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Abstract. 
To control pores in the backfill, the air-entraining agents (AEAs) are used as an admixture to realize the pore structure changes under artificial action and explore the effect of pore structure on strength. Two AEAs at different dosages were added to the backfill. The relationship was then analyzed between them from the macro- and mesoscopic aspects. The results indicate that AEA can regulate pore structure changes of AEACPB. With the increase in AEA content, the total pore volume of different pore sizes in AEACPB increases, in which the proportion of big and medium pore gradually increases while the proportion of small pore gradually decreases. The AEACPB’s UCS is linearly negatively correlated with the porosity and pore percentage, which is the primary factor affecting the AEACPB of the pore structure. When the total pores’ volume in the AEACPB is constant, the influence of different pore structures differs. A higher proportion of small pores leads to a linear increase in strength; a higher proportion of medium pores leads to a linear decrease in strength; and a higher proportion of big pores leads to an exponential decrease in strength. And the fractal dimension has a linear negative correlation with the UCS by fractal theory analysis.

1. Introduction
As an important indicator of mine filling, the backfill strength has multiple influencing factors. They can be divided into macro and micro aspects according to the perspective of analysis. In the macroscopic aspect, the composition of filling material had a significant effect on strength. The results report that macro factors such as cement–sand ratio, slurry concentration, solids content of tailings, and fine tailings have a significant impact on strength [1–3]. In the microscopic aspect, this study was performed on microscopic substance and reported that the sulfate, type, shape, and quantity of hydration products have an important influence on strength [4–7]. However, the pore structure is a major factor affecting the pore material’s strength [8–10].
The strength is considerably influenced by pores, and the pore structure is changed to achieve the influence strength. It is very important that to achieve the change of pore structure through some methods and means for to study the effect of pore on strength. Dai et al. examined the relationships between pores structure and strength by changing the water–binder ratio of concrete and reported that as the water–binder ratio increased, the average pores size increased while the porosity decreased, and the strength first increased and then decreased, indicating that the pores structure was an important factor determining the concrete strength [11]. Huo et al. then analyzed the relationship between harmful pores having a size of >0.2 μm and concrete strength in different curing ages. They reported that, during the curing period of 7–28 days, pore structure and uniaxial compressive strength (UCS) considerably changed; moreover, the pore structure and strength change tended to stabilize during the curing period of 28–90 days. Thus, there is a certain relationship between pore structure characteristics and strength [12]. However, these methods will not only cause pore structure changes but also affect other factors, and air-entraining agent (AEA) is a type of admixture that can introduce a large number of bubbles into the backfill to generate pores, thus changing the pore structure in the backfill. Note that it can change the pore structure in the backfill under the condition that the ratio of other materials remains unchanged so as to achieve an individual change of pores in the same age and achieve the purpose of artificially controlling the pore structure. Studies report that adding AEA to the pore material can effectively change the pore structure and improve the material’s performance [13–15]. Furthermore, we performed quantitative description of pore structure to analyze the effect of pore on strength. Moreover, the analysis methods of pore structure primarily include mercury injection test, nuclear magnetic resonance (NMR), and scanning electron microscopy (SEM). Jiang et al. measured the porosity and pores size distribution of concrete by mercury injection [16]. Zou et al. observed the evolution law of the concrete mesopore structure in the curing process using SEM [17]. Hu et al. used SEM to observe and analyze the hydration products and pore structure characteristics in the backfill [18, 19]. And Liu et al. examined the distribution characteristics of various pore sizes using NMR spectroscopy [20]. All of the abovementioned techniques can be used to analyze pores’ characteristics and achieve the acquisition of relevant characteristics of pore structure. And there are not many studies on quantitative analysis of backfill pores by using these techniques.
The amount of data and quantitative study of pore and strength are insufficient in this study. Tailings, tailings sludge, fly ash, and other raw materials were used to manufacture backfill samples, whereas AEAs (sodium abietate (SA) and triterpenoid saponins (SJ)) were used to regulate the backfill’s pore structure. They were cured in a standard curing box (20°C and 99% humidity) for seven days and then tested by UCS, NMR, and SEM. By establishing the relationship model between the strength of the cemented paste backfill with an additional air-entraining agent (AEACPB) and the pores’ structure, the quantitative relationship research between pore structure and the strength is then realized. Thus, the relationship between strength of backfill and pores is comprehensively analyzed.
2. Materials and Methods
2.1. Materials
Tailings, fly ash, and tailings sludge were obtained from the Sanning Mine, Hubei, China. They were analyzed using a sieving method, laser particle size analyzer (Mastersizer 2000), and X-ray diffraction (XRD). Their physical properties (Table 1) and particle size distribution (Figure 1 and 2) were as follows. AEAs were then provided by a supplier based in Shandong province, and the physical properties of the AEAs are shown in Table 2. In this study, Portland cement was sourced from Changsha Xinxing Cement Factory; its physical properties are shown in Table 3. Ordinary tap water of Changsha was used.
Table 1: Physical properties of the materials.
	

