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Knowledge regarding the time-dependent behavior of rocks is essential to estimate the long-term deformation and stability of underground structures. The rock strength increases with the increasing loading rate. However, the loading rate dependence in postfailure regions under confining pressure remains unclear. In this study, triaxial compression tests were conducted on four types of rocks to examine the loading rate dependence in both peak and postfailure regions. Results demonstrate that an increase in residual strength with a tenfold increase in the strain rate was approximately proportional to 4% of the residual strength. Furthermore, the increase in peak strength with a tenfold increase in the strain rate increased at a rate of approximately 4% of peak strength. The obtained results were applicable to all the sample rocks and can be easily employed for improving the constitutive equations. Finally, the effect mechanism of the confining pressure on the loading rate dependence of rock strength is discussed.
Keywords: triaxial compression, loading rate, residual strength, peak strength, postfailure region
INTRODUCTION
The loading rate dependency of rock is one of the fundamental mechanical properties, which is essential in understanding the mechanism of earthquake and geological tectonic movements (Wasantha et al., 2015) and estimating the long-term stability of underground structures, e.g., mining roadway and underground storage (Mahanta et al., 2017; Tang et al., 2018; Wang et al., 2020). In the past few years, loading rate dependency of rock strength has been studied by many researchers, and Hashiba and Fukui (2015) provided a literature review regarding the loading rate dependence of rock strength.
The effect of the loading rate on the peak strength in uniaxial compression has been studied extensively over the years. For instance, Okubo et al. (1990) observed that the uniaxial compression strength (UCS) increased with the loading rate and that their relation could be obtained using a parameter n, which was also referred to as the stress corrosion index (Sano et al., 1981). In triaxial compression, the loading rate dependence is as important as that in uniaxial compression because underground rock is subjected to triaxial compression. However, only a few studies related to this topic have been published until now because of the difficulty associated with the entailed experimental procedures. Okubo et al. (1990) observed that the triaxial compressive strength (TCS) increased proportionally with respect to the logarithm of the loading rate and that the loading rate dependence of TCS was similar to that of UCS. Hokka et al. (2016) presented a systematic study on the mechanical properties of granite and calibrated the parameters of the Hoek–Brown model. Okubo et al. (2013) observed that the increment of TCS (△σ) when considering a tenfold increase in loading rate was almost independent of the confining pressure.
Many of the problems associated with rock mechanics in engineering, with respect to tunnel excavation and the storage of natural gas (Wang et al., 2021a; Wang et al., 2021b), are strongly related to the mechanical properties of rocks in the postfailure region (Gao and Kang, 2017). Therefore, studying the loading rate dependence of rocks in these regions has practical significance, as does that in the prefailure region up to peak strength. However, few studies have addressed the loading rate dependence in postfailure regions under uniaxial and triaxial conditions. Hashiba et al. (2006) and Hashiba et al. (2009) observed that the shape of the stress-strain curves in triaxial compression did not fundamentally change with the loading rate and indicated that the percentage of change of stress with a tenfold loading rate increase in the postfailure region did not greatly differ from that of the peak strength.
Although some studies have investigated the loading rate dependence of rocks in the postfailure region, there are no clear conclusions regarding the loading rate dependence of residual strength under triaxial conditions. In this study, a new experimental method proposed by Hashiba et al. (2006) was used to conduct a series of triaxial compression tests for four types of rocks. Special attention was devoted to the loading rate dependence of peak and residual strengths, which was rarely investigated until now.
MATERIAL AND METHODS
Specimen Description
Four types of rocks were obtained for testing, namely, Tage tuff, which has well seismic behavior and only distributes in the Tochigi Prefecture of Japan, Ogino tuff and Emochi andesite, which are the main building materials from the Fukushima Prefecture of Japan, and Jingkou sandstone from the landslide area around the Three-Gorges Reservoir in Chongqing, China. The mechanical properties of these rocks are presented in Table 1. The specimens were cored from a block of rock and cut into cylindrical shapes with a diameter of 25 mm and a height of 50 mm. The end surfaces of the specimens were polished smooth and straight to meet the International Society for Rock Mechanics (ISRM) standard. Tests were conducted after the specimens were air-dried for approximately 2 weeks. Typical specimens were shown in Figure 1A.
TABLE 1 | Mechanical properties of the rocks used in this study.
[image: Table 1][image: Figure 1]FIGURE 1 | Pictures of (A) specimens and (B) test system.
Test System
The triaxial compression test was conducted using a servo-controlling test system (Tang et al., 2019), as shown in Figure 1B. This testing system had a loading capacity of 500 kN and a displacement capacity of 10 mm. The maximum confining pressure was limited to 10 MPa. A strain gauge-type loading cell was used to measure the loading, and a linear variable differential transformer was used to measure the displacement. A high-accuracy data recording system was used to continuously and simultaneously record the axial load and displacement.
Test Description
Axial-strain-rate control was employed in this study, and the alternative strain rate experimental method proposed by Hashiba et al. (2006) was utilized to conduct all the tests. Figure 2 presents a schematic of this method. The strain rate was alternated between high and low (CH and CL, respectively) based on a predetermined strain interval (Δε). The complete stress-strain curves for high and low strain rates could be estimated based on a specimen (Hashiba et al., 2006).
[image: Figure 2]FIGURE 2 | Increase in strain with time through an alternative strain rate (ASR) test. The strain rate is alternated between CL and CH at the predetermined strain interval △ε. CH/CL was set to 10 in all the tests.
In this study, the confining pressures were 0, 3, 6, and 9 MPa. The strain rate was alternated between 10−4/s (CH) and 10−5/s (CL), and the strain intervals were set to 5 × 10−4 (Δε) in uniaxial compression and 8 × 10−4 in triaxial compression, as per the suggestions of Hashiba et al. (2006). Data were recorded with a time step of 1 s. More than three specimens of each type of rock were employed for each testing condition.
PEAK STRENGTH
Figure 3 shows the typical stress-strain curves of Tage tuff and Jingkou sandstone recorded during the alternative strain rate tests (Hashiba et al., 2006; Lei et al., 2008). The results of the Ogino tuff and Emochi andesite were similar to those of the Tage tuff and Jingkou sandstone, respectively. The solid line represents an experimental stress-strain curve modulated with the alternating strain rate. The dashed lines are considered to be the stress-strain curves under low (CL) and high (CH) strain rates, which are obtained via spline interpolation (Hashiba et al., 2006). The peak strengths under CL and CH can be obtained from these stress-strain curves.
[image: Figure 3]FIGURE 3 | Stress-strain curves under different confining pressures in the ASR test. The dashed lines are obtained via spline interpolation. CH/CL = 10. (A) Tage tuff and (B) Jingkou sandstone.
For the Tage tuff presented in Figure 3A, stress fluctuation with alternating strain rates was not obvious at a low stress level. Subsequently, the stress fluctuation became increasingly obvious with the increasing strain. After achieving the peak stress, stress decreases with an increase in strain. The higher the confining pressure, the smaller the stress degradation. The stress continues to fluctuate with the alternating strain rate in the postfailure region, indicating the loading rate dependence of the region.
For the Jingkou sandstone presented in Figure 3B, stress fluctuation with alternating strain rates was not obvious at low stress levels. Then, a stress drop occurred after achieving peak strength. The stress drop under confining pressure is larger than that of the Tage tuff. Further, stress continues to fluctuate with the alternating strain rate in the postfailure region.
Figure 4 shows the peak strengths (differential stresses) of the four rocks under CL (open symbol) and CH (solid symbol). Each peak strength indicates the average value of the three specimens. The effects of the confining pressure on Jingkou sandstone and Emochi andesite were larger than those on the Tage tuff and Ogino tuff, respectively.
[image: Figure 4]FIGURE 4 | Relation between the peak strength (deviator stress) and confining pressure of four rocks under high and low strain rates (solid and open symbols, respectively). CH/CL = 10.
Figure 5A shows the relation between Δσ and the peak strength (differential stress). Δσ indicates the stress increment of the peak strength with a tenfold increase in the strain rate. Both the vertical and horizontal axes of the figure are normalized by the UCS. A straight line in the figure was obtained via a linear regression analysis. Data regarding the Ogino tuff and Jingkou sandstone were obtained from slightly above the line. In contrast, data regarding the Tage tuff and Emochi andesite were obtained from slightly below the line.
[image: Figure 5]FIGURE 5 | Increment of the peak strength with a tenfold increase in the strain rate, △σ. The vertical and horizontal axes are normalized based on the uniaxial compressive strength (UCS). The straight line indicates the fitting results of all data: (A) this study and (B) previous studies.
Figure 5B presents the results obtained by Okubo et al. (2013) and Hashiba and Fukui (2015). Previously, Δσ was calculated using the following equation (Hashiba and Fukui, 2015) based on the values of n:
[image: image]
where σf is the peak strength and n is the index of the loading rate dependence of peak strength (Okubo et al., 1990). A straight line was also obtained via a linear regression analysis.
In this study and previous studies, Δσ increases with the peak strength or confining pressure. Herein, the slope of the regression line is 0.0393, which is larger than that in a previous study, i.e., 0.0150. Data on the four types of rocks in Figure 5A show a similarly increasing rate or slope with the peak strength. In Figure 5B, the slope of the data varies with the type of rock. This potentially indicates the increased reliability of this study.
RESIDUAL STRENGTH
The stress-strain curve differs significantly from specimen to specimen in the postfailure region. Therefore, it is almost impossible to obtain the loading rate dependence using the conventional testing method, wherein a specimen is tested using a predetermined loading rate and the results of many specimens are compared. To overcome the effects of scattering, Okubo et al. (1990) proposed a testing method in which the loading rate is increased once in a test. If the loading rate is increased just before the peak strength was achieved, the increase in stress with the increase in the loading rate can be interpreted as the loading rate dependence of peak strength. This testing method was successfully applied to obtain the loading rate dependence of peak strength. However, the successful application of this method requires considerable experience. Hashiba et al. (2006) proposed a new testing method in which the strain rate was alternately changed between low and high. This method has been extensively used, and its results have been reported (Okubo et al., 2006; Hashiba and Fukui, 2016). However, the loading rate dependence in postfailure regions remains unclear.
In postfailure regions, it is difficult to conduct tests when the strain rate is alternately varied. In particular, it is very difficult to conduct this test just after achieving peak strength, where the stress level tends to rapidly decrease. Therefore, we opted to obtain the loading rate dependence when the stress decreased gently and subsequently termed this as the residual stress region. As displayed in Figure 3, stress changes gently after the strain (critical strain) became 200 × 10−4 for Tage tuff. Therefore, this region is regarded as a residual stress region. After carefully examining the stress-strain curves, the critical strains were determined to be 200 × 10−4 for the Ogino tuff and 150 × 10−4 for the Jingkou sandstone and Emochi andesite.
The stress increment of the residual strength when considering a tenfold increase in the strain rate in the residual stress region (Δσr= σH− σL) was calculated using the method proposed by Hashiba et al. (2009). The σH and σL values were set equal to the stresses at the intersections of the straight line with the slope, which was equal to the unloading modulus and stress-strain curves at high and low strain rates, respectively.
Figure 6 shows the relation between the Δσr and residual strength (deviator stress) of the four types of rock samples. The vertical and horizontal axes of the figure were normalized by UCS. A straight line in the figure was obtained via a linear regression analysis with a slope of 0.0432. The slope of Δσ (0.0393) in Figure 5A is close to that of Δσr (0.0432) in Figure 6. This suggests the possibility that the mechanism of the loading rate dependence of residual strength is closely related to that of the peak strength.
[image: Figure 6]FIGURE 6 | Increment of the residual strength with a tenfold increase in the strain rate, △σr. The vertical and horizontal axes are normalized based on the UCS. The straight line indicates the fitting results of all data.
DISCUSSION
In this study, Δσ and Δσr increase with the confining pressure because the peak and residual strengths increase with the increasing confining pressure, indicating that the increment of peak strength under CH is larger than that under CL (or when Δσ is held constant). This phenomenon could be explained from the point of view of the evolution of microscopic cracks. At lower loading rates, there is sufficient time for cracks to propagate and connect to each other, resulting in decreasing peak strength. When considering a high strain rate, cracks propagate with the limit time, resulting in high strength. The higher the confining pressure, the greater the difficulty associated with crack propagation, and higher restrictions related to the confining pressure can be observed. However, the restriction is the difference for rocks CH and CL, resulting in a difference in strength increment under CH and CL with the increasing confining pressure. Therefore, Δσ increases in conjunction with the confining pressure. The effect of the confining pressure on Δσr can be explained in a similar manner as that of Δσ.
Figure 4 shows that the peak strength increases with the confining pressure; Figure 4A shows that Δσ increases with confining pressure. Eq. 1 can be approximated as follows (Hashiba and Fukui, 2015):
[image: image]
where [image: image]. By assuming that the strength σf changes to σfʹ with the increasing confining pressure, the relation between the strength increase △σ and △σʹ can be obtained as follows from Eq. 1:
[image: image]
Okubo et al. (2013) and Hashiba (2015) show that n is directly proportional to the peak strength. Therefore, σfʹ/σf is almost equal to nʹ/n and △σʹ is almost equal to △σ, indicating that the confining pressure has little effect on the increase in strength with the increasing loading rate. Hashiba and Fukui (2015) also reported these results. However, the above discussion only pertains to rocks with low strength.
CONCLUSION
The loading rate dependence is closely related to the time-dependent behavior of rocks. However, the loading rate dependence in postfailure regions under confining pressure remains unclear. In this study, we experimentally investigated four rock types to clarify the loading rate dependence in both the peak and postfailure regions, where stress is observed to only decrease slowly.
