefficients selected for 
the study were n = 0.42, 0.44, 0.46 in the Talbot theory, q = 0.17, 0.21, 0.25, 0.29 in the MAA gradation theory, 
and i=0.72, 0.74, 0.76 in the i method.

From Figure 10, it can be observed that under the Talbot theory, as the coefficient changes, the overall 
aggregate distribution is more uniform when n = 0.46. This is because as n increases, the viscosity of the paste 
decreases. On one hand, this facilitates the generation and diffusion of bubbles within the paste, forming a uniform 
bubble structure, but it can also lead to bubble coalescence, resulting in larger bubbles. On the other hand, coal 
gangue aggregates are more evenly dispersed in the paste, significantly enhancing the fluidity of the paste and 
reducing aggregate agglomeration.

Figure 10. Cross-sectional images of samples with Talbot theory: (a) n = 0.42; (b) n = 0.44; (c) n = 0.46.

Figure 11 shows that under the MAA gradation theory, when q = 0.25, the aggregate distribution within 
the cross-section exhibits a high degree of uniformity. In the MAA gradation theory, the content of coal gangue 
powder is relatively low, and as the coefficient increases, the viscosity of the paste gradually decreases. This 
not only causes aggregates to potentially settle under gravity, leading to stratification, but also causes bubbles to 
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rise and burst rapidly. When q = 0.29, it is evident that aggregates concentrate in certain areas, which can lead to 
uneven physical and mechanical properties, affecting the performance of the foamed paste backfill material.

Figure 11. Cross-sectional images of samples with MAA grading theory: (a) q = 0.17; (b) q = 0.21; (c) q = 0.25; (d) q = 0.29.

From Figure 12, it is evident that in the I method, when i = 0.74, the aggregate distribution is more uniform 
compared to the other two groups. This phenomenon occurs because, as the coefficient i changes, the content of 
coarse coal gangue in the paste gradually decreases while the content of fine coal gangue increases, leading to 
increased paste viscosity. An appropriate paste viscosity can prevent aggregates from settling or floating, ensuring 
their uniform distribution.

Figure 12. Cross-sectional images of samples with i method theory: (a) i = 0.72; (b) i = 0.74; (c) i = 0.76.

The above results indicate that in foamed paste backfill materials, uniformly distributed aggregates can 
effectively support the foamed structure, while also helping to reduce material deformation and aggregate 
settlement, thereby enhancing structural stability.

3.4. OSM
The impact of three close-packing theories on the pore structure of foamed paste backfill materials is illustrated in 
Figure 13. Based on the aforementioned analysis, three sample groups with superior comprehensive performance 
were selected from the three close-packing theories. Due to the rough surface of the samples and the tendency 
for some coal gangue aggregates to be mistaken for bubbles, Image Pro Plus was used to process the images and 
calculate the average pore size, as shown in Table 6. 

Figure 13 reveals that bubbles smaller than 1mm constitute a significant proportion and numerous irregular 
bubbles appear in the coal gangue foamed paste materials. This phenomenon arises because, during the foaming 
process, the high density of coal gangue causes it to move within the paste, while external forces acting on the 
bubbles lead to uneven foaming and deformation. The average pore size also indicates that when q = 0.25, the 
average pore size is relatively the smallest, which helps form a more uniform and stable foam structure, enhancing 
the overall strength and stability of the material and reducing the risk of material fracture. This is partly due to 
changes in aggregate particle gradation, which alter the viscosity of the paste, affecting bubble formation and 
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stability. Higher viscosity aids bubble stability but may inhibit bubble formation. Lower viscosity allows bubbles 
to form and spread more easily within the paste but can lead to thinner bubble walls, increasing the risk of bubble 
rupture. It also affects the paste‘s flowability, thereby influencing bubble formation and distribution. 

Additionally, changes in aggregate particle gradation affect the material’s compactness; coarse aggregates 
can form an aggregate structure, while fine aggregates fill the voids between coarse aggregates, creating a more 
stable matrix structure that supports bubble stability. Furthermore, aggregate particle gradation may influence 
the distribution and effectiveness of the foaming agent within the paste, thereby affecting the foaming outcome. 
Therefore, by reasonably adjusting particle gradation, the foaming effect can be optimized, enhancing the 
material‘s performance and quality [36].

Table 6. Average pore size of samples with different close packing theories.