	Class	Tailings	Tailing sludge	Fly ash
	

	Apparent density (kg/m3)	2626	2653	1990
	Packing density (kg/m3)	1464	923	650
	Surface moisture content (%)	0.120	0.974	0.049
	Hydroxyllapatite (%)	10.15	60.94	—
	Quartz (%)	6.91	2.24	61.55
	Hematite (%)	12.75	—	1.46
	Albite (%)	—	8.38	15.99
	Plagioclase (%)	—	11.42	—
	Muscovite (%)	—	—	20.99
	Illite (%)	—	9.76	—
	Dolomite (%)	69.65	6.30	—
	





	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
		
		
		
		
	
	
		
	
		
		
		
		
	
	
		
	
		
		
		
	
	
		
	
		
		
		
	
	
		
	
		
		
		
		
	
	
		
	
		
		
		
		
	
	
		
	
		
		
		
		
	
	
		
	
		
		
		
	
	
		
	
		
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	

Figure 1: Particle size distribution of tailings.




	
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
		
	

Figure 2: Particle size distribution of tailing sludge and fly ash.


Table 2: The main characteristics of used AEA.
	

	Main components	Appearance	pH
	

	SA	White powder	10
	SJ	Pale-yellow powder	6
	



Table 3: Physical parameters of the cement.
	

	Chemical component	3CaO·SiO2	2CaO·SiO2	3CaO·Al2O3	4CaO·Al2O3·Fe2 O3
	

	Content	52.8	20.7	11.5	8.8
	Physical properties	Apparent density (kg/m3)	Packing density (kg/m3)	—	—
	Numerical value	3100	1300	—	—
	



2.2. Experimental
2.2.1. Experimental Scheme Design
Tailing and tailings sludge are regarded as aggregates. Cement and fly ash are regarded as cementing material. In this study, the dosages of AEAs (SA and SJ) include three types. In order to meet the requirement of the Tiaoshuihe Phosphate Mine, the ratio of cement to tailing is 1 : 10 and concentration is 80%. The specific ratios (Table 4) of this experiment are as follows.
Table 4: Mixture proportions for the AEACPB.
	

	Code	Tailings	Tailing sludge	Fly ash	Cement	Water	SA	SJ
	(kg/m3)	By wt% of the cement
	

	SA1	1500	400	200	150	562	0.2	—
	SA2	1500	400	200	150	562	0.4	—
	SA3	1500	400	200	150	562	0.6	—
	SJ1	1500	400	200	150	562	—	0.2
	SJ2	1500	400	200	150	562	—	0.4
	SJ3	1500	400	200	150	562	—	0.6
	


Note. “wt%” represents solid mass percentage.


