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The stability of the cemented paste backfill is threatened by the dynamic disturbance during the excavation of the surrounding ore body. In this paper, the computerized tomography (CT) and Split Hopkinson Pressure Bar (SHPB) tests were conducted to explore the initial pore distribution characteristics of the cemented tailings backfill (CTB) and the development of the crack under low impact amplitude. SHPB tests were conducted with impact amplitudes of 34, 37, and 39 mV, respectively. Results show that the initial pores of CTB were steadily distributed with the height of CTB. The CTB contained many initial pores with similar pore size distribution characteristics, and the largest number of pores is between 0.1 and 0.3 mm. Most of the cracks in CTB after low impact amplitude develop and expand along the initial pores, and the damage of CTB mainly exists in shear cracks. A dependence has been established that the dynamic uniaxial compressive strength of the CTB increases, the total crack volume first increases and then decreases, and the number of cracks increases as the impact amplitude increases. The research results can provide a valuable reference for the dynamic performance of CTB under low impact amplitude and the design of mining backfill.
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1 INTRODUCTION
As the primary ore body and associated waste rock are extracted during the mining process, underground spaces of varying sizes are formed. Under the influence of gravity, unbalanced ground stress, and other factors, ground cracks first occur in the goaf area and gradually develop into ground collapse in the goaf. Geological disasters reduce the environmental quality and endanger human safety directly or indirectly (Dong et al., 2023; Wu et al., 2023). Mine backfill can control the occurrence of such geological disasters, so it has been widely used in underground metal ore mining. Mine backfill has prevented and controlled geohazards and has been widely used in underground metal ore extraction (Guo et al., 2022; Guggari et al., 2023).
The cured backfill, also known as cemented tailings backfill (CTB), serves as a support structure or working platform for the excavated stopes (Zhu et al., 2016; Lu et al., 2018), effectively controlling mining pressure (Mohanto and Deb, 2020), reducing mineral losses by pillars extraction, reducing ground surface subsidence and protecting buildings on the surface, improving the safety of mining operations (Deng et al., 2022), reducing the cost of mining and minimize the load on the environment (Solismaa et al., 2021). It could effectively utilize environmentally destructive tailings produced after mineral processing, mitigating the economic and environmental hazards caused by mine tailings disposal (Kasap et al., 2022; Xue and Yilmaz, 2022).
There are many different mining methods with backfill in underground metal mines, but long-hole open stoping with delayed backfill mining is widely used worldwide (Emad et al., 2014; Wang et al., 2021). First, the primary stopes are mined, and the CTB fills the mined voids. The CTB plays the role of artificial vertical pillars (Sun et al., 2018; Liu et al., 2019). In actual mine production, blasting occurs in the ore, and the CTB is often damaged by medium and long-distance ore blasting with low power disturbance strength (Onederra et al., 2013; Li et al., 2022).
The dynamic compressive strength of CTB is usually obtained by performing the Split Hopkinson Pressure Bar (SHPB) tests on CTB samples (Zhang et al., 2017; Sun et al., 2022). Many experiments have shown that CTB materials’ mechanical behavior differs at different strain rates. Cao carried out the SHPB tests considering different loading rates and quantitatively investigated the relationship between uniaxial compressive strength (UCS) and dynamic characteristics of backfill (Cao et al., 2020). Tan studied the dynamic strength and deformation characteristics of CTB samples under multiple cyclic impacts by the SHPB test (Tan et al., 2019). Most of the studies are about the dynamic compressive strength of the CTB at medium to high strain rates (Chen et al., 2021; Xue et al., 2021), and there are few studies on low strain rate impact tests. The CTB is also subject to medium and long-range blasting damage in actual production, and the dynamic disturbance strength is low. The CTB’s stability directly affects the mine’s safe recovery and the loss depletion rate of mineral resources (Du et al., 2022; Xia et al., 2023), so the CTB mechanical properties under low dynamic disturbance are widely concerned.
The CTB is a composite material. Even though the macroscopic performance is homogeneous, the internal structure of the CTB is bound to have initial defects, such as pores (Sarkar and Siddiqua, 2016; Zheng et al., 2022), due to the uneven distribution of the tailing particle size and hydration products (Wang J. et al., 2022). These initial defects are closely related to the CTB mechanical properties, and studying detailed initial defects helps us deepen our understanding of CTB (Wang et al., 2019; Jafari et al., 2021). Liu et al. believed that the UCS of cemented paste backfill using sulfide tailings is negatively correlated with pores (Liu et al., 2020). Zhang et al. found that due to the bonding effect of hydration products, the UCS of cemented paste backfill (CPB) increases, and there is an exponential relationship between the porosity and UCS (Zhang et al., 2022; 2023). Tian et al. supposed that higher cumulative pore volume and coarser pore structure are associated with a lower strength of the CPB samples (Tian and Fall, 2021).