Sample n = 0.46 q = 0.25 i = 0.74

Average pore size/μm 744.9 504.3 672.0

Figure 13. Pore structure of samples with different close packing theories: (a) n = 0.46; (b) q = 0.25; (c) i = 0.74.

3.5. SEM
Figure 14 illustrates the impact of three close packing theories on the microstructure of 28-day foamed paste 
backfill materials. It can be observed that variations in particle gradation significantly affect the distribution of 
hydration products. In Figure 14(a), most of the cement hydration products are encapsulated on the surface of coal 
gangue, with a considerable amount of unreacted fly ash particles present internally. The internal microstructure in 
Figure 14(c) is quite similar to that in Figure 14(a). In Figure 14(b), the C-S-H gel produced by cement hydration 
connects the surrounding coal gangue and fly ash particles, forming a closer structure. A uniform particle gradation 
distribution facilitates the formation of close C-S-H gel, thereby enhancing the material’s strength.

Figure 14. SEM image of samples with different close packing theories: (a) n = 0.46; (b) q = 0.25; (c) i = 0.74.

3.6. XRD
Figure 15 shows the effect of three close packing theories on the hydration products of 28-day foamed paste 
backfill materials.  
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Figure 15. XRD of samples with different close packing theories.

It is evident that changes in particle gradation have a significant impact on the phase composition. After 
adding cement and fly ash to the specimens, diffraction peaks of minerals such as quartz and mica are still present, 
but their heights have decreased, indicating a reduction in the relative content of quartz and mica, leading to a 
decrease in their XRD peak intensity. Additionally, different particle gradations result in corresponding changes 
in the calcium hydroxide content within the specimens. This is because variations in particle gradation affect the 
foaming efficiency of hydrogen peroxide. 

Firstly, the particle gradation of coal gangue influences the pore structure of the mixture. A better gradation 
may provide a more uniform pore distribution, thereby affecting the decomposition of hydrogen peroxide and 
bubble formation. Secondly, particle gradation may affect the contact area between hydrogen peroxide and 
the cement paste, influencing its decomposition rate and foaming efficiency. Finally, the foaming efficiency 
of hydrogen peroxide impacts the hydration reaction of cement (e.g., by altering the pore structure or moisture 
distribution), and the increase in water released from hydrogen peroxide decomposition increases the solubility of 
calcium hydroxide, affecting its content in the specimens.

3.7. TG-DTG
Figure 16 presents the TG-DTG curves of paste materials based on three close packing theories. 
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Figure 16. TG and DTG curves of samples with different close packing theories: (a) mass loss curves; (b) derivative of mass 
loss curves.
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Each group of specimens exhibits a small absorption peak between 60–200°C, accompanied by a certain 
amount of mass loss, corresponding to the loss of free water, adsorbed water, and weakly bound water in the 
gel [37, 38]. In the 200–400°C range, the mass loss mainly results from the continued dehydration of the gel [39]. 
Between 400–600°C, the dissociation of large molecular functional groups in coal gangue, hydroxyl removal, and 
calcium hydroxide decomposition occurs [40]. In the 600–800°C range, a significant endothermic peak is observed, 
indicating the presence of calcium carbonate [41].

By comparing the different close packing theories, variations in coal gangue particle gradation lead to shifts 
in the weight loss peaks at each stage. In the 60–200°C range, there are differences in the gel content. In the 400–
600°C range, the decomposition of calcium hydroxide produced by cement hydration causes a shift in the weight 
loss peak, indicating differences in calcium hydroxide content, consistent with the XRD analysis results.

4. Discussion
4.1. Effect of aggregate particle size on foam backfill material
The intermolecular forces on the surface of liquid-phase substances create surface tension. When the surface 
tension is too high, molecules cannot overcome this force to form bubbles [42]. 

Upon adding a foaming agent to the cement paste, gases produced by chemical reactions accumulate within 
the paste, causing volume expansion. Eventually, the bubbles solidify to form a porous filling material.

The formation mechanism of foamed materials can be summarized as the evolution process of foam cells, as 
shown in Figure 17. This process mainly includes three stages: 

(1) Nucleation: gas is introduced or generated by the decomposition of the foaming agent.
(2) Bubble growth: the initial gas nuclei gradually expand.
(3) Structure stabilization: the configuration of bubbles stabilizes during the hardening of the cement paste.