The manufacturing of AEACPB specimen according to GB/T50081-2002 is as follows. First, every raw material is weighed as per the design requirement, and these materials are mixed evenly by blender. Then, the filling slurry is injected into cylindrical mold (φ50 × 100 mm). And the specimens are cured in a curing box (20°C and 99% humidity) for 7 days after demolding. Finally, the samples were tested with SEM, NMR, and UCS.
2.2.2. Experimental Test
(i)SEM analysis is undertaken using a Quanta-200. The test objects are fragments of 1 mm2 picked from the center of damaged samples. Moreover, surface dusts are cleared and metal conductive films are applied before test.(ii)NMR analysis is undertaken using a MesoMR23-060H. The test objects are complete samples cured for 7 days. First, they are pumped dry and then soaked, so as to ensure they are fully saturated. Finally, the samples are tested.(iii)The UCS test is performed using a compressor no. 01000405, and its loading rate is 0.2 kN/s. The UCS value is then obtained through a force measurement system analysis. The reference standard for this experiment is ASTM D2166/D2166M-16.
The experiment process is shown in Figure 3.


	
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
	

Figure 3: Experiment process with sample preparation, UCS tests, and SEM.


3. Results
3.1. NMR Results
3.1.1. T2 Spectrum Distribution
For the AEACPB sample treated with saturated water, NMR T2 spectrum can reflect the pore size distribution feature of the pores in the AEACPB. Furthermore, there is a certain functional relationship between the pore size and T2, which can be expressed as follows [21, 22]:where r is pore radius (μm); T2 is transverse relaxation time (ms); ρ2 is transverse surface relaxation strength (μm/ms); and Fs is pores’ shape factor (for spherical pore, Fs = 3, and for tube bundle pore, Fs = 2).
Because pores’ structure of AEACPB was similar to that of concrete, the parameter ρ2 (12 nm/ms) could be got as per related study [23]. AEA could densify pore, so the pore could be regarded as spherical shape (Fs = 3). Therefore, the relationship between r and T2 is as follows:
Combining equation (2) and T2 spectrum, the T2 spectrum included pore size and T2 value can be got (Figure 4). Figure 4 shows that the T2 spectrum is primarily divided into three peaks from big to small; moreover, it can then be divided into small, medium, and big pores, of which the small pores are the main ones (the largest area). As the AEA content increases, the first peak in the T2 spectrum gradually increases, which shows that the small pores gradually increase with the increase of AEA content. However, the second and third peaks did not change much, indicating that the AEA had little effect on the medium and big pores. In Figure 4, 20 nm is the boundary of the pore size whether it is harmful to the strength. As per relevant research, when the pore size is >20 nm, the pores are harmful to the strength; otherwise, they are not harmful [24]. Figure 4 shows that the small pores in the first peak of the T2 spectrum are primarily pores of <20 nm, which have little impact on the strength deterioration. However, the second and third peaks are primarily medium and big pores of >20 nm, which have a harmful effect on strength.
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(b)
Figure 4: NMR T2 spectral distribution of AEACPB samples incorporating different concentration of AEA.


3.1.2. T2 Spectrum Peak Area
In the AEACPB sample, there is a certain correlation between the T2 spectral area and the amount of fluid contained. The peak areas and their proportions reflect the number of pores and their proportions in the AEACPB sample. Table 5 shows the peak areas and their proportions in the AEACPB samples under different AEA contents. Table 5 shows that as the content of the AEA increases, both the area of each peak and the total area gradually increase, which indicates that the AEA addition introduces a large number of bubbles, which makes the pore volume increase. However, the proportion of the first peak area decreases, indicating that although a large number of bubbles can be introduced with increase in AEA content, the proportion of small bubbles decreases and the proportion of big and medium bubbles gradually increases, which is harmful to AEACPB strength.
Table 5: T2 spectral peak areas and their proportions of AEACPB samples doped with different AEA.
	