Results indicate that the increase in residual strength when considering a tenfold increase in the strain rate (Δσr) is approximately proportional to 4% of the residual strength.
[image: image]
Furthermore, we established that the increase in peak strength when considering a tenfold increase in the strain rate (Δσ) increases approximately at the rate of 4% of the peak strength.
[image: image]
Eqs 2, 3 show that the percentage of stress change in the postfailure region was almost equal to that of the peak strength, and these equations were applicable to all the types of rocks investigated in this study. This is interesting, and future studies are necessary to determine whether these equations can be applied to a wider range of rock types. Regardless, the two aforementioned equations are very simple and easy to use for improving constitutive equations.
Future studies will also be necessary for dealing with the loading rate dependence at low stress levels in prefailure regions and just beyond the peak strength in postfailure regions. The former is related to the long-term stability of underground structures, whereas the latter is related to their collapse. In both cases, more accurate measurements and higher stability of the servo-control system are necessary.
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The double-roadway layout system, which is extensively applied in large mines, has the potential to significantly balance excavation-mining and improve mine ventilation and transportation capacity. However, the coal pillar in the double-roadway layout system is easily destabilized due to the disturbance of repeated mining, which has a significant impact on the safety and reliability of coal mines. This paper takes the coal pillar and its supporting structure of the double-roadway layout system as the research object, establishes a UDEC trigon numerical calculation model, and systematically corrects the input parameters, while explaining the excavation method of roadways and the simulation method of the supporting structure element. The numerical simulation results show that under the conventional support intensity conditions, the internal damage of the coal pillar during the excavation period is about 20%, while the internal damage to the coal pillar develops to 55% throughout the first-panel mining. During the disturbance of repeated mining, the damage in the coal pillar increased to 90%, and the coal pillar was already in a state of failure. Under the combined control of rock bolts and counter-pulled anchor cables, the coal pillar damage does not change significantly during the excavation and first-panel mining. During the disturbance of repeated mining, the damage of the coal pillar is reduced to 63%. There is a certain low damage area in the coal pillar, which can ensure the stability of the coal pillar and its supporting structure as a whole. Furthermore, the on-site monitoring results show that the maximum value of the floor-to-roof and rib-to-rib convergence of a W1310 tailgate during the repeated mining disturbance stage is 730 and 620 mm, respectively. The findings of this study give an approach to—as well as estimated values for the design of, including its “small structure” control technical parameters—the double-roadway layout system.
Keywords: repeated mining disturbance, numerical simulation, parameter calibration, control strategy, double-roadway layout
INTRODUCTION
In the double-roadway layout system, the tailgate of the next panel is excavated in advance, and is inevitably subjected to mining-induced stress, causing a series of problems. The stability of the coal pillar and its supporting structures has a significant impact on coal mine safety (Feng et al., 2019a; Zhang et al., 2021a; Mohamed et al., 2021; Wang et al., 2021). The requirement of mining efficiency has led to the emergence of extra-long working faces, ventilation, transportation, etc., and due to the advantageous features of the ventilation of double-roadways layout and mining-excavation relay (Feng and Wang, 2020; Yang et al., 2020), the double-roadway layout system is becoming more and more common in large mines. When generating a stable “arc triangular structure” on the roof structure of the worked-out area in the upper mining face, the traditional gob-side entry driving is mined out along the edge of the worked-out area. The coal pillar and supporting structures are only subject to the bearing stress during the excavation period and the coal extraction of the in-service working face (Shen et al., 2016; Wu et al., 2019a; Si et al., 2019). The stress conditions around the coal pillar and roadways are relatively simple. However, in the double-roadway layout system during roadway service life, the coal pillar, as well as its supporting structure, are not only significantly impacted by the mining of the first working face but also subjected to repeated mining disturbance stress by the mining of the next working face (Jiang et al., 2017; Yan et al., 2018). As a result, controlling the coal pillar and rock around the roadway is quite challenging in this system.
During the coal extraction process of longwall working face, with the advancement of the longwall working face, the immediate roof above the coal seam will sink, displace, break, and collapse, but the main roof above the coal seam will break to form an arc-shaped triangle block (Zhang et al., 2020a; Shen et al., 2021). There has been an amount of research on gob-side entry driving, gob-side entry retaining, and other no-pillar layout systems (Shen et al., 2018; Xie et al., 2020; Zhang et al., 2021b). Hou and Li (2001) explained the “small structure” of the roof in detail, and provided the layout position of the narrow coal pillar roadway. Zhang et al. (2021b) analyzed the stability of the gob-side entry retaining roadways under the worked-out section of contiguous seams in view of the change of the damage extent between the upper coal seam and the lower coal seam. To obtain a reasonable and appropriate narrow pillar width, Qian et al. (2016) produced theoretical calculations of the widths of the mining-damaged zone and the limit equilibrium zone in the pillar, derived according to limit equilibrium theory. Liu et al. (2020a) recognized the mechanisms of floor heave induced by a hard roof breakage and instability. Xia et al. (2021) summarized the detailed regular pattern about the collapse mode, stress distribution features, and plastic zone distribution features of the roof during the overall process. The roof failure form, stress distribution features, and plastic zone distribution features during the whole dynamic pressure process was experienced by 6 m coal pillar of a double-roadway layout system. Yu et al. (2020) systematically analyzed the evolution of the stress around the coal pillar and at the convergence of the roadways while the roof around the roadways was suffering from instability induced by mining the face adjacent to the roadways’ driving head, and proposed the layout position and control strategy for this type of roadways. Wang et al. (2015) highlighted that the increase of the deep stress level is an important reason for the stability of the coal pillar in view of the failure features of gob-side entry driving in the deep level. Gao et al. (2015) investigated the rupture process in a lateral competent roof failure and revealed the roadway failure characteristics. Li et al. (2016) demonstrated the impact rule of the roof failure position on the retained roadways in relation to the different fracture positions of the roof of the gob-side entry retaining roadways, the damage features of the filling object, and the deformation features of the gob-side entry retaining roadways.
The previous study results are primarily concerned with the effect principle of the large roof structure around the gob-side entry. The distribution of stress around the roadways has always been the focus of longwall working face research. Salamon (1971) established and revised the coal pillar’s intensity equation. Galvin (2006) developed an analysis model, which is based on the strain energy methodologies. Rezaei et al. (2015) performed laboratory tests to investigate the effect of friction between the roof layer, coal seam and floor layer on the intensity of coal pillars and revised the analytical method of coal pillar intensity. Prassetyo et al. (2019) and Mark and Agioutantis (2018) considered the influence of mining abutment stress on coal pillars and proposed the stability analysis of longwall panel coal pillars and the stress evolution law in the coal pillar with Wilson and Carl method. However, the stressing features of the coal pillar are functions of mining abutment stress, roadway layout, load transfer mode, mining conditions, and other factors. Therefore, theoretically speaking, it is very difficult to calculate the load of a coal pillar under repeated mining disturbance.
Figure 1 depicts the internal stress propagation of both narrow and wide coal pillars during the excavation and coal extraction periods given in the literature (Li et al., 2015). It can be noticed from the figure that the narrow coal pillar is in the form of plastic load conditions, and in field construction, a narrow coal pillar is mainly used in isolating harmful gases in the worked-out section — a strong load-bearing capacity is not a necessary feature. However, if the double-roadway layout roadway is in accordance with Yu et al. (2020), the proposed “key area” control method, closely following the influence of mining stress, carries out a large-scale reinforcement and support, thus losing the significance of the double roadway layout system to improve mining efficiency. Wu et al. (2019b) proposed that the reinforcement prestress of the anchor bolts to reinforce the filling body is key to control the stability of the surrounding rock by simulating the influence features of counter-pulled anchor cables on the load-bearing ability of the filling body throughout the gob-side entry retaining roadway. There are many theoretical research results on the reinforcement of surrounding rock with bolts and cables (Bai and Tu, 2019; Fan et al., 2020a; Fan et al., 2020b; Liu et al., 2021). Prestressed anchor cables could maximize the bearing capacity of surrounding rock to a certain extent. Bai and Tu (2020) simulated the control effect of metal mesh on the roof, Gao et al. (2014) proposed that the interaction of the cracks of the bolts restricting the surrounding rock caused the formation of two types of rock bridges in the surrounding rock, which greatly improved the mechanical properties of said surrounding rock.
[image: Figure 1]FIGURE 1 | Vertical stress redistribution characterization of narrow and wide coal pillar. (A) Narrow coal pillar; (B) Wide coal pillar.
With the construction of large-scale intelligent mines, the double-roadway layout system will be chosen for more working faces. The research on controlling gob-side entry retaining roadways, gob-side entry driving roadways and rock surrounding the roadways has achieved many results, while there is less research on controlling of stability of the coal pillar and its supporting structures in the double-roadway layout system under the disturbance of roadway driving, working face mining, and repeated mining (Qi and Fourie, 2019; Zhang et al., 2020b; Meng et al., 2020; Chen et al., 2021a; Chen et al., 2021b). Wu et al. (2019c) proposed the strengthening effect of high-intensity support and grouting on coal pillars in mining roadways. Yao et al. (2020) discussed the impact of anchor cables in the advancing supporting area on mining support stress resistance. Li et al. (2014) presented a support form with a single hydraulic prop and I-beam support in the region impacted by the mining of the roadways driving head and working face. These studies considered the influence of dynamic pressure disturbance factors on the supporting structure instead of making a detailed study on the dynamic influence of the coal pillar and supporting structure, that is, the “small structure” under the disturbance condition of the double-roadway layout system. Nevertheless, there is almost no systematic research on the variation evolution of coal pillar stability under the whole disturbance process of the double-roadway layout system, which is the motivation of this paper.
Combining the previous research foundations of roof structure, lateral support stress for working face mining, and repeated mining disturbances stress law, and starting from coal pillar and supporting structures, this paper analyzes the influence law of the “small structure” of coal pillar and supporting bodies with different support intensities under the condition of repeated mining disturbance with a field investigation, numerical model construction, rock mechanics parameters input and calibration, and global model validation. The numerical simulation reproduces the whole process of the destruction of the “small structure” under repeated mining disturbances. Finally, the key technical parameters for narrow coal pillars under repeated mining disturbances is proposed. This numerical simulation reproduces the research method of stability control of the coal pillar and its supporting structure, promoting to an extent the development of the double-roadway layout system in China.
Therefore, the main objectives of this paper are:
- Developing a numerical model based on the geological conditions of the case, as well as proposing model parameter calibration and validation methods.
- The stability of coal pillars and their supporting structures under the face of repeated mining disturbance.
- The stability control strategies of “small structure” in the double-roadway system.
CASE STUDY SITE
Conditions of the Double-Roadway Layout System and Rock Strata
This object of study is the Gaohe Coal Mine, located in Changzhi City, Shanxi Province, China (Figure 2A); the current main coal seam is No. 3, with a thickness of 6.0 m and an average overburden depth of 600 m, and is mined using the consecutive single-wing mining method. The double-roadway layout means are adopted for the working face in Mining Area I in the western wing. The main research objects of this article are the W1308 headgate and W1309 tailgate. The double-roadway layout system involves driving along the roof strata of the coal seam, with a 7 m-wide coal pillar left in the middle. The cross-section of the W1308 headgate and W1309 tailgate is 5.0 m wide and 4.0 m in length. The three working faces of W1308, W1309, and W1310 are ceased and waiting for layout currently in the Mining Area W1 in the western wing, of which the working width of the working face W1308 is 180 m, with a length of 1,600 m (Figure 2B). The roof is composed of fine sandstone, mudstone, and medium sandstone in sequence. The floor plate is composed of mudstone, fine sandstone, and medium sandstone in sequence (Figure 2C).
[image: Figure 2]FIGURE 2 | The geographical location and panel arrangement of the study site. (A) The location of the study site; (B) The panel and roadway layout of the study site; (C) The generalized stratigraphic column of the study site.
Coal Pillar Support Parameters of the Double-Roadway Layout System
The width of the coal pillar between the W1308 headgate and W1309 tailgate is 7.0 m and is driven along the roof. Figure 3 illustrates the roadways and coal pillar support parameters. Left-handed, non-longitudinal threaded steel bolts with a 22 mm diameter and a length of 2,400 mm were adopted for roof rock bolt support, with bolt spacing of 900 mm and each row of bolts spaced 800 mm apart, and six rock bolts per row. The roof rock bolts were perpendicular to the roof of the roadway, and were matched with square pallets and spherical anti-friction washers. The length, width, and height of the bolt plates were 150, 150, and 10 mm respectively, and the central aperture was 1.5–2.0 mm larger than the diameter of the bolt rod. CKb2335 and a K2360 resin anchoring agent were adopted for anchoring, with CKb2335 in the front, and K2360 at the rear. Mine anchor cables of a diameter and length of 17.8 and 6,300 mm respectively were used for roof anchor cable support. The spacing and row spacing of anchor cables were 1,600 mm and 800 mm respectively, with three anchor cables in each row, matched with locks and square plate. The length, width, and height of the anchor cable plates were respectively 300, 300, and 16 mm. One CKb2335 and two K2360 resin anchoring agents were adopted for anchoring the anchor cable, with CKb2335 in the front and K2360 in the back. The roof was laid with reinforced ladder beams made of 10# square mesh and 16# round steel. The length and width of square mesh were 5,200 mm and 1,100 mm respectively. Meshes must be overlapped with no less than 100 mm and must be tied firmly with barbed wire. The reinforced ladder beams used for the roof rock bolts were 4,700 mm long and 60 mm wide, while the roof anchor cables were 3,400 mm long and 60 mm wide.