Consequently, the pore structure of cementitious structures should be determined truthfully. As an emerging nondestructive testing method, the computerized tomography (CT) technique has been applied by many scholars for the pore analysis of CTB (Sun et al., 2017; Huang et al., 2023). The polarized and fluorescent microscopy technique is also a direct method to analyze the microcracks (Ghasemi et al., 2020). Wang observed that the fracture development changes from rich to single through the fracture morphology and CT image analysis of fiber reinforced cemented tailings backfill samples with different height-to-diameter ratios (Wang A. et al., 2022). Li found that connected pores and microcracks are prone to develop as cracks under the action of external loads (Li et al., 2021; Li et al., 2023).
Analyzing the above, it can be noted that crack failure development of CTB under low impact amplitude is a topical issue. Therefore, this study aims to reveal initial pore distribution characteristics and crack failure development of CTB to achieve this. It is necessary to solve the following tasks: 1) The CTB was carried out by CT test and visualized by 3D reconstruction technique; 2) The CTB’s mesoscopic parameters such as porosity and pore size are also analyzed; 3) The SHPB test with low impact amplitude was carried out to compare the crack development of CTB.
2 MATERIALS AND METHODS
2.1 Materials
The density of the gold tailings used in the test is 2.34 g/cm3, and the specific surface area by weight is 39.595 m2/kg. The wet tailings were initially oven dried before the test, and then the particle size was analyzed by an LS-POP laser particle size analyzer. Figure 1 shows the particle size distribution curve of the tailings. The d50 of the tailings is 321.3 μm, classified as coarse tailings according to the tailings distribution and the nonuniform coefficient of the particle size composition of the tailings is 5. A chemical composition analysis of tailings was carried out, and the analysis results are shown in Table 1. The chemical composition of the tailings was tested by a sequential X-ray fluorescence spectrometer (brand: German SPECTRO, model: XSORT BT). The main components of the tailings are SiO2, accounting for 58.4%, Al2O3, 7.03%, K2O and CaO, 4.02%, and 2.08%, respectively.
[image: Figure 1]FIGURE 1 | Particle size distribution of tailings.
TABLE 1 | Chemical composition of tailings.
[image: Table 1]The cementitious material was selected as 42.5 M ordinary Portland cement, in which the active ingredient CaO accounted for 35.4 wt%, followed by SiO2 accounting for 17.1%. The cementitious material was selected as 42.5 M ordinary Portland cement, and the chemical composition was analyzed as shown in Table 2, in which the active ingredient CaO accounted for 35.4 wt%, followed by SiO2 accounting for 17.1%.
TABLE 2 | Chemical composition of 42.5 M ordinary Portland cement.
[image: Table 2]2.2 Sample preparation
The CTB samples possess a slurry content of 75 wt% and a cement tailings ratio of 1:4. The experimental personnel used a standard electronic scale to weigh 138 g tailings with the requirements
of ASTM C192/C192 M (Gerges et al., 2015), 34.5 g cement, and 57.5 g water and thoroughly stirred the materials in the mixer for 180 s. Then, the stirred slurry was poured into the cylindrical mold (the mold with a height of 50 mm and a diameter of 50 mm). After 48 h, the samples were demolished from the mold first and then returned to the curing box (20°C ± 1°C in temperature, 90% ± 1% in humidity) until 28 days (Zheng et al., 2021). After 28 days, the sample was gently polished at both ends to meet the flatness requirements of the dynamic load test. Figure 2 shows the prepared CTB specimen.
[image: Figure 2]FIGURE 2 | The prepared CTB samples.
2.3 Experimental equipment
2.3.1 SHPB test
The SHPB test equipment, as show in Figure 3, comprises a nitrogen cylinder, emission chamber, impact bar, incident bar, transmitted bar, absorption device, ultra-dynamic strain gauge, timer, oscilloscope, and computer. The material of the bar in the SHPB test equipment is 40Cr alloy steel, with a density of 7800 kg/m3, wave speed of 5200 m/s, and diameter of 50 mm. The impact, incident and transmitted bar lengths are 0.4 m, 1.5 m, and 1.5 m, respectively. It should be noted that before the start of the test, two strain gauges of the type BX120-2AA need to be pasted at middle positions on both sides of the incident bar and transmitted bar, respectively. The resistance value of the strain gauge used is 120 ± 0.2Ω, and the sensitivity coefficient is 2.11% ± 1%. Four strain gauges are connected to the ultra-dynamic strain gauge through some wires and a strain bridge box.
[image: Figure 3]FIGURE 3 | Diagram of SHPB test equipment.
2.3.2 Computerized tomography
This paper’s X-ray computerized tomography (CT) testing system is German YXLON high-resolution testing equipment. This system is a “double source double probe,” “double source” is 225kV and 450 kV light source, and “double probe” is a flat panel and line array detector. This experiment used a 225 kV micro-CT system and continuous rotation scanning. A voxel resolution of 68 µm was achieved.