	AEA type	Dosage (%)	Peak area and its proportion
	The first	Proportion	The second	Proportion	The third	Proportion	Total area
	

	SA	0.2	32467.06	0.9167	1825.85	0.0516	1124.81	0.0318	35417.72
	0.4	37077.48	0.9141	2113.89	0.0521	1368.23	0.0337	40559.60
	0.6	40486.61	0.9094	2511.36	0.0564	1524.25	0.0342	44522.23
	

	SJ	0.2	29724.96	0.9274	1407.53	0.0439	918.32	0.0287	32050.81
	0.4	32293.20	0.9162	1803.33	0.0512	1150.57	0.0326	35247.10
	 	0.6	36562.98	0.9126	2141.14	0.0534	1361.33	0.0340	40065.45
	



3.2. SEM Analysis
In addition to using NMR, SEM can be used to study the distribution feature of pores in the AEACPB sample. The SEM images can be used to observe the pore distribution feature of some areas in the AEACPB sample. The SEM image is then processed using binarization, and the distribution of black and white areas in the binarization image can reflect pore distribution. The binarization processing is that the solid part and pore part in SEM image can be transformed into black and white regions by using threshold grayscale segmentation. The processing principle is as follows [25, 26]:where T is the threshold grayscale.
According to equation (3), the SEM binarization image is composed by setting pixel point to 0 where the gray level is lower than T, i.e., the black point (solid part) and setting pixel point to 1 where the gray level is higher than or equal to T, i.e., the white point (pore part). The porosity that is measured is from the macro aspect using NMR, but SEM can be used to obtain the pore percentage from the micro aspect. The black and white areas in the binarization image are composed of a number of pixel points. The white areas in the binarization image are added, and the pore percentage of the sample can then be obtained by calculating the area percentage of the white area in the area of the entire picture. Figure 5 shows the SEM image and its binarization image of AEACPB samples. Figure 5 shows that the pores are primarily divided into three forms, namely, small, medium, and big pores. Among them, there are primarily small pores, and the proportion of big and medium pores is not much, which is consistent with the results obtained in Section 3.2.


	
		
	
	
		
	
	
		
	
		
		
		
		
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
	
	
	
	
		
		
		
		
		
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
			
			
			
			
			
		
	

Figure 5: SEM and its binarization image of AEACPB.


3.3. Porosity and Pore Percentage
Porosity and pore percentage are two methods for calculating the total pore volume percentage of AEACPB. The porosity is directly obtained by NMR, but the pore percentage is obtained by obtaining the SEM binarization image. Figure 6 shows the changes of porosity and pore percentage with AEA content. Figure 6 shows that as the content of the AEA increases, both the porosity and the pore percentage increase; however, the pore percentage is lesser than the porosity. The total volume of the AEACPB sample remains unchanged; therefore, the amount of pores increased. This indicates that AEA can effectively increase amount of pore in AEACPB because AEA can introduce a large number of bubbles during the stirring process of filling slurry, and these bubbles will then form pores after the AEACPB is hardened. With additional AEA content, more bubbles will be introduced, resulting in an increase in the amount of the pore with an increase in AEA content. However, the main composition of SA-type and SJ-type AEA is different, and the bubbles produced by the two kinds of AEA are different. SA-type AEA will produce a large number of bubbles, while SJ-type AEA will produce a small number of bubbles, which leads to the difference of the backfill pore formed in the latter, and the porosity of the backfill with SA-type AEA is higher.


	
		
		
		
	
	
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
	
	
		
	
	
		
		
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure 6: Changes of porosity and pore percentage with AEA content.


3.4. Strength Characteristics
Strength is an important feature of the AEACPB, and its size is of great significance. The strength change curve of the AEACPB was observed with the different contents of the two external AEAs on seven days (Figure 7). Figure 7 shows that as the content of the AEA increases, the strength gradually decreases, which indicates that AEA addition has a certain effect on the AEACPB strength. This is because the AEA can introduce a large number of bubbles in the AEACPB, resulting in a large number of pores in the AEACPB. Moreover, the different content of AEA can create pores with different pore sizes in the AEACPB, and pores with different pore sizes have different effects on the AEACPB strength. When the content of the AEA increases, pores with larger pore size will be generated in the AEACPB, which leads to a decrease in the AEACPB strength. It is shown in Section 3.3 that porosity increases with the increase of AEA content. The increase of porosity leads to the decrease of strength, and the porosity of the backfill with SA is greater than that of the backfill with SJ, so the strength of the backfill with SA is relatively low.