Figure 17. Hydrogen peroxide foaming process

Due to the presence of peroxide bonds and low symmetry, hydrogen peroxide easily undergoes decomposition 
reactions. When hydrogen peroxide is added to the cement paste, the alkaline environment within the paste 
accelerates its decomposition. The reactions of cement are shown in Equation 7 and Equation 8.

3𝐶𝐶𝐶𝐶𝐶𝐶 ∙ 𝑆𝑆𝑆𝑆𝐶𝐶2 + 𝑛𝑛𝐻𝐻2𝐶𝐶 = 𝑥𝑥𝐶𝐶𝐶𝐶𝐶𝐶 ∙ 𝑆𝑆𝑆𝑆𝐶𝐶2 ∙ (𝑛𝑛 − 3 + 𝑥𝑥)𝐻𝐻2𝐶𝐶 + (3 − 𝑥𝑥)𝐶𝐶𝐶𝐶(𝐶𝐶𝐻𝐻)2   (7)

2𝐶𝐶𝐶𝐶𝐶𝐶 ∙ 𝑆𝑆𝑆𝑆𝐶𝐶2 + 𝑛𝑛𝐻𝐻2𝐶𝐶 = 𝑥𝑥𝐶𝐶𝐶𝐶𝐶𝐶 ∙ 𝑆𝑆𝑆𝑆𝐶𝐶2 ∙ (𝑛𝑛 − 2 + 𝑥𝑥)𝐻𝐻2𝐶𝐶 + (2 − 𝑥𝑥)𝐶𝐶𝐶𝐶(𝐶𝐶𝐻𝐻)2  (8)

From these chemical reaction equations, it can be seen that the cement paste becomes alkaline due to the 
calcium hydroxide produced by the reaction between cement and water. At this point, the reaction of hydrogen 
peroxide is shown in Equation 9, Equation 10, and Equation 11.
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2𝐻𝐻2𝐶𝐶2 → 2𝐻𝐻2𝐶𝐶 + 𝐶𝐶2 ↑       (9)

𝐻𝐻2𝐶𝐶2 ⟺𝐻𝐻+ + 𝐻𝐻𝐶𝐶𝐶𝐶−       (10)

𝐻𝐻2𝐶𝐶2 + 𝐻𝐻𝐶𝐶𝐶𝐶− → 𝐻𝐻2𝐶𝐶 + 𝐶𝐶𝐻𝐻− + 𝐶𝐶2 ↑    (11)

As shown in Equation 10, the reaction is reversible, and a stronger alkaline environment in the cement paste 
increases the hydroxide ion concentration, driving the reaction to the right, thereby increasing the concentration 
of [HOO]-. According to Equation 11, the increased [HOO]- accelerates the decomposition of hydrogen peroxide, 
creating the necessary conditions for foaming in the paste.However, in the process of accelerating the reaction 
rate of hydrogen peroxide, it is not sufficient to merely pursue faster reactions, as bubbles are thermodynamically 
unstable systems [43]. The bubbles produced cannot be preserved permanently and may collapse. 

The formation and stability of bubbles are mainly influenced by two factors: Firstly, the surface tension of the 
liquid plays a decisive role in bubble formation. Excessive surface tension hinders the process of water molecules 
detaching from the liquid surface to encapsulate gas. Increasing the viscosity of the solution can effectively reduce 
surface tension, creating conditions for the stable existence of bubbles.

Secondly, the gravitational drainage effect of the liquid film significantly affects bubble stability. Due to the 
density difference between liquid and gas, the liquid moves downward under gravity, causing the upper part of 
the liquid film to thin and eventually rupture. Additionally, the presence of large particles in the system can move 
downward due to gravity, accelerating the bubble rupture process. Therefore, controlling the viscosity of the paste 
and optimizing particle stability are key to maintaining the bubble structure.

Figure 18 illustrates the foaming behavior when hydrogen peroxide is added to coal gangue paste. Under 
identical conditions, the proportion of coarse to fine coal gangue plays a crucial role in the foaming effect. A 
high proportion of coarse coal gangue can lead to a decrease in paste viscosity and an increase in surface tension, 
directly affecting the stability and distribution of bubbles. Although the presence of coarse coal gangue can 
promote bubble generation, the reduced viscosity of the paste prevents bubbles from being fully encapsulated, 
causing them to easily escape from the paste. This hinders the bubbles from performing their intended function, 
affecting foam generation and stability. 