[image: Figure 3]FIGURE 3 | The width of the coal pillar and the specifications of the roadway support in the double-roadways layout system. (A) W1308 headgate and W1309 tailgate rock bolts and anchor cables support sectional drawing; (B) The dimensions of reinforced ladder beam of roof rock bolts; (C) The dimensions of reinforced ladder beam of roof anchor cables; (D) The dimensions of reinforced ladder beams of two ribs rock bolts.
Two ribs were supported using left-handed non-longitudinal rebar rock bolts with a size and length of 22 and 2,200 mm, respectively. The row spacing was 800 mm, and the bolt spacing was 800 mm. Four rock bolts were installed in each row, and the rock bolts on ribs were perpendicular to the rib, while the rock bolts at the rib corners were set at a 15° incline. Bolts were equipped with a square plate anti-friction washer, and a spherical washer. The length, width, and thickness of the rock bolt plates were 150, 150, and 10 mm respectively. The rock bolts were anchored with a CKb2335 and a K2360 resin anchoring agent, with CKb2335 in front and K2360 at back. The two ribs were laid with reinforced ladder beams made of 10# square mesh and 14# round steel. The square mesh was 4,200 mm long and 1,000 mm wide, while the two ribs of the reinforced ladder beam were 3,400 and 60 mm long and wide, respectively.
NUMERICAL MODEL OF DOUBLE-ROADWAY SYSTEM
Simulation Model Setup
Gao and Stead (2014) introduced the “UDEC Trigon” logic to represent brittle rock fracture. The rock mass is described as a set of triangular blocks linked by internal contact to imitate brittleness material in the triangle procedure. These zones cannot fail if each triangular block is made of an elastic material and is split into triangular finite-difference areas. Shear or tensile stress damage can only occur across the contact surface, and the strength of the contact surface defines the effectiveness of the model. The stress-displacement connection is considered to be linear and is governed by stiffness [image: image] (Inc., 2014) in the direction of vertical contacts.
[image: image]
Where [image: image] represents the effective normal stress increase and [image: image] represents the normal displacement increment.
Toward normal contact, there is a maximum tensile strength, [image: image], if the tensile properties are reached, [image: image] = 0.
The reaction in the shearing direction is governed by a constant shear stiffness, [image: image]. A composite of contacting micro properties, cohesion, and friction, determines shear stress. As a result of:
[image: image]
Then
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or else, if
[image: image]
Then
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Where [image: image] is the cohesion, [image: image] is the friction, [image: image] is the elastoplastic component of increasing shear displacement, and [image: image] is the sum of the incremental shear displacements.
Configuration of the Numerical Model
The two-dimensional UDEC model is used to describe the failure characteristics of the coal pillar and its supporting structure under the disturbance of repeated mining, as well as to develop different coal pillar and roadway support parameters (Figure 4). The model is 180 m wide and 70 m high. To enhance the computation efficiency of the model, only the area of interest, namely the W1308 headgate and W1309 tailgate, and the coal pillar range between them, are discretized using “UDEC Trigon” logic. The average size of the triangular blocks in the region of interest is 0.2 m, and a longer triangular block with a size of 0.5 m is used to represent the roof-to-floor rocks in the region of the two roadways and the coal pillar, and a narrow and long rectangular block is used to represent the coal seam and rock layers at the triangular block boundary.
[image: Figure 4]FIGURE 4 | Numerical calculation model for stability analysis of coal pillar and its supporting structure under repeated mining disturbances.
Fixed displacements are conducted in the vertical and horizontal directions at the bottom and two sides of the model. According to the field stress test, the vertical stress is 15.0 MPa, the maximum principal stress is 18.2 MPa perpendicular to the axis of the roadway, and the minimum principal stress is 12.4 MPa parallel to the axis of the roadway. This original rock stress state is applied to the model, and a vertical stress of 15.0 MPa is applied to the upper boundary of the model to simulate the pressure of the overlying rock.
In general, the simulation calculation of the stability of the coal pillar and its supporting structure under the disturbance of repeated mining of the double-roadway layout system is mainly divided into four steps, as shown in Figure 5:
[image: Figure 5]FIGURE 5 | Flowchart of numerical modeling for studying coal pillar failures.
Step 1: Initial ground stress conditions are applied in the global model, to calculate the balance, and save it as a numerical model of the original rock stress balance.
Step 2: Excavation of the two roadways of the double roadway layout system, excavate the W1308 headgate and W1309 tailgate, and carry out bolt and cable support, calculate the balance, and save it as a numerical model after the roadways excavation.
Step 3: Mining simulation of the W1308 working face. It is a process of gradual mining by the coal mining machine for the excavation of the W1308 working face in the field. Therefore, segmented deletion of partial blocks is used for the mining simulation of the W1308 working face in the model to avoid discrepancy between the large dynamic loads and the site resulting in excessive errors in the simulation results. After the stepwise excavation, the balance is calculated and saved as a numerical model of the coal pillar disturbed by the mining at different excavation stages.
Step 4: W1309 working face mining simulation. The W1309 working face mining simulation method is the same as W1308 working face mining, the balance is calculated after distributed excavation, and it is saved as a numerical model of repeated mining disturbances in different excavation stages.
For the W1308 and W1309 working face mining simulation proposals: The excavation of the panels was recreated using a progressive excavation. Each step requires a 10 m advancing distance, 40,000 time steps were executed at each level to answer dynamic stress. (Gao et al., 2015).
Numerical Simulation Model Parameters Calibration
Laboratory-obtained rock characteristics should be modified into rock mass parameters. The RQD method is frequently used to estimate the deformation modulus of a rock mass. Supported by a large amount of on-site monitoring data, Zhang and Einstein (Zhang and Einstein, 2004) proposed the relationship Eq. 6 between RQD and [image: image], which was then utilized to adjust rock mass parameters. In this study, we used a borehole camera to measure the RQD value of rock mass:
[image: image]
Where [image: image], [image: image]are the deformation modulus of rock mass and intact rock respectively. Unconfined compressive strength (UCS) can be modified based on the ratio of [image: image] (Singh and Seshagiri Rao, 2005):
[image: image]
[image: image], [image: image] are the strength of rock mass and intact rock respectively. In addition, the index n for splitting, shearing, sliding, and rotating modes is 0.56, 0.56, 0.66, and 0.72, respectively. In this research, the index n is 0.63—considering the failure process of a roof is so complex, there are several failure types. We also assumed that the ratio of rock mass tensile strength ([image: image]) to intact rock tensile strength ([image: image]) follows the same transfer function (Wu et al., 2019b), The parameters of the rock mass can be calculated, and the results are presented in Table 1.
TABLE 1 | Intact rock, rock mass, and mechanical properties.
[image: Table 1]These data’s rock mass properties parameters cannot be applied to the model directly, and the mechanic parameters of the contact surface and triangle utilized to represent the rock mass properties must be acquired by numerical calibration. Hence, UDEC Trigon logic calibration models were developed, which are the UCS test model with 2.0 m and a height of 4.0 m, and the Brazilian shear test model with a diameter of 2.0 m. The trial-and-error approach is used to calibrate the input parameters of the block and contact surface to fit the rock mass characteristics shown in Table 1; Figure 6 presents the calibration results for rock and coal (The term “Damage” shown in Figure 6 is introduced in Section Coal Pillar Failure Study Under the Original Support Scheme), as well as the micro-parameters in Table 1. Table 1 shows that the error between the UCS and E obtained by numerical simulation model and the results acquired by laboratory test is a little less than 10%. These parameters exactly match the rock mass properties in this research, indicating that the micro-mechanical parameters of coal and rock mass obtained in Table 1 are acceptable.
[image: Figure 6]FIGURE 6 | UDEC Trigon models calibration result for UCS testing. (A) The samples using for UDEC Trigon and laboratory testing; (B) The failure and cracking characteristics of UDEC Trigon and laboratory samples; (C) Stain-stress and damage curves of coal sample; (D) The strain-stress curves of three rock types of samples are acquired by the numerical model.
Roadway Excavation Method and Supporting Structure Units
In this section, the W1308 headgate and W1309 tailgate are excavated with a width and height of 5.0 and 4.0 m, respectively. The numerical simulation procedure simulates the excavation of the roadways by deleting blocks. Conversely, rapid excavation may result in an imbalanced model response, resulting in a dynamic stress path around the deleting border. This type of dynamic stress generally results in a more extensive damage region than desired around the excavation (Cai, 2008). The roadways are progressively and constantly mined by the heading machine in the field excavation, and the static stress path is developed by the roadway’s boundaries (Hazzard and Young, 2004; Yang and Fall, 2021). To reflect this more realistic mining impact, the material softening approach is used to simulate the mechanical excavation of the roadways. In this procedure, the Young’s modulus of the element in the excavation region deteriorates to zero in stages to represent the impact of progressive excavation. This procedure reduces the impact of transients on material failure and provides a more static resolution.
In the numerical simulation, a rock bolt element is made up of two structural nodes and one structural component. The structural components are elastic and plastic materials, as shown in Figure 7, which yield under tension and compression and can resist bending moments. The rock bolt element can realistically realize the normal shear and axial tension of the bolt. The components can be disconnected and separated at the nodes. Fracture of the rock bolt element is realized depending on the user-specified tensile failure strain thresholds (tfstrain). The following criteria were used to determine the failure of the rock bolt element: [image: image], where tfstrain should be specifically set; [image: image] is the sum tensile yield strain of every unit of the anchoring rod, and the standard UDEC module recognizes the following (Inc., 2014):
[image: image]
[image: Figure 7]FIGURE 7 | Schematic diagram of the realization of UDEC structural components of anchoring rock bolts, anchor cables, and reinforcing ladder beams (Inc., 2014; Qian et al., 2016).
If the sum tensile yield strain of every unit of the anchoring rod exceeds the artificially set tensile failure strain limit (tfstrain), the stress and bending moment of the anchoring rod member will instantly decrease to zero, and it can be considered that the rupture occurs at the point of the anchoring rod. The built-in “cable” component represents the anchor cables, while the built-in “liner” component represents the roof and two reinforcing ladder beams (Bai et al., 2016; Bai et al., 2017). Figure 7 shows the schematic diagram of the composition of the anchoring rock bolts, the anchor cables, and the structural elements (Inc., 2014). The details of the support unit are provided in Table 2 of this study.
TABLE 2 | The properties of supporting components used in the model.
[image: Table 2]Validation of Global Model Parameters
Deformation Analysis of W1309 Tailgate
The W1309 tailgate deformation and coal pillar loading characteristics are simulated numerically during the W1309 tailgate and W1308 headgate excavation periods, as well as throughout the W1308 mining stage. Figure 8 illustrates the difference between numerical simulation and on-site monitoring deformation data. The UDEC model shows the deformation features in the horizontal and vertical directions during double-roadway excavation and after first working face mining. Meanwhile, the numerical simulation also reproduces the failure mode of the roadway and coal pillar. From the results of the numerical simulation, the maximum value of horizontal convergence and vertical convergence of W1309 tailgate after double-roadway driveling are 200, 180 mm, respectively. After the first working face mining is completed, the maximum value of horizontal convergence and vertical convergence of the W1309 tailgate increases to 650 and 530 mm, respectively. The results of numerical calculations match those of on-site monitoring, demonstrating the validity of the UDEC model and the mechanical properties of the rock mass utilized in this research.
[image: Figure 8]FIGURE 8 | The simulation and on-site results of W1309 tailgate deformation during the driving of W1309 tailgate and W1308 headgate, as well as W1308 working face mining.
The Development of Vertical Stress on the Roadways’ Two Wall Sides
After excavating one side of the working face of the UDEC model established in part of this paper, the vertical stress features of the coal body on both sides of the roadway are monitored. The specific results are shown in Figure 9A. By comparing the distribution features of vertical stress on both sides of the roadway in the references (Zhang et al., 2017; Zhang et al., 2018; Feng et al., 2019b; Xia et al., 2021), as shown in Figure 9B, the rationality of the input parameters of the numerical calculation model is corrected. Due to the affection of the factors such as different burial depths, different supporting conditions, and different coal intensity in the references (Zhang et al., 2017; Zhang et al., 2018; Feng et al., 2019b; Xia et al., 2021), the stress on both sides of the roadway is converted into a stress concentration factor for better comparative analysis. The numerical modeling result indicates that the integrated coal side wall supports most of the pressure, as shown in Figures 9A,B. The vertical stress concentration factor in the integrated coal body on the side of the roadway is between 3.0 and 4.0. Under the action of lateral support stress, the coal pillar is in a plastic bearing state (Liu et al., 2020b), and the vertical stress concentration factor in the coal pillar is between 0.5 and 0.9, which are all less than the original rock pressure. The peak internal stress of the coal pillar appears at the center of the coal pillar, and the peak internal stress of the integrated coal appears at a location away from the roadways.
[image: Figure 9]FIGURE 9 | Comparison of vertical stress distribution features after the working face mining. (A) The law of vertical stress evolution of the roadways is calculated by the numerical simulation model; (B) The vertical stress concentration factor of the roadways in the references (Zhang et al., 2017; Zhang et al., 2018; Feng et al., 2019b; Xia et al., 2021).
Figures 9A,B shows that after the working face mining in a double-roadway layout system, the load in the coal pillar reaches its ultimate strength, and the vertical stress is lower than the in-situ stress, due to the combined activity of the lateral and advanced supporting pressure. By comparing the coal pillar of gob-side entry driving and double-roadway layout, as well as the vertical stress in integrated coal in the references (Zhang et al., 2017; Zhang et al., 2018; Feng et al., 2019b; Xia et al., 2021), the numerical model’s logic is proved. Meanwhile, it shows that when the coal pillar transitions from the elastic state to the plastic state, the roadways are prone to large deformation and damage, so it is necessary to strengthen the supporting intensity of the coal pillar. In general, it is feasible to simulate the control effect of different supporting intensities upon the roadway and coal pillar through the above input global parameters.