	
	
	
		
	
		
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
	
	
	
		
	
		
	
		
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
		
	
		
	
		
	
	
	
	
	
	
	
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
	

Figure 7: Variation characteristics of AEACPB strength with AEA content.


4. Discussion and Analysis
4.1. Relationship between Strength and Porosity and Pore Percentage
In the AEACPB sample, porosity embodies the total pore feature; moreover, it has an inevitable connection with strength. Certain studies have reported that there is a certain functional relationship between porosity and strength [19, 27]. Now, two techniques are used to obtain the relationships between strength and porosity and pore percentage (Figure 8). Figure 8 shows that the relationship between porosity and strength is better (R2 = 0.92); however, that between pore percentage and strength is worse (R2 = 0.68). The relationships between them are as follows:where y is strength (MPa); x1 is porosity (%); and x2 is pore percentage (%).
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(b)
Figure 8: Relationship between strength and porosity and pore percentage.


Figure 8 shows that no matter the porosity or the pore percentage, their increase will lead to a decrease in strength because total pore volume increases because of the increase in AEA content. Furthermore, the proportion of big and medium pores in the total pores increases, resulting in a decrease in the compactness of the AEACPB; therefore, the strength is reduced.
4.2. Relationship between Strength and T2SPAP
Studies report that when the pore size is >20 nm, it is a harmful pore [22]. Note that there are three peaks on the T2 spectrum, whereas the pore size is >20 nm. Here, we examined the effect of different pore size on strength. Figure 9 shows the relationships between the three T2 spectrum peaks area percentage (T2SPAP) and the strength, respectively, where (a), (b), and (c) show the relationships between the first, second, and third peaks area percentage and the strength, respectively. Moreover, Figure 9 shows that there is a certain functional relationship between them, and the relationship is very good (R2 > 0.9). Furthermore, the relationships between them are as follows:where y is strength (MPa) and x is T2SPAP (%). Among them, x1 is first peak, x2 is second peak, and x3 is third peak.
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(c)
Figure 9: Relationship between strength and T2SPAP. (a) First peak; (b) second peak; and (c) third peak.


The above formulas show that the strength is linearly proportional related to the area percentage of the first peaks, linearly inversely related to the area percentage of the second peaks, and exponentially related to the area percentage of the third peaks. This demonstrates that when the total pores’ volume of the AEACPB sample remains unchanged, the proportion of small pores is larger, and the strength increases linearly. However, when the proportion of medium pores is larger, the strength linearly decreases. Moreover, when the proportion of big pores increases, the strength appears to exponentially decrease. This indicates that small pores have certain benefits on strength; however, medium pores have certain damage to strength and big pores have the greatest damage to strength. Therefore, the proportion of medium and big pores in the AEACPB should be minimized. Li et al. reported that more harmful pores having sizes of >0.2 μm have the greatest impact on strength reduction [27]. By comparing the slopes of equations (5) and (6), small pores have a greater and beneficial effect on strength. Figure 9(c) shows that when the proportion of big pores reaches a certain amount, they have the greatest and harmful impact on strength; otherwise, the impact on strength is reduced. In these three types of pores, the amount of small pores should increase as much as possible, followed by the amount of medium pores. Furthermore, the amount of big pores should be avoided to exceed that fixed value as much as possible. If backfill needs the addition of AEA, note that a small amount of AEAs should be added, so that it is beneficial to the strength because it can effectively increase the proportion of small pores.
4.3. The Relationship between Fractal Dimension and UCS
As an important parameter of fractal geometry, fractal dimension can quantitatively describe the complexity of geometry. The combination of fractal theory and NMR can be used to study the pore characteristics in the AEACPB, so as to explain the change of strength from the complexity of pores. There is a certain functional relationship between the fractal dimension D and T2, and the relationship is as follows [15, 19]:where  is the percentage between pore cumulative volume with pore size less than r and total pore volume and T2max is the T2 value corresponding to the maximum pore size.
It can be found from equation (8) that the relationship between  and lg(T2) is linear, and the sum of the slope k and D is 3. The results shown in Table 6 can be obtained through the calculation of formula (8). By fitting the relationship between the fractal dimension and strength of various types of pores, we can get the result as shown in Figure 10. Among them, Ds, Dm, and Db represent the fractal dimensions of small, medium, and big pores, respectively. It can be seen from Table 6 that R2 of the small pores is all above 0.8, indicating that the fractal property of the small pores is good. The fractal dimensions of big and medium pores are all 0.97 and above, indicating that the fractal properties of big and medium pores are very good. It can be seen from Figure 10 that R2 of the relationship between the fractal dimension of small pores and strength is 0.9, while that of medium pores and big pores is 0.76 and 0.77, respectively, which indicates that the relationship between fractal dimension of small pores and strength is strong, while that of medium pores and big pores is weak. The functional relationship between them is as follows:where y represents UCS (MPa), and x represents the fractal dimension. Among them, x1 is Ds, x2 is Dm, and x3 is Db.
Table 6: Fractal dimension of various pores.
	

