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Abstract:



In solid backfill coal mining (SBCM), loose gangue backfill material (LGBM) is used to backfill the goaf after coal resources are exploited from the underground mines. Under certain geological conditions, LGBM with a certain height may be soaked in the water, and then becomes saturated, significantly altering its mechanical properties. The confined compression experiments were used in this paper to analyze the deformation and the crushing characteristics of LGBM with varying water soaked heights in coal mines. The results showed that a large number of small holes that were distributed in the gangue blocks were the main reason why the material absorbed water and was softened. The crushing ratio and the maximum axial strain of LGBM samples gradually increased with the water soaked heights of the samples. In addition, there was a strong linear correlation between the crushing ratio and the maximum axial strain. When LGBM was used as a solid backfill material in SBCM, its deformation resistance would significantly decrease after it was soaked in the water. Higher water soaked height of LGBM led to lower deformation resistance and greater influence on the quality of backfilling. This research has great significance in getting a deep and better understanding of the mechanical properties of LGBM, as well as guiding engineering practice.
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1. Introduction


Solid backfill coal mining (SBCM) is a green mining technology that can meet the challenges of gangue dumps on the surface and the coal mining under buildings, railways, and water bodies. This technology is aimed at using the solid waste material, such as loose gangue and fly ash, to backfill the goaf and to support the overburden strata after the coal resources are exploited from the underground. The main purpose is to stabilize the overlying strata and reduce surface subsidence in the process of recovering coal reserves that are located under buildings, railways, and water bodies, thus reducing piled gangue on the surface and the environmental pollution. Currently, this technology has become a preferable technological measure that is widely used in the modern green exploitation of coal resources [1,2]. In the process of SBCM, loose gangue backfill material (LGBM) and other solid backfill materials are transported by material-feeding shaft to the surge bin under the mine. When needed, these solid backfill materials are transported to the scraper conveyor suspended at the rear of the SBCM hydraulic support from the surge bin through an underground conveyor system. Then, these materials are offloaded from the discharge port with the flashboard at its bottom and filled into the goaf. After that, tamp mechanism, as a key structure in the backfilling process, pushes and compacts these materials to fully connect the immediate roof with required density and fully fill the goaf. Finally, these solid backfill materials become the main support bearing the overburden strata [3,4]. The basic principle of SBCM is shown in Figure 1.


Figure 1. Basic principle of solid backfill coal mining (SBCM). (a) Overview; and, (b) Detailed view of hydraulic roof support at longwall/backfill face.
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After the coal resources are exploited, water from the overburden layer seeps into the goaf through cracks and pores that exist in the roof. Wastewater that is produced in the process of coal production can also be stored in the goaf and soak in a portion of LGBM in the goaf. The amount of water in the goaf determines the soaked height of the LGBM, as is shown in Figure 1. The portion of the gangue that is soaked in water for a long time eventually becomes saturated, and its mechanical properties change dramatically. Thus, the mechanical strength of LGBM in bearing the overburden load varies with the water soaked height.



According to the research conducted by Yilmaz., and Fall., in terms of paste backfill, many factors affect its short-term and long-term strength and stability. They can be mainly classified into two categories: intrinsic factors and extrinsic factors. Intrinsic factors included all of the parameters that are related to the physical, chemical, and mineralogical properties of the three main components of paste backfill (the tailings, binder, and mixing water), as well as their mixing properties (e.g., water-to-cement ratio). Extrinsic factors are related to all phenomena that occurred in a stope filled with paste backfill and show interaction between the stope and the adjacent rock. Another extrinsic factor affecting the properties of cemented paste backfill is the in situ curing temperature [5]. In the process of SBCM, there were also many factors that would have influence on the filling quality, including the types and the mechanical properties of solid backfill materials, mining geological conditions, backfilling process design, etc. The mechanical properties of solid backfill materials are one of the most important factors determining the filling quality [3,4]. Water invariably presented in the goaf of coal mines. After the solid backfill, materials were soaked in the mine water and their mechanical properties would change significantly, which would affect the filling quality.