STUDY ON THE STABILITY OF THE COAL PILLAR AND ITS SUPPORTING STRUCTURE
Coal Pillar Failure Study Under the Original Support Scheme
The Fish function has been used to measure the sum length of the cracks in the coal pillar, as well as the lengths of shear and tensile cracks induced by stress disturbances during excavation, first working face mining, then repeated mining, to obtain the failure characteristics of the coal pillar of the double-roadway layout system under the original support scheme. The damage parameters are proposed according to the standard of Gao and Stead (2014):
[image: image]
Where, [image: image] is the sum length of shear cracks, [image: image] is the sum length of tensile cracks, [image: image] is the sum contact length.
The changes in coal pillar damage parameters during double roadway tunneling (Stage 1), first working face mining (Stage 2), and repeated mining disturbance (Stage 3) are shown in Figure 10A. During double roadway driving (Stage 1), the damage parameter in the coal pillar increased slowly from 0 to about 20%, the damage parameter in the coal pillar increased from 20% to about 55% during the first working face mining (Stage 2), and the damage parameter in the coal pillar increased from 55% to around 90% during the repeated mining disturbance period (Stage 3).
[image: Figure 10]FIGURE 10 | The damage change law of coal pillar at different stages. (A) original support scheme; (B) reinforced support scheme.
Analysis of Coal Pillar Failure Features Under Reinforced Support
It can be seen from the analysis in section Coal Pillar Failure Study Under the Original Support Scheme that under the original support conditions, when the first working face is mining at a long distance from the heading face, the extent of damage in the coal pillar does not change much compared with the tunneling period; but when completely experiencing the impact of first working face mining, the damage of the coal pillar increased to 55% under the original support scheme. When affected by the repeat mining disturbance, the final coal pillar was almost in a broken state, and the W1309 tailgate was seriously deformed, which could not meet the requirements for safe use. Therefore, a reinforced support plan is proposed in this part, and the main reinforced support parameters are as follows:
In the original support plan, the length of the bolts of the coal pillar sidewall was increased from 2,200 to 2,400 mm, and the pre-tightening force of the bolts was increased from 180 to 300 Nm. At the same time, two bolts with a length of 7,300 mm and a diameter of 7,300 mm were installed in the middle of the coal pillar. The tension pre-tightening force of the anchor cable is 200 kN. The model is recalculated according to the calculation process of the numerical model in 3.1, and the failure features of the coal pillar under the condition of reinforced support are obtained as shown in Figure 10B.
It can be seen from Figure 10B that after the reinforcement support conditions are adopted, the extent of damage in the coal pillar has not changed much compared with the original support scheme in stage 1. During stage 2, namely the first working face mining, with the gradual increase of the degree of mining influence, the damage in the coal pillar gradually became serious, but compared with the original support scheme, the final damage degree is reduced by about 15%; in the reinforcement support scheme for the stage 3, the repeated mining disturbance stage, the damage degree in the coal pillar is significantly reduced, and the reduction even reaches an astonishing 27%. Currently, the coal pillar is in the plastic bearing state and still has the features of isolation bearing.
Control Mechanism for the Stability of Coal Pillara and Roadways Under the Disturbance of Repeated Mining
From the previous analysis, we can see that there is a significant difference between the strength of reinforced support and conventional support in controlling the damage degree of a coal pillar, especially in the disturbance stage of repeated mining; the degree of damage to the coal pillar is significantly lower, and the supporting intensity is significantly reduced. The internal mechanism is mainly because the reinforcement support during the double roadway excavation can effectively limit the expansion and extension of the initial fissures inside the coal pillar under the disturbance of a dynamic load. It can be seen from Figure 11 that after the reinforcement support scheme is adopted, the damage extent in the coal pillar is not high after the first working face mining is completed, and there is a partially complete core bearing area inside the coal pillar; while during the disturbance period of repeated mining, the slipping, stretch, and shear occur to the internal fissures of the coal pillar, but under the restriction of high pre-tightening force bolts and high pre-tightening forces on the anchor cables. In the end, the large-scale destruction of the internal crack of the coal pillar did not occur, and in the middle of the coal pillar there existed a region defined as “Lower damage”, which is expected from the literature (Gao et al., 2015; Wu et al., 2019b; Wu et al., 2019c; Fan et al., 2019; Li et al., 2021). The damage is calculated by an Eq. 9, and “Lower damage” is defined as a region where the value is below 35%. Therefore, it shows that the initial support of the coal pillar and roadway has a significant effect in the double roadway layout system, which ensures the primary stability of the coal pillar and effectively limits the damage caused by disturbance of the repeated mining upon the coal pillar.
[image: Figure 11]FIGURE 11 | The failure rule of coal pillar and W1309 tailgate during repeated mining disturbance after reinforced support. (A) Crack features in coal pillar; (B) Failure model of coal pillar and roadways.
DISCUSSION AND STABILITY CONTROL OF COAL PILLAR
Key Technical Parameters of Coal Pillar in the Double Roadway Layout System
Based on the above research, we proposed a double-roadway layout coal pillar stability control strategy under the disturbance of repeated mining. As shown in Figure 12A, it is mainly divided into two aspects: one is to improve the overall plastic bearing capacity of the coal pillar, and the other is to limit the expansion of the surface and internal cracks of the coal pillar.
[image: Figure 12]FIGURE 12 | W1310 tailgate and the coal pillar support parameters. (A) Logic relation diagram of coal pillar stability control of double roadway layout; (B) The main view of the double roadway layout system support parameters; (C) The side view of the supporting parameters of coal pillar.
The proposed control strategy has been used in the double roadway layout system of the newly excavated W1309 headgate and W1310 tailgate. The main support parameters of W1310 tailgate control are shown in Figures 12B,C.
Field Application and Deformation of the Double-Roadway Layout System
Figure 13A shows the roadway deformation features of the W1310 tailgate during excavation, mining one side of the working face, and repeated mining disturbance. The monitoring results show that the deformation of the W1310 tailgate has been effectively controlled. During the excavation, the maximum value of the roof-to-floor convergence is 180 mm, and the maximum value of convergence of the rib-to-rib is 200 mm. During mining the first working face, the maximum value of roof-to-floor convergence is 420 mm, and the maximum value of convergence of the two sides is 500 mm. During the disturbance of repeated mining, the maximum value of roof-to-floor convergence is 620 mm, and the maximum value of rib-to-rib is 730 mm. Figure 13B shows the loads of rock bolts and anchor cables in the coal pillar during the repeated mining, within the influence range of the pressure, the loads of the anchor cables and rock bolts begin to increase. When the monitoring station is about 40 m away from the working face, the load of the anchor is increased to 140 kN, and the load of the anchor cable is increased to 195 kN. It shows that the load of the anchor cables and rock bolts increases rapidly and can bear the load in time, so the effect of controlling the deformation of the surrounding rock is better. Meanwhile, during the repeated mining disturbance, the imaging results of the borehole inside the coal pillar 10 m ahead of the working face are shown in Figure 13C. It can be seen from Figure 13C that at the position where the repeated mining disturbance is the most severe, there is still a certain complete area in the central part of the coal pillar, verifying the rationality of the control measures through the combination with the above deformation results.
[image: Figure 13]FIGURE 13 | Deformation and crack features of the W1309 tailgate under the optimized support scheme. (A) Deformation of the newly excavated W1309 tailgate; (B) Loads of rock bolts and anchor cables in coal pillar during repeated mining; (C) Crack propagation features of coal pillar 10 m ahead of working face.
CONCLUSION
The supporting structures and coal pillar in the double-roadway layout system are impacted by driving, first working face mining, and repeated mining. The stability of coal pillar and supporting structures in a double-roadway layout system is investigated systematically using on-site and numerical simulation methods, the main conclusions are as follows:
1) A numerical calculation model of the double-roadway layout system was established, and the rock mechanics parameters input in the numerical model were systematically corrected based on the site geology and mining conditions. Meanwhile, the roadway excavation method and the simulation method of the support structure unit were analyzed. Finally, the global parameters are corrected to ensure the rationality of the numerical calculation model.
2) The stability of the coal pillar and its support structure under the disturbance of repeated mining was systematically studied through the corrected numerical calculation model, and the control effect of the reinforcement support on the damage extent of the coal pillar and its crack was analyzed. The combined support strategy of high pre-tightening force and high strength anchor cables and rock bolts with high rigidity surface protection members.
3) The proposed control key support strategy and technical parameters are applied to the newly excavated W1309 headgate and W1310 tailgate double roadway layout system. The on-site monitoring results show that after the optimized support parameters are adopted, the roof-to-floor convergence of the W1310 tailgate during the tunneling period, working face mining, repeated mining disturbance is 180, 420, and 620 mm respectively, and the rib-to-rib convergence is 200, 500, and 730 mm respectively, which verifies the control effect of the optimized support parameters on the coal pillar effect.
Further Research
The influence of the single hydraulic reinforcement support on the crack propagation and damage of the coal pillar and supporting structure should be considered, and the parameters of the rock bolts and anchor cables in the simulation model should be matched with the field data in detail in the future research.
The interaction and stability of the “large structure” of the “arc triangular block” formed by the lateral roof after panel mining as well as the “small structures” of the coal pillar and supporting structure are the focus of our future research.
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Time-dependent behavior has been demonstrated to be an essential factor in determining the long-term stability of underground structures. Creep and relaxation experiments are commonly used to investigate time-dependent behavior by subjecting rock to constant stress and strain. However, both stress and strain of in-situ rock masses are likely to change with time, a phenomenon known as generalized relaxation that has not been thoroughly investigated. In this study, a newly proposed control method with a constant linear combination of stress and strain as a feedback signal is used in compression and tension tests to investigate generalized relaxation behaviors of rocks. The results showed that the stress and strain of generalized relaxation are dependent on values of α, which represented generalized relaxation direction. The isochronous curves are enclosed within stress–strain curves of different loading conditions. The variation of stress (∆σ) and strain (∆ε) increases with increasing stress level and decreases with increasing confining pressure. Also, ∆σ and ∆ε in region II are smaller than in regions I and III. Furthermore, by performing brittle rock tests, complete generalized relaxation curves are obtained; three stages are observed, which are similar to conventional creep and relaxation behavior. Finally, the time and generalized relaxation failure behavior of Class I and Class II rock are discussed. The study is a valuable resource for gaining a comprehensive understanding of the time-dependent behavior of rocks and improving the stability and safety of underground structures.
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INTRODUCTION
Time-dependent deformation of rock significantly impacts the mechanical properties and stability of many of engineering and geological structures (Wang et al., 2021; Fan et al., 2020), such as landslides, earthquake, tunnels and mining. For example, Wang et al. (2021) investigated the long-term stability of engineering supporting structures for landslides, the deformation control and prediction of rock slopes by conducting triaxial creep tests. Willis et al. (2021) indicated that earthquakes imposed changes of mantle rock stress and commonly induce a period of creep. Time-dependent behaviors for undergrounding rock, caused by excavation and changes in the applied stress, affect the distribution and magnitude of disasters, e.g., rockburst (Feng et al., 2017; Zhao et al., 2019). Delay outburst of coal and gas in mining commonly occurs a few hours lag after mining blasting, which related with time-dependent properties of coal (Lu and Zhao, 2016). The self-bearing capacity of tunnels possesses a dynamic process, and the rock mass is regarded as a viscous material with a distinguishable strain-strengthening property (Yu et-al., 2021). Therefore, understanding time-dependent behavior of rock is important, not only to assess stability of underground excavation, but also to predict geohazards.
Creep experiments are commonly used to study the time-dependent behaviors of rocks. However, creep occasionally occurs in conjunction with in-situ relaxation due to the various supports and rock heterogeneity (Paraskevopoulou et al., 2017). To explain such behavior, it is considered that the experiment of rock mass strain and stress changes simultaneously with increasing time, which is known as generalized relaxation (Fukui et al., 1992). Conventional creep (constant stress) and relaxation (constant strain) are typical behaviors of generalized relaxation. Until now, the generalized relaxation behavior of rocks under various stress conditions has received insufficient attention, with few investigations.
Rock creep behavior has been extensively studied under various loading conditions using laboratory tests, theories, and constitutive equations for the typical behavior of generalized relaxation (Hashiba et al., 2019; Wang et al., 2020; Zhang et al., 2016), with fewer studies on relaxation due to complex test techniques (Hashiba and Fukui, 2016). It is known that time-dependent rheological deformation of rocks is influenced by cyclic disturbance loads, but relaxation behavior after cyclic disturbance is still poorly understood (Zhu et-al.,2020), In order to study the phenomenon, Yu et al. (2021) carried out a step loading stress cyclic wear disturbance relaxation test for marble, and the results showed obviously time-dependency.
There have been minimal published results for generalized relaxation of rock (Fukui et al., 1992; Hashiba and Fukui, 2016; Okubo et al., 2014). Fukui et al. (1992) proposed the concept of generalized relaxation and explained it using two simple models specimens. Five directions of generalized relaxation, including creep and relaxation, were divided and introduced by the index α. Okubo et al. (2014) used a non-linear Maxwell model computer simulation to explain and calculate the experimental results of Fukui et al. (1992). Hashiba et al. (2017) presented generalized relaxation behavior of granite and compared it to calculated results using a viscoelastic constitutive model. Xu et al. (2021) investigated the deformation evolution on rock specimen surfaces using a digital image correlation method during generalized relaxation of sandstone. Although basic investigations of generalized relaxation of various rocks have been published, previous results primarily focused on uniaxial compression.
In this study, a new test machine realized the new control method, a constant linear combination of stress and strain. A series of generalized relaxation tests are performed under various loading conditions. The effect of stress level, confining pressure, and loading condition on generalized rock behavior is discussed. Complete generalized relaxation curves of brittle rock are also observed, as are evolution stages. It is hoped that the time-dependent behavior and long-term stability of underground rock structures will be extended and studied further.