	Groups	Small pore	Medium pore	Big pore
	k	Ds	R2	k	Dm	R2	k	Db	R2
	

	SA1	2.599	0.401	0.88	0.034	2.966	0.98	0.018	2.982	0.97
	SA2	2.039	0.961	0.82	0.031	2.969	0.99	0.011	2.989	0.99
	SA3	1.707	1.293	0.81	0.03	2.97	0.97	0.012	2.988	0.99
	SJ1	2.584	0.416	0.88	0.032	2.968	0.98	0.016	2.984	0.98
	SJ2	2.227	0.773	0.87	0.037	2.963	0.98	0.017	2.983	0.98
	SJ3	1.621	1.379	0.86	0.031	2.969	0.97	0.015	2.985	0.98
	





	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
		
	
	
	
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
	

(a)


	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
	
	
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
	
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
	

(b)


	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
	
	
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
	

(c)
Figure 10: The relationship between UCS and the fractal dimension of various pores.


It can be seen from Figure 10 that the strength decreases with the increase of fractal dimension. This is similar to the result obtained by Ding Ziwei and others in the study of the relationship between the pore fractal dimension and strength of sandstone, and Xie Chao and others also obtained similar results in the study of concrete [28, 29]. There are two reasons for this phenomenon, because the larger the fractal dimension, the more complex the pores. Firstly, the larger the fractal dimension is, the more pores with larger pore size will be, and the compactness of AEACPB will be decreased, which will cause great damage to the strength and reduce the strength. Studies have shown that the pore size becomes larger as the fractal dimension increases [28]. Second, the larger the fractal dimension, the more types of pore shapes. Irregular pores have a certain influence on the strength, and a large number of irregular pores reduce the strength.
5. Conclusion
The pore structure of the backfill has significant effect on strength. Note that AEA is added to regulate the pore structure of the backfill. Moreover, UCS, NMR, and SEM were used for the tests, and the relationships between pores’ structure and backfill strength were quantitatively studied.(1)For NMR analysis of AEACPB, there are three primary peaks in the T2 spectrum, which can be divided into big, medium, and small pores as per the size of the pore structure. The pore size is primarily small pores (the largest area). As the content of the AEA increases, both the area of each peak and the total area are gradually increasing; however, the proportion of the first peak area is decreasing.(2)The strength of the AEACPB is linearly negative correlation with porosity and pore percentage. Because the porosity and pore percentage increase, the strength of the AEACPB decreases.(3)Pore structures of different scales have different action mechanisms on AEACPB strength. When the total pores in the AEACPB are constant, the higher the proportion of small pore, the strength linearly increases; the higher the proportion of medium pore, the strength linearly decreases; and the higher the proportion of big pore, the strength decreases exponentially. To improve the AEACPB strength, the external AEA should be adjusted as much as possible to effectively increase the amount of small pores, followed by the amount of medium pores, and avoid the amount of big pores.(4)Through the analysis of fractal theory, all types of pores are fractal, and the fractal dimension has a linear negative correlation with the UCS.
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