At present, a large number of researches on the mechanical properties of non-viscous bulk materials have been done. Marsal et al. [6,7,8] and Kong et al. [9] researched the crushing characteristic of rockfill materials. Their results showed that the crushing characteristic of particle is related to particle shape, strength, size, density, gradient, stress conditions, and other factors. Jaroslav [10] and Wang et al. [11] studied the stress and the strain of coarse grain materials, such as sand pebbles and rockfill, by using compression tests. They found that these materials clearly demonstrated their dilatancy effect. Bagherzadeh-Khalkhali [12] studied the effects of the maximum particle diameter on the shear strength of coarse soils. Kjaernsli et al. [13] and Hall et al. [14] carried out tri-axial compression tests on sand specimens and discovered that under fixed stress, irregular particles with rough surfaces are more easily to be crushed. In addition, well-graded sand specimens are less crushed than the poorly-graded sand specimens. Zhang et al. conducted the confined compaction tests on LGBM in the steel cylinder and obtained the relationships among strain, compaction, stress, as well as the influence of compaction time [15]. Huang et al. [16] used numerical simulations to study the macro-scale mechanical response and micro-scale movement characteristics of LGBM during tri-axial compression testing.



Clearly, there is an abundance of researches on non-viscous bulk materials with natural moisture content. However, very little researches have focused on the mechanical effects that are caused by soaking these materials in the water. After the solid backfill, materials are soaked in the mine water, and their mechanical properties will change dramatically, thus affecting the filling quality. As a result, the influence of water on the mechanical properties (the deformation and crushing characteristics) of LGBM will be studied in this paper. It is of great significance to guide the engineering practice of SBCM and to ensure the filling quality.




2. Materials and Test Procedure


2.1. Materials and Sample Preparation


The experimental study took SBCM face of Pingmei No. 12 mine (Henan province, China) as the project background. The goaf was backfilled with “excavation gangue” (gangue produced in the excavation process of rock roadway and coal roadway) piled on the surface, whose lithology is sandstone. The gangue was first crushed by a crusher and then filtered by a classifying screen to obtain five different distribution of particle sizes, including 10~20 mm, 20~30 mm, 30~40 mm, 40~50 mm, and 50~60 mm. When the samples were well prepared, the weight of gangue in each particle size group was 3.2 kg, and the mass ratio was 1:1:1:1:1. Then, the LGBM samples were mixed evenly, and their distribution of particle size is listed in Table 1. After that, they were divided into two parts. The first part was kept at natural condition and the other was immerged in water for 48 days, until the gangues were fully saturated.


Table 1. The particle size distributions of loose gangue backfill material (LGBM) samples.





	Particle size/mm
	10–20
	20–30
	30–40
	40–50
	50–60



	Content/%
	20
	20
	20
	20
	20










2.2. Equipment


A scanning electron microscope (SEM) was first used to analyse the density of the samples. In this experiment, FEI Quanta TM 250 SEM was adopted. Then, an X-ray diffractometer (D/Max-3B, Rigaku Company, Tokyo, Japan) was used to identify and to quantify the mineral and chemical contents of the samples. The equipment parameters were as follows: Incoming radiation mainly include copper target and Kα radiation (λ = 1.5406 Å), the X-ray tube operating voltage was 35 kV, the tube current was 30 mA, the slit width was 1°, and the scan rate was 8°/min. Lastly, confined compression experiments were carried out to study the effects of water soaked height on the deformation and the crushing characteristics of LGBM. In the process of SBCM, when LGBM is filled into the goaf, it is surrounded by coal pillars, which limits the lateral displacement of LGBM, thus leading to LGBM only having vertical displacement, as is shown in Figure 1. As a consequence, the confined compression tests (the tri-axial compression was under uniaxial strain condition) are usually used to research the deformation characteristics of LGBM [17,18,19,20]. Before the experiment, LGBM was directly placed into the steel cylinder, as shown in Figure 2a. During the compression experiment, the lateral deformation of the sample was limited by the wall of the cylinder and the lateral stress was passively generated produced during the compression process due to Poisson’s ratio effect. The actual lateral stress constantly changes with the change in vertical compression load.