CONTROLLING METHOD
Controlling Principle
During testing, a constant linear combination of strain and stress is chosen as the servo-control system’s feedback signal (Okubo and Nishimatsu, 1985), with the following controlling formula:
[image: image]
where f(t) is a function of time (t), C is the loading rate, E is Young’s modulus of rocks, ε and σ are the strain and stress, respectively, and α is the generalized relaxation direction index. Eq. 1 can be modified as follows:
[image: image]
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where dε/dt and dσ/dt are the strain and stress rates, respectively. If α = 0, it indicates a constant strain rate test, whereas α = ±∞ indicates a constant stress rate test. Both stress and strain were controlled during generalized relaxation testing. Eq. 2 can then be modified as follows:
[image: image]
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According to Eq. 3, the location of stress and strain is controlled to follow the arrow with the slope is 1/α, as shown in Figure 1. The value of α should be preset as required before the experiment. By controlling Eq. 3a and the location of stress and strain will be started at the original point O and ended at point A under constant loading (stress/strain) rate. When the stress reaches point A, the loading rate C is set to zero, and the generalized relaxation test is performed by controlling Eq. 3. A is regarded as the generalized relaxation’s starting point (SPT). The slope of creep curves is zero (1/α) for creep test (α = ±∞). The slope of relaxation curves is infinite (1/α) for the relaxation test (α = 0). It has been discovered that creep and relaxation are special forms of generalized relaxation. When 1< α < ∞, the stress and strain increase with time, and the slope of the stress–strain curves is 1/α, as shown in region-I of Figure 1. When ∞ < α < 0, the strain increases while the stress decreases with increasing time, as shown in region-II. When 0 < α < 1, stress and strain decrease with increasing time, shown as region-III. When α = 1, the stress and strain locations coincided with complete stress–strain curves. For the values of α in three region (I, II and III), it was found that the location of stress and strain would be strike line at direction clockwise.
[image: Figure 1]FIGURE 1 | Schematic diagram of generalized relaxation.
Variable-Resistance Technology and Servo-Controlling
To achieve the control method, the authors proposed the variable-resistance technology. As shown in Figure 2, a loading-cell and a linear variable differential transformer (LVDT) were used to collect stress and strain signals in the servo-controller.
[image: Figure 2]FIGURE 2 | Schematic diagram of control system and variable-resistance technology.
During testing, VR1 and VR2 display feedback signals proportional to the stress. The LVDT output was fed to the servo amplifier, and VR1 controlled the strain value. Loading-cell output was fed into the servo amplifier, and VR2 controlled the stress value. When VR12 was rotated to VR13 and VR22 was rotated to VR21, VR1’s resistance value was zero, and VR2’s resistance value was maximum. As a result, the constant strain rate test was applied. When VR12 was rotated to VR12, and VR22 was rotated to VR23, VR1’s resistance value was maximum, and VR2’s resistance value was zero, and a constant stress rate was applied. When VR12 was rotated to the middle of VR11 and VR13, and VR22 was rotated to the middle of VR21 and VR23, the ratio of the resistance value of VR1 and VR2 was calculated as β. α is the stress feedback ratio (α = k∙β, k is constant), the stress signal value is α∙β/E, and the strain signal value is ε. A constant linear combination of stress and strain (ε-α∙β/E) in Add/Sub amplifier was used as the feedback signal in a closed-loop.
Wawersik and Fairhurst (1970) classified rocks into Class I and Class II based on the complete stress–strain curve in the post-failure region, the control lines for Class I and Class II rocks was shown in Figure 3, the parallel solid lines are the control lines by Eq. 1, in which it was realized by variable-resistance technology, it was found that there were only a intersection point between stress-strain curves for Class I or Class II rocks and control lines. Thus, the stress-feedback controlling method has very good stability for Class I and Class II rocks.
[image: Figure 3]FIGURE 3 | The control lines by stress-feedback method for Class I and Class II rocks.
MATERIALS AND METHOD
Specimen Description and Testing Apparatus
Tage tuff and Yibin granite were employed for testing. Tage tuff was obtained from Tochigi Prefecture, Japan. It mainly contains albite, feldspar, and small amounts of calcite. Yibin granite was obtained from Yibin, Sichuan, China. The main components are quartz, feldspar, and mica. All specimens were shaped into cylinders with a diameter of 25 mm and a height of 50 mm. The flatness, verticality, and parallelism of specimens satisfied the requirements of the International Society for Rock Mechanics (ISRM). The test machine was the same as that reported by Tang et al. (2019). The basic physical and mechanical properties of Tage tuff and Yinbin granite were presented in Table 1.
TABLE 1 | Physicomechanical properties of the specimens.
[image: Table 1]Testing Method
In this study, uniaxial compression, triaxial compression, and uniaxial tension tests were performed. The test methods for uniaxial and triaxial compression were the same as those reported by Tang et al. (2019). For uniaxial tension, the specimens were bonded to platens using the method and test system described by Chen et al. (2020). The test system has been used successfully to investigate the direct uniaxial tension behaviors of rock materials based on different stress paths (Okubo et al., 2006; Hashiba et al., 2017).
As shown in Figure 1, stress increased from point O to the SPT (point A) with a constant strain rate of 10–5/s during compression tests and 10–6/s during tension tests. During uniaxial compression, the stress levels (stress of SPT/peak strength) for Tage tuff were set to 50, 80, 100, and 50% in the post-failure region. For generalized relaxation tests, seven values of α (3, ∞, −3, −1, −0.3, 0, 0.3) were chosen and distributed into the five regions shown in Figure 1. To perform generalized relaxation tests under confining pressure of 3 MPa, three stress levels (50, 80, 95%) and five values of α (α = 3, ∞, −3, 0, 0.3) were chosen for triaxial compression. Both compressive tests lasted 105 s. For uniaxial tension, it is difficult to carry out generalized relaxation tests. Thus, stress levels (30, 50, 70%) are lower than in compression, and the test continued for 104 s. To obtain complete curves of generalized relaxation, Yinbin granite was tested with a high-stress level (92%) of SPT and three values of α (∞, −3, −1) and continued until rock failure.
RESULTS
Typical Generalized Relaxation Results
A typical result of generalized relaxation of Tage tuff is shown in Figure 4, which was conducted under a stress level of 50% in uniaxial (0 MPa) and triaxial (3 MPa) compression. The two solid lines were stress–strain curves, with SPT stress and strain set to zero. At various times, the open squares and circles are locations of generalized relaxation. The location of stress and strain in creep moved from SPT to the right, while it moved from SPT to bottom in relaxation. For other directions, the locations moved in a pattern similar to that shown in Figure 1. The evolution of stress and strain in different directions (values of α) reflected the rheological properties of the generalized relaxation of rocks. Therefore, it indicated that generalized relaxation, like conventional creep and relaxation, belongs to rheology categories.
[image: Figure 4]FIGURE 4 | Generalized relaxation test results for Tage tuff (A) The location of stress and strain at 50% stress level under uniaxial and triaxial compression. (B) The larger result of left diagram, SPT of stress and strain at t = 0 s set to zero.
Furthermore, the movement distance represented a variety of generalized relaxation. The distances of movement at the same time were greater in the upper-right, and lower left directions for a given confining pressure than in the lower-right direction. For a given direction, the distances of α = 3, ∞, −3 under triaxial compression were greater than those under uniaxial compression, which is consistent with the evolution of creep under various confining pressures (Maranini and Brignoli, 1999; Fabre and Pellet, 2006). The distance of α = 0.3 was smaller under triaxial compression than under uniaxial compression, corresponding to the evolution of relaxation under different confining pressures. In conjunction with Figure 1, it can be seen that increasing confining pressure promoted the evolution of generalized relaxation in regions I and II while suppressing it in region II, which is similar to the effect of confining pressure on creep and relaxation, respectively. The statistics for the test results will be presented in the following section. In practice, supporting or stability analysis should consider the time-dependency of the surrounding rock. It is critical to confirm the tendency of rock stress and strain to vary with time. Then to save support time and cost, design the support system in the direction of generalized relaxation.
Figures 5A–C shows generalized relaxation test results of Tage tuff in uniaxial compression, uniaxial tension, and triaxial compression. The solid lines were complete stress–strain curves under different conditions. The dotted points are locations of stress and strain at different values of α and stress levels after test time. The dashed lines are isochronous curves obtained by fitting the dotted points at the same time. From a global perspective, isochronous curves were coincided with and enclosed within stress–strain curves. By performing several tests, the isochronous curve described rheological behaviors and roughly estimated the rheological location of rocks under different stress levels and directions of generalized relaxation.
[image: Figure 5]FIGURE 5 | Isochronous curves of Tage tuff at (A) 50%, 80%, peak and post 50% stress levels under uniaxial compression. (B) 30, 50, 70% stress levels under uniaxial tension. (C) 50, 80, 95% stress levels under triaxial compression.
Variation of Stress and Strain in Generalized Relaxation
In creep, stress was constant while strain increased, whereas in relaxation, the strain was constant, and stress decreased. Extending to generalized relaxation, both stress and strain varied with time in different directions. Figure 6 showed the variation of strain (∆ε) and stress (∆σ) in uniaxial compression at 104 s under various stress levels. Both ∆ε and ∆σ increased as stress levels increased in the pre-peak region. The effect of stress level on ∆ε is more obvious than on ∆σ. According to Paraskevopoulou et al. (2017), the time-dependent behavior of rock is exhibited depending on the initial stress condition, which reflects crack propagation status. In other words, crack initiation and propagation are crucial in understanding time-dependent behavior processes. The investigation of progressive rock failure revealed that crack initiation stress (CI) and damage stress (CD) was about 45 and 80% of peak stress (Pepe et al., 2018). When applied stress exceeded CI, microcracks propagated stably. Stress above CD causes microcracks to grow in an unstable manner and inelastic strain to accelerate quickly. As a result, the variation of generalized relaxation in Figure 7 increased as stress levels increased.
[image: Figure 6]FIGURE 6 | The relationship between ∆σ, ∆ε, and α of Tage tuff at 104 s under uniaxial compression of different stress levels. The solid points are variations of strain, and the dotted points are variations of stress.
[image: Figure 7]FIGURE 7 | The relationship between ∆σ, ∆ε and α of Tage tuff at 104 s under uniaxial compression, tension, and triaxial compression for 50% stress level.
Figure 7 shows variations of ∆ε and ∆σ of generalized relaxation at the same stress level in uniaxial compression, triaxial compression, and uniaxial tension. For a certain α, both ∆ε and ∆σ in uniaxial tension are smaller than in compression. This was because the tension strength of rock is typically lower than the compression strength. For a given loading condition, ∆ε and ∆σ of regions I (α = 3) and III (α = 0.3, native variations of stress and strain) are greater than those of region II (α = −3−1, −0.3), as discussed in the preceding section.
Complete Generalized Relaxation Curve of Brittle Rock
The complete creep curve (strain vs. time) is well known to be divided into three stages: primary (strain rate decrease), secondary (strain rate steady), and tertiary (strain rate accelerate until rock failure) (Okubo et al., 1991). The relaxation curve is also divided into three stages: primary (stress rate decrease), secondary (strain rate steady), and tertiary (stress reaches an asymptote and stress relaxation process is effectively completed) (Paraskevopoulou et al., 2017). Based on the findings of the preceding study, the authors assumed that the complete generalized relaxation curve should be divided into three stages as well. However, it is difficult to obtain a complete curve of generalized relaxation of Tage tuff because it is a soft rock. Hashiba et al. (2020) conducted a 20-year creep test with Tage tuff, and the specimen did not fail. To verify this assumption, Yibin granite was subjected to a generalized relaxation test (α = ∞, −3, −1) at a stress level of 92% in uniaxial compression. Figure 8A shows the test results along with the stress–strain curve. As time elapsed, the generalized relaxation locations moved from the start point to the right and eventually intersected with the stress–strain curve in the post-failure region, resulting in rock burst, as shown in red circle. Failure life (tf) was regarded as the time of location movement. The failure times of α = ∞, α = −3, α = −1 were 400 s, 730 and 820 s, respectively. Figure 8B shows the complete stress and strain curves at time α = −3. From the point of origin to the point of rock failure, three stages were obtained. The first stage of generalized relaxation occurs when strain increases and stress decreases at a decreasing rate during generalized relaxation of α = −3. At the end of this stage, the strain and stress increase and decrease approach a constant rate, signaling the start of the second stage. The strain and stress then rapidly increase and decrease until rock failure, which was defined as the third stage of generalized relaxation. The boundary between the first and second stages was not obvious due to the high stress level of the test. The locations in the red circle could be regarded as the boundary of the second and third stages or the starting point of the rock burst.
[image: Figure 8]FIGURE 8 | Complete generalized relaxation curves of granite: (A) Generalized relaxation behaviors of granite, (B) ∆σ and ∆ε varied with time of α = −3.
DISCUSSION
The rheological failure models according to generalized relaxation behavior were shown in Figure 9. For Class I rocks, generalized relaxation curves intersect with the two stress–strain curves in the region I (1 < α < ∞), region II (−∞ < α < 0), and creep direction (α = ±∞), indicating rock failure near intersection points. However, the two curves do not intersect in region III (0 < α < 1) or relaxation direction (α = 0), indicating that rock failure will not occur. For Class II rocks, intersection points are observed in regions I, II, and the creep direction (α = ±∞). At higher stress levels, intersection points appear in region III (0 < α < 1) and the relaxation direction (α = 0). As a result, rock burst may occur in Class II rocks in these regions. This theory has already been validated by generalized relaxation testing of granite, implying yet another novel finding from this study. Generalized relaxation time from the starting point to the intersection points is the failure life. Class II rocks had a shorter failure life than Class I rocks. However, the rock will break to failure at the intersection, many experimental datas for different rocks are necessary to verify the phenomenon. In practical engineering, the location of stress and strain in the supporting in mine roadway simulataneously change with the lapse of time, the variation law of tunnel surrounding rock, the rockburst in deep well engineering, and landslide of rock slope are coincide with generalized relaxation behaviors. Future research should focus on the relationship between failure life and long-term strength and the prediction of failure life using constitutive equations.