Due to the higher density of coal gangue, its gravitational effect causes it to settle at the bottom of the paste. 
During this settling process, coal gangue may collide with bubbles, leading to bubble rupture, which further reduces 
the foaming ratio. The instability and collapse of bubbles can result in a loose paste structure, decreasing overall 
strength and stability. This not only affects production efficiency but may also lead to subsequent process issues. 
Conversely, an excessively high proportion of fine coal gangue may overly increase the paste‘s viscosity, affecting 
its flowability and causing uneven foaming. A balanced proportion of coarse and fine coal gangue can enhance the 
strength of the foamed paste, help form a stable bubble structure, and prevent bubble rupture or uneven distribution.

Figure 18. The foaming process of hydrogen peroxide in paste backfill paste.
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4.2. Engineering application
Currently, the issue of top contact in paste backfill presents a common technical challenge in coal mine filling 
processes, primarily involving the contact and support effectiveness between the filling system and the roof. 
Insufficient fluidity of the paste, uneven roof surfaces, and paste settlement are key reasons for the failure of 
paste backfill to achieve top contact. Figure 19 illustrates the phenomenon of paste backfill failing to achieve top 
contact. The inability of paste backfill to achieve top contact impacts mine safety in several ways:

(1) The filling system cannot closely contact the roof, leading to inadequate support and increasing the risk of 
roof collapse or caving incidents.

(2) The filling system that fails to achieve top contact cannot effectively bear and distribute ground pressure, 
resulting in pressure concentration in localized areas.

(3) The filling system that fails to achieve top contact cannot fully perform its supporting function, leading to 
wastage of filling materials.

Figure 19. Diagram of paste backfill material failing to reach the roof

Figure 20 shows the condition of paste backfill materials achieving top contact after the addition of a foaming 
agent. To enhance the overall strength of paste backfill, a portion of non-foamed paste is first injected, followed 
by the addition of a foaming agent at the pipeline outlet. The mixing device at the pipeline outlet mixes the 
foaming agent with the paste, and the mixed foamed paste is then injected into the area requiring top contact. The 
spontaneous action of the foaming agent allows the paste material to achieve close top contact, thereby enhancing 
structural stability and safety. This method reduces costs, effectively fills irregular voids, ensures close contact 
with the roof, enhances the overall load-bearing capacity of the structure, and reduces the risk of roof collapse.

Figure 20. Foaming roof contact process
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5. Conclusion
The above study demonstrates that employing different close packing theories to regulate the gradation of coal 
gangue aggregates significantly impacts the performance of foamed paste backfill materials. Based on the 
mechanical properties and microstructure of these materials, the main conclusions are as follows:

(1) In the Talbot theory, the performance of foamed paste backfill with coal gangue is optimal when the 
coefficient n = 0.46. The 28-day compressive strength is 0.76 MPa, the expansion ratio is 158.0%, and the 
dry density is 1.35 g/cm³.

(2) In the MAA gradation theory, the performance is optimal when the coefficient q = 0.25. The 28-day 
compressive strength is 0.885 MPa, the expansion ratio is 155.5%, and the dry density is 1.24 g/cm³.

(3) In the i method theory, the performance is optimal when the coefficient i = 0.74. The 28-day compressive 
strength is 0.78 MPa, the expansion ratio is 152.3%, and the dry density is 1.3 g/cm³.

(4) When considering only the particle gradation of coal gangue aggregates, the results derived from the three 
close packing theories differ. Comparing the optimal results of these theories reveals that the foamed 
paste backfill material regulated by the MAA gradation theory exhibits a more uniform distribution of 
aggregates and pores within the material, with a relatively smaller average pore size.

(5) The impact of different particle gradations on performance varies. It not only affects the foaming 
efficiency of the foaming agent but also influences the hydration reaction. Specifically, particle gradation 
affects the internal CH content, which contributes to enhancing the overall structural support capacity of 
the material. An appropriate amount of CH helps fill the voids, improving the volumetric stability of the 
material

(6) Currently, the issue of top contact in paste backfill presents a common technical challenge in coal mine 
filling processes. The development of foamed paste backfill materials not only addresses the problem 
of inadequate contact with the roof but also enhances the overall load-bearing capacity of the structure, 
thereby reducing the risk of roof collapse and lowering costs.
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