Figure 2. The process of confined compression tests. (a) Before experiment; (b) During confined compression experiment; and, (c) After experiment.
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The loading control system that was used in the experiments was an MTS815 rock mechanics electrohydraulic servo test system (MTS company, Eden Prairie, MN, USA), as shown in Figure 2b. The container that was used in the confined compression tests of LGBM was a Q235 seamless steel drum that was specifically designed to test solid backfill materials that were used in coal mines. It had the following dimensions: the internal diameter is 350 mm, the depth is 378 mm, the loading platen thickness is 40 mm, and the maximum loading height capacity is 338 mm. The height of the material samples that were used in the following experiments was 338 mm.




2.3. Test Procedure


Firstly, the mineral composition and mesostructure of the sandstone-type “excavation gangue” samples were tested by using the scanning electron microscope and X-ray diffractometer. Then, the MTS815 rock mechanics electrohydraulic servo system was applied to measure the basic mechanical properties of the rock samples. Finally, the confined compression tests were employed to examine the effects of water soaked height on the deformation and the crushing characteristics of LGBM. When designing the loading conditions, two key factors were taken into account: the mining depth and the interaction of LGBM with surrounding coal pillars. The maximum loading stress was used to represent the mining depth of 600 m, and the uniaxial strain condition instead of conventional tri-axial condition, was applied for all of the tests in this work due to the restraint of its lateral movement from coal pillars. The same constant loading rate was applied for all of the tests and the loading rate was 1 kN/s.



In the process of testing, the solid backfill materials with different water soaked heights in the mine were simulated by varying the water saturated height of the gangue. When the water soaked heights of LGBM are small, the mechanical properties of LGBM are less affected. Therefore, this study only considered the conditions that the water soaked height was higher than 50% of the total samples. At the same time, the LGBM with a water soaked height of 0 served as a control group. The saturated gangue was loaded into the bottom of the steel drum and the gangue with natural moisture content was placed on the top of the saturated. The test schemes included four-group experiments, as are listed in Table 2 and shown in Figure 3


Figure 3. The schematic diagrams of test schemes.
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Table 2. Test design.





	Test Case
	Saturated Gangue Content (Height Ratio)/h = 338 mm





	#1
	0 h



	#2
	0.5 h



	#3
	0.66 h



	#4
	1 h











3. Results and Analysis


3.1. Mineral Content and Mesostructure


The mineral and chemical composition of the sandstone type “excavation gangue” samples were tested by using the X-ray diffracrometer. The X-ray diffraction spectrum of the samples is shown in Figure 4. The mineral and chemical composition of the samples are shown in Figure 5 and Figure 6, respectively.


Figure 4. X-ray diffraction spectrum.
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Figure 5. The mineral composition of the sandstone-type “excavation gangue” samples.
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Figure 6. The chemical composition of the sandstone-type “excavation gangue” samples.
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The study indicated that the mineral composition and the category of rocks are two main factors influencing the water absorption characteristics of rocks. The content of clay minerals, such as I/S (illite-smectite mixed layer), kaolinite, illite, and chlorite, is a key factor affecting water absorption characteristics of rocks. In particular, the montmorillonite has a stronger ability to absorb water [21]. Figure 4, Figure 5 and Figure 6 show that the sandstone-type “excavation gangue” is composed mainly of 37% quartz, some illite, mixture of illite and smectite, as well as small amounts of chlorite. Therefore, the sandstone-type “excavation gangue” has a certain ability to absorb water. As for the chemical composition of the sandstone-type “excavation gangue” samples, the content of SiO2 is 53.1%, which is relatively high, contributing to these samples having a rather high hardness and deformation resistance. In addition, the content of Al2O3 is 24.3%, which makes these samples prone to hydrolysis when the samples are immersed in water.



SEM images of LGBM under different magnifications are shown in Figure 7.


Figure 7. Scanning electron microscope (SEM) images of LGBM under various magnifications. (a) 80×; (b) 160×; (c) 200×; (d) 250×; (e) 350×; and, (f) 450×.
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It is shown in Figure 7 that the coarse particles form a certain skeletal framework by being filled with smaller particles. The surface of particles is rough and irregular with a coarse texture. Many pores are visible. However, there are not many large holes or fissures. The existence of many small holes and crevices explains the reason why the material absorbs water and softens.