[image: Figure 9]FIGURE 9 | Rheological failure of Class I and II rocks.
CONCLUSION
The generalized relaxation of rock is the simultaneous change in stress and strain during rheology. A generalized relaxation test represents an extension of the behavior observed in conventional creep and relaxation tests. This study described the generalized relaxation behavior of two types of rocks and introduced the test method. The following are the main conclusions.
1) Variable-resistance technology was used to propose a control method involving a constant linear combination of stress and strain. The proposed controlling method can be used to simulate the generalized relaxation behavior of rocks.
2) Isochronous curves were enclosed within stress–strain curves for generalized relaxation. The isochronous curves were found to potentially decline with time along all stress–strain curves, which is a novel finding of this study.
3) Generalized relaxation curves were nearly identical under uniaxial compressive, tensile, and triaxial compressive conditions. Under different loading conditions, the rocks exhibited the same time dependency. Furthermore, the effects of stress level, confining pressure, and α values were discussed.
4) Three stages of time-dependent behavior were observed in generalized relaxation tests of different directions, which are similar to creep and relaxation results.
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In response to the Paris climate agreement, the Chinese government has taken actions to improve the energy structure by reducing the share of coal-fired thermal power and increasing the use of clean energy. However, due to the extreme shortage of large-scale energy storage facilities, the utilization efficiency of wind and solar power remains low. This paper proposes to use abandoned coal mine goafs serving as large-scale pumped hydro storage (PHS) reservoir. In this paper, suitability of coal mine goafs as PHS underground reservoirs was analyzed with respects to the storage capacity, usable capacity, and ventilation between goaf and outside. The storage capacity is 1.97 × 106 m3 for a typical mining area with an extent of 3 × 5 km2 and a coal seam thickness of 6 m. A typical goaf-PHS system with the energy type [image: image] has a performance of 82.8% in the case of annual operation, able to regulate solar-wind energy with an average value of 275 kW. The performance of the proposed goaf-PHS system was analyzed based on the reservoir estimation and meteorological information from a typical region in China. It has been found that using abandoned coal mine goafs to develop PHS plants is technically feasible in wind and solar-rich northwestern and southwestern China.
Keywords: pumped hydro storage, clean energy, coal mines, feasibility analysis, case study
INTRODUCTION
China’s coal-heavy primary energy structure causes environmental pollution and massive carbon dioxide emission (Chen et al., 2019). In 2016, China produced 10.5 billion tons of carbon dioxide emission by fossil fuel burning, severely affecting the global climate change. In response to the Paris climate agreement, the Chinese government is taking actions to improve the energy structure, that is, to increase the share of clean energy while reducing the use of fossil fuel (Pan et al., 2018; Li and Chen, 2019). However, due to the extreme shortage of large-scale energy storage (LSES) facilities, the utilization efficiency of wind and solar power remains low (Bai et al., 2015). By the end of 2018, 22 operational PHS plants were distributed in the coastal region or in eastern China (Figure 1), with an installed capacity of 19.23 GW, entirely insufficient for the largest wind-solar power market in China (Davidson et al., 2016).
[image: Figure 1]FIGURE 1 | Distribution of pumped hydro energy storage plants and underground space of the shutdown coal mines in Mainland China.
Among the existing energy storage technologies, only compressed air energy storage (CAES) and pumped hydroelectric storage (PHS) are cost-effective at large temporal scales, from several hours to many days (Zhao et al., 2015; Rogeau et al., 2017; Collado et al., 2018; Pali and Vadhera, 2018; Tung et al., 2018). Large-scale CAES is known to require specific geological conditions to store high pressure air/gas (Parkes et al., 2018), while the PHS appears to be relatively more mature and reliable (Hunt et al., 2014; Kapila et al., 2017; Ruppert et al., 2017; Hunt et al., 2018). In the wind and solar energy rich northwestern and southwestern China, scarce PHS plants are available for LSES for the abundant energy (Figure 1), because of the difficulty in site selection and water shortage.
As of now, the number of abandoned mines, including coal mines, metal mines, and chemical mines (non-metallic mine), is estimated to exceed one million, worldwide. In China, the number of documented closed coal mines reaches 3,868 with more than a productive capacity of 350 million (Xie and Liu, 2018) and the other abandoned coal mines are roughly estimated at 12,000 (Zhongguang et al., 2019). During extraction of mineral resources from underground deposits, shafts and extensive galleries are excavated. These underground voids are usually left to be flooded, but often perpetual costs related to pumping to keep a safe water level or water treatment have to be maintained, becoming long-term liabilities. Some renewable/sustainable post-mining solutions including underground reservoirs (Andrés et al., 2017), hydro-pumped energy storage (PHES) (Menéndez et al., 2017; Pujades et al., 2017), compressed air energy storage (CAES) (Kim et al., 2012; Fan et al., 2018a), thermal energy storage (Al-Habaibeh et al., 2018), and underground hydrogen storage (Simon et al., 2015) were proposed and proved viable by some researchers. The first documented CAES test using an abandoned mine was conducted in Japan. In the United States, an abandoned limestone mine was planned to be converted into a CAES plant with a capacity of 2700 MW. In South Africa, the viability of deep level gold mines transferred into underground pumped hydroelectric energy storage in the Far West Rand gold field were by Winde (Winde et al., 2017). It is reported that the Prosper-Haniel coal mine, Germany, planned to be converted into a 200 MW PHS plant (Fan et al., 2016; Fan et al., 2017). Menéndez et al. (2018) proposed to develop underground PHS plants by using underground tunnel/roadway networks of more than 30 closed coal mines in the Asturian Central Coal Basin of Spain. However, the roadway space in a mine is limited and insufficient for LSES.
Considering the goafs’ considerable space capable for LSES and simultaneously reduce water evaporation, a concept of PHS system using underground coal mine goafs (goaf-PHS) was put forward (Fan et al., 2020). In arid regions of northwest China, water-preserved mining is the only option for coal mining. Wang et al. investigated the basic conditions and mechanisms of goaf water storage, providing an effective approach for large-scale goaf water reservoirs in the arid regions (Wang et al., 2018). Gu et al. proposed a technical approach of storage and utilization of mine water through underground reservoirs in coal mine. Currently, 32 coal mine underground reservoirs have been established in the Shendong Mining Area and can effectively alleviate the scarcity of local production and domestic water (Gu, 2015). Aforementioned researches demonstrate the enormous potential capacity of underground coal mine goafs served as water reservoirs for PHS plants. Nevertheless, the details on the goaf reservoirs, such as the storage capacity, the useful volume, environmental issues, and the performance of the goaf-PHS system, are still unclear.
This paper proposes a hybrid PHS system using underground coal mine goafs, as shown in Figure 2. The study performed a suitability analysis on goafs serving as PHS with respect to the three issues of most concern: storable volume, usable volume, and fluid exchange. Based on the estimation results of the goaf reservoir and meteorological data (solar radiation and wind speed) in northwestern China, the performance of the goaf-PHS system is evaluated. At last, the feasibility of goaf-PHS plants is discussed on the national strategic level.
[image: Figure 2]FIGURE 2 | Pumped hydro storage system using abandoned coal mine goafs.
SYSTEM DESCRIPTION AND ESTIMATION
The upper reservoir, which provides water storage capacity at a high level, uses underground goafs or a surface reservoir. The lower reservoir is located at the underground coal mine goafs with a greater depth to ensure a suitable water head (Figure 2). The other components of the hybrid PHS are similar with a conventional PHS plant, including wind turbines, photovoltaic generators, reversible hydraulic pumps/turbines, and penstocks. Wind turbines and photovoltaic generators are the energy receiving-conversing end of the system converting clean power into electricity. Reversible hydraulic pumps/turbines are the energy conversing-transferring devices. When electricity generation is greater than demand, the surplus electricity will drive pumps to elevate the water from the lower to the upper reservoir, storing the potential energy. When the electricity generated by wind and solar power cannot satisfy the demand, the stored water will be released to produce electricity and fill the demand gap. The two reservoirs are the energy storage facility, reserving the surplus energy in the form of water potential energy. The penstocks, surge tank, and a variety of connecting tunnels/rooms provide ancillary services for the system’s smooth operation. The system efficiency is mainly decided by the performance of receiving-conversing-transferring devices.
Wind Turbines and Photovoltaic Generator
The energy receiving-conversing devices are mainly composed of wind turbines, photovoltaic generators, and transformer station. Wind turbines and photovoltaic generators convert the wind and solar power into electricity, respectively. Their power [image: image] and [image: image] can be expressed by (Boumaaraf et al., 2018; Pali and Vadhera, 2018; Yesilbudak, 2018)
[image: image]
[image: image]
where [image: image] is the efficiency of wind turbines capturing the wind. [image: image] represents the air density. [image: image] is the length of the blades on the wind turbines and [image: image] is the wind velocity. [image: image], [image: image], and [image: image] are solar fraction, efficiency of photovoltaic generator, and heat loss rate. [image: image] is the solar radiation intensity in W/m2. [image: image] is the heat loss rate of photovoltaic generator. Before using the electricity with hydraulic pumps, electricity transmission is necessary to obtain an appropriate voltage, which may cause some electricity losses (Han et al., 2017).
[image: image]
where [image: image]is the comprehensive efficiency of the electricity transmission. [image: image] and [image: image] are the output and overall conversion efficiency of the electricity transmission station.
Hydro-Pump/Turbine and Penstock
The energy transferring devices include hydro-pump/turbine and penstock. The input power of a pump [image: image] is related to the excess energy transmitted via the transmission station. The water flow pumped from lower reservoir to upper reservoir can be calculated by (Novara and McNabola, 2018)
[image: image]
where [image: image]and [image: image] are water density and gravitational acceleration, respectively. [image: image] is the lifting height, i.e., the elevation difference between the two reservoirs. [image: image] and [image: image] are the flow rates. [image: image] is the efficiency of hydro-pumps.
The hydraulic turbine converts the potential energy of water in the upper reservoir into electricity, in which output power [image: image] can be evaluated by
[image: image]
The efficiency of a hydro-pump/turbine normally varies from 0.86 to 0.95, with water flow, head, etc. In this paper, for simplicity, it is considered constant and equal to 0.91.
Transmission over long distances results in loss of hydraulic energy, due to the friction between the fluid and pipe wall. The pressure loss [image: image] of water flow in the penstocks can be evaluated by (Fan et al., 2018b; Fan et al., 2019a)
[image: image]
[image: image]
where [image: image] is the drag efficiency and can be calculated using absolute friction. [image: image] represents the water velocity inside the pipes. [image: image] and [image: image] are the length and diameter of the penstock. [image: image] is the absolute roughness of penstock interior walls.
Goaf Reservoir
As coal is mined, the remained space in goafs was filled with rubbles from proof and floor surrounding rocks (Figure 3). Above the rubbles, the rock formations generate a large number of fractures and cracks due to the large displacement (Li et al., 2018). In the further rock, small displacement just induces deformation without fractures forming. The three overlaying rock zones of different fractures above the mined coal seam are known as “vertical three zones,” namely, the caving zone, the fissure zone, and the displacement zone (Jiang et al., 2016; Shu et al., 2019). After coal mining, massive fissures and pores, capable of storing water, form in the goaf. The caving zone and fissure zone contain massive pores and fissures, capable of storing water. The rock in the displacement zone only displays some micro-fractures, which has no storage capability, but has a considerable permeability due to the formation of micro-fractures (Liu et al., 2020).
[image: Figure 3]FIGURE 3 | Diagram for “three zones” of overlaying rock strata.
The range of the caving zone and the fissure zone would vary with lithology of the overlying rock and thickness of the mined coal seam and can be estimated with numerical simulations (Dong et al., 2016), physical detection (Deng et al., 2018; Ren and Wang, 2020), or empirical models (Peng, 1984). To facilitate calculation, an empirical model was used. If the overlaying rocks are hard rocks, the height of the caving zone ([image: image]) and the height of the fissure zone ([image: image]) can be evaluated by Eqs. 6a,b (Peng, 1984),
[image: image]
[image: image]
where [image: image] is the thickness of the mined coal seam. The storage space ([image: image]) in the caving zone and the fissure zone can be estimated by
[image: image]
where [image: image], [image: image], and [image: image] are the number, the length, and the width of the goaf. [image: image] is a usability coefficient for the reservoir, while [image: image] represents the goaf storage coefficient, determined by the capacity of pores and fissures.
Due to the stress release in the process of mining, the rock volume would expand with the formation of new fractures and pores. After mining, the rubbles and fracture rocks will be re-compacted under the gravity of overlying strata. But there is no way to completely restore the volume. The expansion coefficient [image: image] of rock mass is defined as the ratio of the expanded rock volume to the original volume, to characterize the volumetric expansion behavior of the surrounding rock after fracturing. Coefficient [image: image] and the zone range vary with the pressure, lithology, and distance to the mined coal. The storage coefficient therefore can be calculated using [image: image],
[image: image]
The expansion coefficient [image: image] of the rock mass at different positions can be evaluated by (Meng et al., 2016a)
[image: image]
Mining activities also influence its underlying rocks, which will move toward the remained space after the coal is excavated, leading to new fractures. Compared with caving zone and fissure zone, the new space created within underlying rock is relatively small, thus not included in the storage space. But its permeability changes a lot, enhancing the water seepage. The influence depth [image: image] in underlying rocks is estimated by (Fan et al., 2019b)
[image: image]
[image: image]
[image: image]
where [image: image] and [image: image] are the cohesion and friction angle of the underlying rock. [image: image] is the friction angle of coal. [image: image], [image: image], and [image: image] are respectively the coefficient of stress concentration, unit weight of overlying rock, and depth of the mined coal seam.