2.4 Method
2.4.1 3D visualization
The two-dimensional (2D) tomographic images obtained cannot visually express the initial pore and crack development of the three-dimensional (3D) structure of the CTB (Fang et al., 2023). They can only understand the distribution information of minerals, pores, and cracks in a certain section of the CTB. Therefore, a series of 2D CT data scanned from the specimen needs to be transformed into 3D stereo images to observe the fine internal structure of the CTB visually. The 3D visualization of 2D cross-sections of the CTB is shown in Figure 4.
[image: Figure 4]FIGURE 4 | 3D visualization of 2D cross-sections of the CTB.
The 3D visualization is to superimpose a series of acquired CT slice image data, as in Figure 4A, and convert them into 3D data, Figure 4B, that finally presents the structural information in the form of 3D stereo images. The focus of the 3D visualization is to obtain the 3D coordinates of each node and the correspondence between the eight nodes adjacent to the self-body elements. Subsequently, the 3D visualization model is established in combination with the reconstruction module in the software. The different groups of the image are segmented in grayscale, and each group is identified by color rendering. Figure 4C shows the 3D model of the pore of the CTB.
2.4.2 Pores and cracks segmentation
Porosity is the percentage of pore volume per unit volume, an essential index of the mesoscopic characteristics of the CTB. Based on the segmentation module of the software (ImageJ is accessible by the National Institutes of Health), the fast watershed algorithm was used to identify the boundaries of the CTB pores and calculate the area of the pores. Similarly, pore and crack volumes are obtained in this way. First, adjust the lowest gray value of the image to 0 and select the whole image, as shown in Figure 5A; Figure 5B is obtained after the gray value is adjusted and the pore and crack part is selected. To ensure the consistency of data processing, the same gray value is selected for all the cracks of CT samples after the SHPB test. The crack volume after impact is extracted by segmentation according to the difference between pore and crack volume.
[image: Figure 5]FIGURE 5 | Pore and crack segmentation process.
3 RESULTS AND DISCUSSION
3.1 Initial pore distribution characteristic function of cemented tailings backfill
During each scan, the sample was rotated from 0° to 360° at increments of 0.49°/s, and a total set of 735 images projected on the detector screen was obtained after a full rotation. The dark patches at the top and bottom of the CT images of the CTB sample have a LOT of imaging artifacts. So, they were excluded from the analysis. From the statistics, it can be seen that the overall initial porosity distribution of CTB is stable. Figure 6 shows the porosity of each image of the ten CTB samples. The porosity distribution of samples No. 4, 5, 7, and 8 is around 1%. The porosity of samples No. 1, 3, and 10 ranged from 1.2% to 2.4%, where the porosity of No. 10 was uniformly distributed with height, and the porosity of No. 1 and No. 3 became larger with height as a whole. The porosity of samples No. 6 and No. 9 is around 3%. No. 2 has the greatest variation in porosity, ranging from 3% to 5.4%.
[image: Figure 6]FIGURE 6 | Relationship of CTB porosity with sample height.
3.2 Initial pore size analysis of cemented tailings backfill
Based on the analysis of the CT results of the CTB samples and the identification of their pore data according to the fast watershed algorithm, the statistical table of their pore sizes can be obtained. The pore size data are statistically analyzed to divide the pore sizes into ten intervals in the range of 0.2–1 mm, and the pore size distribution of the CTB samples is plotted in Figure 7.
[image: Figure 7]FIGURE 7 | Pore diameter distribution of CTB.
Figure 7 shows the pore size distribution of the 10 CTB samples. The number of pores with sizes between 0.1 and 0.2 mm, between 0.2 and 0.3 mm is the highest, with samples No. 4, 7, and 8 being particularly prominent, with their pores accounting for 60%, 57%, and 49% of the size of the pores, respectively. The pores with the minuscule percentage are 0.9–1.0 mm, and only 0.5% and 0.8% of samples No. 7 and No. 8 pores are in this range. Pores smaller than 0.2 mm accounted for more than 40% of each sample. Samples No. 3 and 7 have more than 90% of pores with pore sizes less than 0.5 mm. The CTB contains many initial pores, and the pore size distribution characteristics are similar.
3.3 Crack volume analysis of cemented tailings backfill under low impact amplitude
Due to the limitation of the SHPB test, the minimum impact amplitude that the oscilloscope can collect is around 35 mV. The SHPB test with impact amplitudes of 34, 37, and 39 mV was carried out to observe the crack morphology of the CTB under the low strain rate impact, and the 3D reconstruction of the CTB under three impact amplitudes was obtained, as shown in Figure 6. For each set of the impact test, three parallel tests have been done and only one CTB sample after the impact test was selected for the CT test. The main reason for doing that is even though the recipe of the CTB samples is the same and they were prepared in the same batch, the failure pattern of the CTB samples differs, and some of them fail into small pieces after the impact test. We selected the more intact and complected sample (out of three parallel tests using the same impact amplitude) for the CT test.