3.2. Mechanical Properties of Gangue Block


Basic mechanical parameters of the rocks, such as elastic modulus E (secant modulus), Poisson’s ratio μ, uniaxial compressive strength σc, uniaxial tensile strength σt, cohesion c, and internal friction angle φ, were measured by uniaxial compression testing, point load splitting testing, and variable-angle shear testing under both saturated and natural-moisture-content conditions. In the experiments, a total of 42 samples were used and the details are listed in Table 3. Each experiment was repeated three times, and the average of the value of each mechanical parameter was taken as the ultimate value of each mechanical parameter. The ultimate results are listed in Table 4.


Table 3. The number of the samples.





	
Experiment Name

	
Uniaxial Compression Testing

	
Point Load Splitting Testing

	
Variable-Angle Shear Testing






	
Sample type

	
Gangue with natural moisture content

	
Saturated gangue

	
Gangue with natural moisture content

	
Saturated gangue

	
Gangue with natural moisture content

	
Saturated gangue




	
Number

	
3

	
3

	
3

	
3

	
15

	
15









Table 4. Basic mechanical properties.





	Sample Type
	E/GPa
	μ
	σc/MPa
	σt/MPa
	c/MPa
	φ/°





	Gangue with natural moisture content
	74.58
	0.18
	134.33
	18.85
	12.91
	37.65



	Saturated gangue
	65.21
	0.16
	121.14
	16.56
	10.23
	35.12









(1) Uniaxial compression testing



The sample was placed on MTS815 rock mechanics electrohydraulic servo test system and was compressed at the rate of 500 N/s, and the pressure was recorded. In this experiment, four axial strain gauges were employed to measure the axial strain and the lateral strain of the samples. Specifically, two strain gauges were used to monitor the axial strain, and the other two strain gauges were used to monitor the lateral strain. The layout of the strain gauges is shown in Figure 8. The tests were repeated three times, and the average of the axial strain values and lateral strain values that were obtained through three tests were taken as the ultimate result.


Figure 8. Uniaxial compression testing of gangue block.
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(2) Point load splitting testing



The sample was placed on the point splitting clamp and split at the rate of 500 N/s, during which time the peak pressure was recorded. The tests were repeated three times, and the average of peak pressure obtained through three tests was taken as the ultimate result. The experimental process is shown in Figure 9.


Figure 9. Point load splitting testing of gangue block.
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(3) Variable-angle shear testing



In the experiment, the shear angles were respectively taken 45°, 50°, 55°, 60°, and 65°. The samples were loaded to damage at the rate of 500 N/s, and the peak pressure was recorded. The experimental process is shown in Figure 10.


Figure 10. Variable-angle shear testing of gangue block.
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Table 4 shows that the basic mechanical properties of the sandstone-type “excavation gangue” decreased after the gangue was soaked in the water and became saturated. To be specific, gangue’s elastic modulus E, uniaxial compressive strength σc, and uniaxial tensile strength σt, respectively, decreased from 74.58 GPa, 134.33 MPa, and 18.85 MPa under a natural-moisture-content condition to 65.21 GPa, 121.14 MPa, and 16.56 MPa under a saturated condition. In addition, its cohesion c dropped from 12.91 MPa under a natural-moisture-content condition to 10.23 MPa under a saturated condition, reducing by 20.8%. Similarly, its friction angle φ decreased from 37.65° to 35.12°, reducing by 6.7%. This means that the hardness of the gangue decreased significantly after the gangue was soaked to saturation, and the gangue was more easily damaged when compressed.




3.3. Deformation Characteristics of LGBM


Figure 11 shows the axial strain—stress curves of the samples in each test case of the confined compression testing. Field monitoring datas from a number of mines (e.g., Pingdingshan twelfth coal mine [22], Zhai zhen coal mine [23], and Jining 3# coal mine [24]) have consistently shown that after LGBM is backfilled into the goaf, the roof experiences rapid subsidence (i.e., sagging), with a sagging rate of greater than 0.075 m/month (average value of the three Coal Mines). It is believed the subsidence reflects the compaction of the solid backfill materials are also in a rapid deformation stage with the same rate. When the roof sagging rate drops to less than 0.0075 m/month (average value of the three Coal Mines), the overburden strata is considered to be at a stable subsidence stage, so is the solid backfill materials. For this reason, in this work, the two key values 0.075 and 0.0075 were selected to divide the axial strain-axial stress curve of LGBM into three segments (rapid deformation stage, slow deformation stage, and stable deformation stage). The sagging rate was the slope of strain-stress curve, which was defined as the ratio of strain change due to stress change for each stress step. The maximum applied pressure in these tests was 16 MPa. When the load reached 16 MPa, the corresponding axial strain of the samples at that time was defined as the maximum axial strain. The relationship between the maximum axial strain and the height ratio of saturated gangue in the sample is shown in Figure 12.