Water and air seepage in the goafs through rocks are assumed to be slow and follow the Darcy’s law. The water flow velocity [image: image] is determined by
[image: image]
where [image: image] is the distance, [image: image] is the permeability, and [image: image] is the water pressure. Using the finite element method, the seepage velocity of water through the upper reservoir boundary can be determined.
GOAF RESERVOIR FEASIBILITY ANALYSIS
After coal excavation, overburden rocks collapse and fracture, making various sizes of fractured rock blocks to pile up within the goafs. The goaf reservoir can be considered as a type of porous medium. The storage capacity depends not only on the goaf volume, but especially on the interspace between blocks. During charging and discharging, water and air would exchange, and the permeability within the goaf determines whether the water or air can flow in and out smoothly or not. Using the expansion coefficient [image: image], the ratio of rock expanded volume after collapsing to its original volume, usable storage capacity, and ventilation of a goaf were evaluated.
Storable Volume
Expansion coefficient [image: image] characterizes the volumetric expansion of the rock mass overlying the coal seam after mining. It varies with the pressure, lithology, and mining activities. Based on the [image: image] behavior obtained from the literature (Meng et al., 2016a), Figure 4 shows the goaf volume of a single goaf 200 m wide and 3,500 m long vs water level. As the coal seam thickness increases, the total volume V1 rises almost linearly. Considering the resistance of waterproof walls surrounding the water reservoirs, an admissible capacity V2 is calculated according to the suggested maximum water head (17.8 m) (Fan et al., 2020). Storage ratio R1, defined as the ratio of total capacity to the volume of excavated coal, shows a deceleration downtrend.
[image: Figure 4]FIGURE 4 | Goaf storage capacity with varying thickness of coal seam. V1 and V2 represent the total volume of goaf reservoir and admissible capacity when the water level is 17.8 m, respectively; R1 is the storage ratio, the ratio of total capacity to the volume of excavated coal.
Based on the production history of the shutdown coal mines issued by the State Administration of Coal Mine Safety and China Coal Industry Association, the storage space of the abandoned coal mine goafs could be calculated. It reaches a considerable value of 4.70 × 108 m3. Figure 1 shows its distribution in the Mainland China. Taking a typical abandoned (shut down) coal mine, Yima Qianqiu coal mine in Henan province, with a dimension 3 × 5 km2 and a coal thickness of 6 m as an example, the goaf storage capacity with a water level of 17.8 m is calculated at 1.97 × 106 m3.
Usable Volume
To efficiently pump/inject water during charging/discharging, water‐collecting wells are made at the center of the goaf reservoir bottom. Water/air flow velocity within the reservoir is determined by pressure gradient and permeability. To ensure sufficient outputs of turbine and pumps, the maximum water flow should be guaranteed. The water saturation lines within the goafs were marked when the water flow in penstocks was constant at 6.25 m3/s. The maximum water level in the WCWs was set at 17.8 m in similar consideration of the maximum water head restriction [48, 49]. The minimum water level is 0. Figure 5A, B show the highest saturation line during water injection and the lowest saturation line during water releasing. As the permeability decreases, the saturation line tends to decline during injection and rise during releasing, implying a less water volume injected during filling and released during draining the reservoir, and hence a smaller usable capacity of the goaf reservoirs. Subtracting the corresponding saturation lines in Figures 5A, B, the usable coefficient relying on the permeability would be obtained for the goaf reservoirs, which are shown in Figure 6. It can be calculated that the permeability should be above 10−7 m2 to have a considerable usable capacity ([image: image] of storage capacity). Literatures (Konicek et al., 2013; Meng et al., 2016b) reported that the goaf permeability within the overburden rocks above 0–17.8 m ranges from 10−10 to 10−6 m2 which suggests that goafs are highly likely to be able to serve as PHS reservoirs and have a considerable usable capacity.
[image: Figure 5]FIGURE 5 | Water saturation lines in the goaf reservoirs with various permeabilities (unit: m2). (A) When the water level in the collection well reaches its maximum, 17.8 m; (B) When the water level in the collection well drops to 0 m; to efficiently pump/inject water during charging/discharging, water-collecting wells are made at the center of the goaf reservoir bottom. Water/air flow velocity within the reservoir is determined by pressure gradient and permeability. To ensure sufficient outputs of turbine and pumps, the maximum water flow should be guaranteed. The water saturation lines within the goafs were marked when the water flow in penstocks was constant at 6.25 m3/s. The maximum water level in the WCWs was set at 17.8 m in similar consideration of the maximum water head restriction (Bai et al., 2017; Pang et al., 2018). The minimum water level is 0. Figures 5A,B show the highest saturation line during water injection and the lowest saturation line during water releasing. As the permeability decreases, the saturation line tends to decline during injection and rise during releasing, implying a less water volume injected during filling and released during draining the reservoir and hence a smaller usable capacity of the goaf reservoirs.
[image: Figure 6]FIGURE 6 | Effective capacity coefficient of goaf reservoirs with varying goaf permeability.
Fluid Exchange
Ventilation shafts are excavated to connect the atmosphere with goafs for air smooth exchange during water pumping and injecting (Figure 7). The location of the shaft is selected at the center of the goaf and its bottom is 2 m above the maximum water level in the reservoir. The shaft dimension closely effects pressure loss of passing air. The length is determined by the nature of goaf (depth of coal seam). Figure 8 shows the pressure loss (the pressure difference between Point P0 and P1) decreases dramatically by five orders of magnitude, as the diameter of the ventilation shaft increases from 0.5 to 5 m with the concrete shaft wall lining material. When the shaft diameter is 0.8 m, pressure loss decreases to a negligible value (∼1 KPa). As the permeability increases from 10−10 m2 to 10−7 m2, the pressure loss (between P1 and P2) of air passing through the goaf diminishes, as shown in Figure 8. It is suggested that goafs should have a permeability larger than 3 × 10−9 m2 to bring about an acceptable pressure loss during the air passing. This, however, is hardly feasible according to the estimation in Ref. (Alehossein and Poulsen, 2010; Poulsen et al., 2018) that the permeability within the goaf above 19.8 m varies between 10−10 and 10−13 m2. Dendritic horizontal ventilation tubes (Figure 2) are, therefore, advised for the safety and smoothness of water-air exchange.
[image: Figure 7]FIGURE 7 | Diagram for water-air exchange of the goaf reservoir during water pumping/injecting. P0, P1, and P2 represent air pressure in the atmosphere, at the bottom of ventilation shaft, and at the far endpoint within the goaf, respectively.
[image: Figure 8]FIGURE 8 | Pressure loses of air during water-air exchange.
CASE STUDY FOR GOAF-PHS SYSTEM IN CHINA
Figure 1 shows the distribution of PHS plants in Mainland China. The PHS existing and planned plants both are located mainly in eastern China with a purpose of adjusting the power supply from western China. However, in northwestern and southwestern China (marked by ovals), with abundant solar and wind resource and storable goaf space, there are no PHS plants in most provinces, where are massive goafs of abandoned coal which were shut down in recent years. Goaf-PHS plants could be constructed in those regions to receive and enhance the use of solar and wind power, which could help China to reduce carbon emissions, thus benefitting the global climate. The following part will take a typical region in that area for the case study to evaluate the performance of the goaf-PHS system.
Performance Indicator
Except for system efficiency [image: image], the following parameters are defined as in Eqs 12, the power type, [image: image] representing the share of imported wind energy in the total imported energy, and the regulated-energy per volume ([image: image]) representing the regulation ability of the goaf-PHS system.
[image: image]
[image: image]
where [image: image] and [image: image] are the outputs of wind power generator and solar collector. T is a calculation period. [image: image] and [image: image] represent the peak and the trough value of water volume in the reservoir.
Parameters
Based on the above analysis, the pressure loss during water-air exchange in the goaf is negligible and the storage capacity of one goaf reservoir is temporarily set at 1.97 × 106 m3 and the usable coefficient is 0.8. The altitude difference between the upper and lower reservoir is 100 m. The initial water level inside the upper and lower reservoirs is zero and 17.8 m, respectively.
The load profile, wind velocity, and solar radiation intensity for 1 year or 1 day in Inner Mongolia, a typical richest area in wind and solar energy resources in north China, were used in the following performance evaluations. Detailed data can be seen in Refs. (Xiaolin et al., 2009; Ruichun and Bin, 2014; Wang et al., 2015).
PHS plants usually have several time scales of operation modes, among which the yearly case and daily case are the most representative. The performance of the goaf-PHS system in both yearly and daily operation cases is shown in Figure 9. The model of the goaf-PHS system is detailed.
[image: Figure 9]FIGURE 9 | Share of component supply and consumption of the goaf-PHS system over 8,760 h. (A) Share of component energy supply; (B) share of component energy consumption.
Yearly Operation Case
Based on the wind and solar electric capacity generated in 2017 (wind, 2.70 × 1010 kW·h, and solar, 9.67 × 109 kW·h, respectively), we could see that the type of energy emplaced in the goaf-PHS consists of 74% of wind generated electricity and 26% of solar electricity. Using the parameters of a typical abandoned coal mine as the standard, the evaluation results for a yearly operations case are shown in Figure 9. Regarding the share of component supply and consumption of the goaf-PHS system over 8,760 h in 1 year, the goaf-PHS is charged every day throughout the 1 year (Figure 9B), while the discharge stage is mainly from the middle of May to October (Figure 9A), indicating that the system stores the surplus energy every day, while releasing that from May to October, during the period of energy deficit. The average regulated load is 275 kW as the altitude difference between the two reservoirs is 100 m. The maximum output of the PHS system is delivered in August, when energy supplied by wind is the weakest (Figure 9A). The maximum input of the PHS system appears in January (Figure 9B).
The details of several selected days (January 1st–4th for winter, April 1st–4th for spring, August 1st–4th for summer, and October 1st–4th for autumn) are shown in Figure 10. It can be seen that the pump units work every day in the hours around noon to stores surplus electricity, even in August (Figure 10B), when the wind energy is seriously inadequate. In January, the pump units work full time, while the turbine units stay inoperative. The turbine units provide the maximum work output 19 h in 1 day, except for 11:00 to 15:00, in August (Figure 10A). In April and October, the turbines and pumps work with roughly the same period. It is therefore the water variation in the reservoirs that changes slowly in April and October, rapidly in January, and especially in August (Figure 11). The water volume in the upper reservoir increases from October to May, reaching a peak of 1.22 × 106 m3 and then decreases, down to a trough value of −3.6 × 105 m3 (Figure 12). The average system efficiency in 1 year is 82.8%. The calculated REPV is 2.82 kW·h/m3.
[image: Figure 10]FIGURE 10 | Share of component supply and consumption of the goaf-PHS system during the selected day (January 1st–4th for winter, April 1st–4th for spring, August 1st–4th for summer, and October 1st–4th for autumn). (A) Share of component energy supply; (B) share of component energy consumption.
[image: Figure 11]FIGURE 11 | Water volume variation during the selected days when [image: image].
[image: Figure 12]FIGURE 12 | Average component output and water volume variation over 12 months when [image: image].
Different power types would bring about a different system performance. As seen from Figure 13, with the wind contribution increasing ([image: image] rising), the [image: image] for the yearly regulation case increases and then declines, reaching a peak around [image: image].
[image: Figure 13]FIGURE 13 | Regulating energy density ([image: image]) variation with different wind ratios.
Daily Operation Case
For a typical abandoned coal mine, the system performance was evaluated on two selected days (one in winter, 15th January, shown in Figure 14A; the other one in summer, 15th July, shown in Figure 14B). The chosen energy type is [image: image] for 15th January and [image: image] for 15th July, according to the daily generated electricity capacity. The comprehensive system efficiency of the goaf-PHS is 73.6 and 77.5%, respectively, which are notably lower than that in yearly operation case, since the water flow is faster in daily regulation mode and more friction produces more energy loss. The average regulated load in 15th January is 160.4 MW, while it is 70.5 on the 15th July. The REPV representing the regulatable energy of a unit volume is 2.50 kW·h/m3 and 1.07 kW·h/m3, respectively, which result from different energy types.
[image: Figure 14]FIGURE 14 | Output of goaf-PHS system components and water volume variation for the daily regulation case. (A) Average component output and water volume variation of the system using the data of the 15th of January ([image: image]); (B) average component output and volume water variation of the system using the data of 15th July ([image: image]).
Using the load profile and wind and solar parameters in summer, 15th July, the REPV with various energy types calculated is shown in Figure 13. When the wind contribution increases ([image: image] changing from 0 to 1), the [image: image] for the daily regulation case increases monotonically. It can be observed that in daily time scale, the pure wind electricity supply is the most suitable energy type for the goaf-PHS system under the load profile and climate conditions in Inner Mongolia.
Environmental Issue
Goaf water quality, especially the pH value, is another major substantial concern on the construction of the goaf-PHS system. With a low pH value, acid goaf water can corrode equipment, release metal ions, even some heavy metals, damage the underground structures (like waterproof wall), and pollute the surrounding water bodies (González et al., 2018). As already known, most coal contains various amounts of (0.5–3%) sulfide that exists mainly (60–70%) as pyrite minerals. The elevated pH level can cause the precipitation or co-precipitation of metal ions such as aluminum (Al), cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), iron (Fe), manganese (Mn), nickel (Ni), lead (Pb), and zinc (Zn) contained in the mine water and result in sediments in the seepage channels and reduce the permeability of rock mass, thus blocking the fluid exchange within the goaf (Pujades et al., 2019).