From Figure 8, it can be observed that the crack pattern inside the CTB, when the impact amplitude is 34 mV, the CTB sample is mainly shear cracks, with occasional secondary cracks. When the impact amplitude was increased to 37 mV, the sample was damaged primarily by shear, with secondary cracks on the outer surface leading to small flakes. When the impact amplitude was further increased to 39 mV, it was apparent that the width of cracks became narrow, but the number of cracks increased. There were many secondary cracks around the major cracks. Fragments were falling off at the corners, the sample was further damaged, and the size of the fragment became smaller due to the increase in the number of cracks.
[image: Figure 8]FIGURE 8 | 3D reconfiguration of CTB under low strain rate impact.
The crack volume can be obtained by the crack segmentation method in Section 2.4.2. The dynamic uniaxial compressive strength was obtained according to SHPB test. Figure 9 shows the relationship between impact amplitude, dynamic uniaxial compressive strength, and total crack volume of CTB. To further express the macroscopic morphology of the CTB cracks, we extracted the crack morphology of the specimens individually and represented it in Figure 9.
[image: Figure 9]FIGURE 9 | The relationship between the impact amplitude, the dynamic compressive strength, and the crack volume.
As shown in Figure 9, the dynamic compressive strength of CTB increased from 1.72 MPa to 2.77 MPa with the increase of impact amplitude, and the total volume of cracks produced after the SHPB test first increased and then decreased. When the impact amplitude was 34 mV, the gross volume of cracks was 456 mm2. When the impact amplitude was 37 mV, the total volume of cracks was the largest, reaching 683 mm3. When the impact amplitude was increased to 39 mV, the cracks’ total volume was reduced to 309 mm3. It can be seen in Figure 9 that the number of cracks increased when the impact amplitude was 39 mV. However, the width and length of the cracks decrease, and therefore, the volume of each crack decreases.
Under the low strain rate impact, the damage of the CTB mainly exists in the form of shear cracks. As the impact amplitude increases, the dynamic compressive strength of the CTB increases, and the total volume of cracks produced by the post-impact damage first increases and then decreases, and the number of cracks increases.
3.4 Computerized tomography image analysis at the low impact amplitude of cemented tailings backfill
The slice images of the CTB were analyzed by uniformly extracting the 2D CT images of different heights, and sample NO. 3 with an impact amplitude of 39 mV was selected. Figure 10 shows the slice images of the CT sample at 5, 10, 15, and 20 mm.
[image: Figure 10]FIGURE 10 | CT images of CTB samples at different heights after low strain rate impact test.
The grayscale transform method converts a black-and-white image into a color image with a specific color distribution, facilitating better extraction of useful information from the image. The image enhancement effect is more evident if the gradation is finer and the color is more prosperous. The grayscale transform method converts the 2D CT image into a color image representing cracks, pores, and CTB. The blue part means defects such as pores and coarse cracks, the light green represents microcracks produced after SHPB tests, the red represents mineral crystals in the tailing sand, and the green represents the CTB.
From the analysis in Figure 10, it can be seen that the CTB samples contain apparent pores. Most of the cracks generated after impact are developed and expanded along the pores, indicating that when the CTB was subjected to impact loading, the stress concentration occurred in the space near the pores, which led to the development and further expansion of microcracks near the pores. With the increased impact amplitude, the microcracks develop into coarse cracks, further destabilizing the CTB structure.
4 CONCLUSION
In this paper, CT scanning tests were conducted on CTB samples before and after failure to study the microscopic properties and macroscopic mechanical correlation mechanisms of the CTB. The following conclusions were obtained.
(1) The dependence of the initial pore distribution of CTB with height was obtained. The overall initial porosity distribution of CTB is stable with the height. The porosity of most samples is between 1% and 2%. The number of pores with size between 0.1 and 0.3 mm is the largest.
(2) The dynamic uniaxial compressive strength of the CTB increased with impact amplitude. In the SHPB test with low impact amplitude, the total volume of cracks produced by post-impact first increased and then decreased, and the number of cracks increased as impact amplitude rose.
(3) The CTB contains an apparent pore structure. It is shown that when the CTB is subjected to impact loading, cracks mainly sprout and expand near the initial pores.
In this study, the research finding has revealed initial pore distribution characteristics and crack failure development of cemented tailings backfill under low impact amplitude. In future work, the mechanical and mesoscopic features of host rock and CTB composite samples under low impact amplitude will be discussed. Additionally, the 3D-DIC techniques will be considered to observe the actual progress of the crack development of CTB in the SHPB tests.
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