Figure 11. Axial strain-axial stress (ε-σ) curves.
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Figure 12. The relationship between the maximum axial strain and the height ratio of saturated gangue in the sample.
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Figure 11 and Figure 12 show that as the load increased, the overall deformation of the samples in each test case could be divided into three segments: rapid deformation (segment I), slow deformation (segment II), and stable deformation (segment III). All of the samples were in the slow deformation stage when the applied axial stress was around 1.7 MPa. When the applied axial stress was around 12 MPa, the samples were in the stable deformation stage. At a given level of axial stress, the axial strain increased with the height ratio of saturated gangue in the sample. This is because the hardness of the gangue decreases after gangue is soaked in water. Gangue particles are more easily to be crushed under the compressive loading after the materials are saturated, which makes the saturated portion of the samples deformed more easily in the compression testing.



Therefore, the height ratio of saturated gangue in the samples was higher, the overall axial strain of the samples was greater. When the samples #1–#4 reached the slow deformation stage, their axial strain was 0.161, 0.2, 0.2, and 0.25, respectively. When the samples reached the stable deformation stage, the axial strain was 0.374, 0.398, 0.408, and 0.425, respectively. There was an exponential relationship between the maximum axial strain and the height ratio of saturated gangue in the sample. The maximum axial strain of the samples #1–#4 were 0.412, 0.425, 0.431, and 0.448, respectively. When compared with the maximum axial strain of sample #1, the maximum axial strain of samples #2–#4 increased by 3.2%, 4.6%, and 8.7%, respectively. Apparently, these changes were significant.



The above results indicated that the deformation resistance of LGBM used in SBCM would become significantly lower after it was soaked in water underground the mine. The higher the water level of LGBM, the lower the deformation resistance of the materials, leading to larger influence on the quality of backfill.




3.4. Crushing Characteristic of LGBM


(1) Quantitative index of particle crushing



In the loading process of gangue, the grain will be crushed. In order to study the impact of grain crushing on the strength and the deformation characteristics of LGBM, there is a need to quantitatively reflect the crushing degree of particle. Currently, the Marsal crushing ratio (Bg) [6], particle size control difference (B) [25], and relative crushing ratio (Br) [26] are considered as three different quantitative indexes that are the most commonly used in geotechnical engineering. The Marsal crushing ratio (Bg) is defined as the sum of positive values of difference in particle content with different gradation before and after the test, which is expressed as a percentage. Its computational formula is, as follows:


[image: ]



(1)




where, Wki—particle content of a certain gradation in size before the test; and, Wkf—the corresponding particle content of the identical gradation in size after the test.



The Marsal crushing ratio is a multi-gradation difference-value summation method, which can reflect the full aspect of crushing condition of particle. Having the merits of simple calculation and clear physical definition, as well as high accuracy, which can meet the need of practical engineering, the Marsal crushing ratio (Bg) was used in this study as an essential quantitative index to describe the crushing condition of particle.



(2) Quantitative analysis of loose gangue crushing



After testing, the samples were allowed to dry naturally. Then, they were sieved to obtain the proportions of each particle size group and crushing ratio listed in Table 5. Figure 13 shows the relationship between the maximum axial strain and saturated gangue content, as well as the relationship between the crushing ratio and the saturated gangue content. Figure 14 shows the relationship between the maximum axial strain and the crushing ratio of each sample.


Figure 13. The relationship of the saturated gangue content with the crushing ratio or the maximum axial strain.
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Figure 14. The relationship between the maximum axial strain and the crushing ratio.
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Table 5. Percentage of each particle size group and crushing ratio for each sample after testing.





	

	
Percentage of Each Particle Size Group/%

	




	
Range of Particle Diameters

	
0–10 mm

	
10–20 mm

	
20–30 mm

	
30–40 mm

	
40–50 mm

	
50–60 mm

	
Crushing Ratio Bg/%






	
Sample name

	
Before testing

	
0

	
20.00

	
20.00

	
20.00

	
20.00

	
20.00

	
0




	
#1

	
43.11

	
21.43

	
13.28

	
9.39

	
10.79

	
1.98

	
44.56




	
#2

	
47.50

	
20.68

	
12.66

	
8.53

	
8.02

	
2.32

	
48.47




	
#3

	
48.70

	
20.62

	
12.90

	
10.22

	
4.95

	
2.65

	
49.28




	
#4

	
48.41

	
18.67

	
13.50

	
9.38

	
10.04

	
0

	
58.41










It can be obtained from Table 5 and Figure 13 and Figure 14 that when the load reached 16 MPa, the particles of all loose gangue samples would be crushed significantly. The crushing ratios were all higher than 40%. The crushing ratio increased with the height ratio of saturated gangue in the sample. As for the samples that were not saturated in the water, the crushing ratio was 44.56%. In terms of the samples with the height ratio of saturated gangue of 0.5 h, 0.66 h, and 1 h, the crushing ratios were 48.47%, 49.28%, and 58.41%, respectively, rising by 8.8%, 10.6%, and 31.1%, respectively, when compared with the crushing ratio of the samples that were not saturated in the water. This can be explained by significantly decreased hardness of the saturated samples. When the samples were compressed under the same maximum axial stress of 16 MPa, the higher the height ratio of saturated gangue in the sample, the higher the crushing ratio and axial strain. In addition, there is a strong linear relationship between the axial strain and the crushing ratio, meaning that in the process of compression, particle crushing is the main cause of the deformation of the samples.





4. Conclusions


This paper describes the experiments that were conducted to examine the mineral composition, mesostructure, and basic mechanical parameters of gangue rock. Then, details of the confined compression experiments that were carried out to study the effects of water soaked height on the deformation and the crushing characteristics of LGBM are presented. The conclusions are as follows:

	(1)

	
Sandstone-type “excavation gangue” is mainly composed of two minerals: quartz and kaolinite, with quartz and kaolinite accounting for 37% and 35% of the whole content, respectively. There are many small holes in the gangue material, which are the main reason why the material absorbs water and softens.




	(2)

	
The hardness of sandstone-type “excavation gangue” decreases significantly after the gangue is soaked in water. At a given load, the particles of saturated gangue are more easily crushed than gangue with natural moisture content.




	(3)

	
Under a given level of applied axial stress, the axial strain of gangue samples increased with the height ratio of saturated gangue in the sample. There was an exponential relationship between the maximum axial strain and the height ratio of saturated gangue in the sample. It had been shown that LGBM that is used to backfill the goaf in SBCM loses a certain amount of its ability to resist deformation after it is soaked in water existing in the mine. The higher the water level of the solid backfill materials was, the less likely that the solid backfill material can resist deformation, leading to a greater impact on the quality of backfill.




	(4)

	
When the loose gangue samples were compressed at 16 MPa, a higher saturated height ratio of the samples corresponded to a larger crushing ratio. The crushing ratios were all higher than 40%. In addition, the maximum axial strain was strongly correlated to the crushing ratio, meaning that particle crushing was the main cause of deformation of the gangue samples in the compression process.









There are some limitations in this study. Besides LGBM, the solid backfilling materials also include loess, aeolian sand, fly ash, and so on. This work solely focusses on the LGBM material and only single LGBM particle size distribution feature was studied. In the future studies, the effects of water soaked height on the deformation and the crushing characteristics of different solid backfilling materials would be strongly recommended. Moreover, the maximum pressure that was applied in this work was 16 MPa, which may not be representative of coal mining conditions at greater depth, thus it is recommended that the deformation characteristics of LGBM under greater loading conditions be studied in the future. In this work, the lateral deformation was monitored via two strain gauges, the average value was used together with the vertical displacement measurements to determinate the Poisson’s ratio. The value may not be very reliable due to the limitation of the points, but this does not sacrifice the aim of the measurement, which is to gain the information of the key mechanical properties of gangue and how they are different to other rocks.
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