As already known, most coal contains various amounts of (0.5–3%) sulfide that exist mainly (60–70%) as pyrite minerals. After repeated pumping and injection, mine water is exposed to oxidation conditions and acidizes following the chemical reaction R1–R3:
[image: image]
[image: image]
[image: image]
With a hypothesis of geological medium (residual coal and gangue) containing 1% pyrite, Pujades et al. conducted numerical simulations and show that the pH value would decrease continuously to 3.1–3.3 in both surface reservoir and underground goaf reservoir (which is considered as a porous medium in the study) during 30 days of repeated pumpings and injections (Pujades et al., 2018). Under the condition of 10% carbonate such as calcite and 1% pyrite in the initial goaf environment, the research shows calcite would mitigate and precipitate around the surface reservoir (Pujades et al., 2016). Many underground mine reservoirs using coal goafs from Shennan coal mine district, northwest China, have been constructed. The quality analysis shows that the original well water is weakly alkaline (pH = 7.1–7.8) and there is any substantial difference from natural water, except some obvious increases in permanent hardness and sulfate radical (Wang et al., 2018). A long-term water monitoring shows that with the circulation of water resources, several harmful elements have shown a significant remobilization, in spite of ultra-low sulfur deposited in Jurassic coal of the Shennan coal mine district. Taking purification measures, the value of the mine water could be controlled above the utilization standard (pH = 6.9–7.1).
In consequence, hydrogeology and hydrochemistry investigations are also indispensable in the feasibility demonstration of goaf-PHS system. Necessary purification treatments are very important to the water safety. The coal gangue packed in goaf reservoirs, which contain clay mineral contents such as illite and kaolinite, could act as a useful adsorbent to reduce the contents of organic compounds and nitrogen in mine water (Liu et al., 2019). In one word, the environmental influence of goaf reservoirs should be a point of concern but also a solvable problem when developing the hybrid-PHS plants using abandoned coal mine goafs.
CONCLUSION
In this study, we proposed to use abandoned coal mine goafs serving as large-scale pumped hydro storage reservoirs. Firstly, the suitability of goafs as PHS underground reservoirs was analyzed with respect to the storage capacity, usable capacity, and ventilation between goafs and the outside. Then, the performance of the proposed goaf-PHS system was analyzed based on the meteorological information in a typical Chinese region.
1) For a typical mining area with an extent of 3 × 5 km2 and a coal seam thickness of 6 m, the storage capacity is 1.97 × 106 m3. To ensure a significant usability coefficient ([image: image]), the permeability within goafs should be above 10−7 m2. Pressure loss of air passing through the vertical ventilation shaft with a diameter of 1 m is negligible. Dendritic tubes are suggested for horizontal ventilation.
2) With the energy type [image: image], a typical goaf-PHS system has an efficiency of 82.8% in yearly operation case, able to regulate a solar-wind power with an average value of 275 kW. Under the same conditions, the goaf-PHS system can regulate 239 MW of solar-wind power in daily operation mode.
3) Goaf water quality, especially the pH value, is another major substantial concern on the construction of the goaf-PHS system. Hydrogeology and hydrochemistry investigations are indispensable in the feasibility demonstration of goaf-PHS system. Necessary purification treatments are very important to the water safety.
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The acoustic emission, energy, and damage evolution of coal samples for three kinds of uniaxial cyclic loading and unloading are deeply analyzed in this study. The evolution of total absorption energy, elastic strain energy, and dissipated energy of coal samples is related to the stress path, and the increasing amplitudes cycle loading has an obvious damage effect on coal samples. During the loading stage, the acoustic emission phenomenon is most active when loading is increasing and the Felicity and post-Kaiser phenomena appear. The acoustic emission phenomenon during constant loading does not obviously change, but rather becomes active with the increase of the equivalent load. The damage to the coal sample shows nonlinear change increasing loading and unloading and shows linear change for other stress paths. Compared to waveforms with stepwise increasing amplitudes cyclic loading, the failure process of the coal sample is more closely related to the size of the external load, which indicates that reasonable hydraulic design is beneficial to the stability of the confining pressure in the chamber of an underground pumped storage hydropower station.
Keywords: coal sample, cyclic loading, rock damage, rock acoustic emission, energy evolution
INTRODUCTION
In the current energy transition from fossil energy to environmental energy, the proportion of energy from new sources, such as solar, wind, and hydropower, continues to hit new highs. However, these new types of energy generation are greatly affected by the weather, and so cannot provide energy consistently. Energy storage technology is one solution to the instability of these new energy sources (Bilgili et al., 2015). At present, energy storage technologies are mainly divided into chemical battery storage, compressed air energy storage (CAES), and underground pumped storage hydropower stations (UPSHs) (Rahman et al., 2020; Fan et al., 2020a). These technologies are applicable to different times and spaces. CAES requires strict geological conditions to meet the requirements of impermeability for high pressure air, which is why it is mainly used in rock salt mine caves (Fan et al., 2019). In contrast, a UPSH is more flexible in terms of technology and has lower environmental requirements (Gaudard and Madani 2019). China in particular has long relied on coal as its main energy source, and it has many abandoned mines, some of which are located near the country’s main wind and solar power sources. Using these abandoned mines to build UPSHs can not only solve the problem of abandoned mines destroying the environment, but also contribute to the sustainable development of local economies (Menendez et al., 2019a; Menendez et al., 2019b). A UPSH consists of two reservoirs. The upper reservoir is located on the surface of the ground, which is an industrial square (an area protecting the ground factories of coal mines) for coal mining, and the lower reservoir is located underground. The lower reservoirs are usually built 1) to excavate and secure additional caverns, 2) to make use of existing roadways, or 3) to excavate new roadways (Madlener and Specht 2013). During the operation of a coal mine pumped storage power station, the discharge and impounded processes of water are repeated, which causes periodic loading and unloading of the surrounding rock inside the power station, leading to a change in the mechanical properties of the mine’s surrounding rock. Determining how to maintain the stability of the rock surrounding the underground reservoir during the operation of an energy storage power station is an urgent problem that needs to be solved.
In order to solve the problem of surrounding rock stability, scholars have performed a great amount of research. Menéndez et al. (2019c) studied the influence of the pumping and storage process on the stability of the rock surrounding a UPSH in northern Spain. The cyclic loading and unloading pressures generated by the confining pressure of the UPSH chamber had an irreversible impact on the stability of the chamber’s surrounding rock. Fu et al. (2020) studied the characteristic stress and mechanical properties of marble cracks for three different cyclic loading stress paths, and found that the crack initiation stress of the marble first increased, and then decreased, with the increasing number of cycles. Based on these test results, Fu put forward the CVFE constitutive model and applied it to Realistic Failure Process Analysis software (RFPA2D), and then studied the stability of the surrounding rock in the chamber. From their research, it was apparent that the load types of the surrounding rock of the CAES or UPSH were mainly cyclic. These cyclic loads could be classified into four classes according to the shape of the load-time curve (Heap et al., 2009; Jia et al., 2018; Liu et al., 2018; Peng et al., 2020): constant amplitude cyclic loading, incremental cyclic loading, variable amplitude cyclic loading, and random cyclic loading.
Using different circulation paths, scholars have carried out laboratory experiments on the mechanical properties of different lithological rocks; usually granite, marble, sandstone, rock salt, and coal (Wang et al., 2021a; Li et al., 2021). Tang et al. (2020) used acoustic emission monitoring technology to study the crack development law of the post-peak of granite under a cyclic load and found that the strain concentration zone expanded centrally along both sides of the crack, the crack opening degree increased with the increasing number of cyclic loads, and the acoustic emission B value increased first and then decreased. Liu et al. (2021) studied the acoustic emission characteristics of weakly cemented rock mass under different triaxial stress paths are studied. Liu et al. (2012) studied the influence of cyclic frequency on the damage degree of sandstone, and found that with an increase in frequency, the initial stiffness of the sandstone was higher and the number of cycles it withstood before failing was also higher. Rocks with different lithologies have different brittlenesses. Nejati and Ghazvinian (2014) studied the influence of rock brittleness on fatigue characteristics and found that in the crack damage stage, microcrack density increased with increasing rock brittleness while fatigue life decreased. Salt rock is a good gas storage medium with low porosity, high ductility, stable chemical properties, and strong self-healing abilities. With this in mind, Roberts et al. (2015) studied the law of the cyclic loading creep and the conventional static loading of salt rock, and found that there was no significant difference in the creep characteristics of salt rock for different stress paths. Wang et al. (2021b) studied the creep characteristics of salt rock for five different long-term cycles and found that the damage process of salt rock could be divided into the attenuation, stability, and acceleration stages, and that the larger the stress amplitude was, the larger the cumulative irreversible deformation was.
However, the surrounding rock of an abandoned coal mine energy storage power station is usually dominated by coal, which is a soft rock and has different mechanical properties than hard rock (Zhao et al., 2021). Zhong et al. (2019) studied the crack development of coal samples containing saturated water for different cyclic frequencies, loading rates, and amplitudes, and they found that pore water destroyed the original cracks and lead to tensile damage. In terms of water permeability, Yang et al. (2018) studied the change of coal permeability for a cyclic loading stress path and found that with the increasing number of cycles, coal permeability declined irreversibly, which was caused by irreversible deformation. However, there are still few research studies on the damage and fracture development of coal during a cyclic load. In this research, acoustic emission monitoring is used to study the change of the fracture development damage of coal under this type of load. The surrounding rock of the UPSHs is in different stress environment, the research results of this paper will be beneficial to UPSHs to choose a reasonable working condition, effectively reduce the destruction of the chamber surrounding rock, reduce the operation cost of the pumped-storage power station.
EXPERIMENTAL DESIGN AND SCHEME
Specimen Preparation
The coal block gathered in the field is black and bright with parallel beddings, good bonding, and strong brittleness, as shown in Figure 1A. According to the requirements of the International Rock Mechanics Test Regulations, coal samples are cut perpendicular to the coal bedding to produce 20 samples containing horizontal bedding, with a size of 100 mm × 100 mm×100 mm, as shown in Figures 1B,C. Previous research results show that the rock strength and the elastic modulus decrease exponentially with the increase of the scale. When the cross-sectional area of the sample is larger than 50 mm × 50 mm, the uniaxial compressive strength of the cylindrical rock samples with a slenderness ratio between 1 and 3 changes only slightly, regardless of whether the cross-section is round or square. Ultrasonic testing equipment is used to test the uniformity of the rock standard samples. After the test, the p-wave velocity of coal samples is mostly near 1370 m/s, and 22 usable coal samples are screened out. The samples with large deviations are removed according to the test results.
[image: Figure 1]FIGURE 1 | Segments of the coal specimens (A) Field coal block and bedding distribution; (B) Finished product samples; (C) Single coal sample.
Test Instrument
In this uniaxial compression test, a CSS-44300 servo electronic testing machine purchased by the State Key Laboratory of Coal Resources and Safe Mining of the China University of Mining and Technology is used, as shown in Figure 2A. This testing machine can synchronously collect the loading time, axial load, and axial deformation of a test block.
[image: Figure 2]FIGURE 2 | Diagram of uniaxial compression (A) electronic universal testing machine; (B) coal sample and location of acoustic emission probe; (C) acoustic emission monitoring system; (D) acoustic emission probes.
In this research, a PCI-2 acoustic emission monitoring system from the American Acoustical Company is used to record the acoustic emission activities of rock during the loading process. The system is composed of an acoustic emission host, preamplifier, and acoustic emission probe, as shown in Figure 2C. The acoustic emission preamplifier can provide gains of 20 dB, 40 dB, and 60 dB in three different gears. The type of acoustic emission probe used is Beijing Soft Lead RS-54A, with a diameter of 8 mm and a monitoring frequency range of 100–900 kHz, as shown in Figure 2D. In order to ensure the accuracy of sampling in this research, acoustic emission probes are arranged according to the linear positioning method, and the lead breaking method is used to determine that the lead breaking amplitude monitored by the two probes exceeds 95 dB, which meets the requirements of the acoustic emission monitoring test. In each test, the ambient sound is collected and analyzed, the preamplifier gain is set to 40 dB, and the sampling frequency is set to 3 MHz.
Test Scheme
There are three different cyclic loading modes designed for the uniaxial compression test of coal samples, as shown in Figure 3, which are increasing cyclic loading amplitude, constant amplitude cyclic loading, and graded cyclic loading. Firstly, in order to determine the stress threshold of uniaxial cyclic loading, five rock samples are selected for the static uniaxial compression tests to obtain the uniaxial compressive strength and the Young’s modulus of the coal samples. Then, the following three cyclic loading tests are conducted:
1) A uniaxial increment cyclic loading amplitude test is conducted. The load control loading method is adopted for loading. The loading rate is controlled at 0.05 MPa/s (0.5 kN/s), and the cyclic stress gradient is set to 3 MPa (30 kN). At the end of six cycles, the specimen is compressed and destroyed.
2) A uniaxial constant amplitude cyclic loading test is conducted using the load control loading method for loading and unloading, and the loading and unloading rate is controlled at 0.05 MPa/s (0.5 kN/s). The first load is 90% of the uniaxial strength of the sample, then the sample is unloaded to 0.5 MPa, and then the sample is cyclically loaded and unloaded six times in this interval. Finally, the sample is compressed and destroyed.
3) Cyclic loading tests are carried out in stages. The loading rate is controlled at 0.05 MPa/s (0.5 kN/s). In the first stage, the loading is conducted at 0.05 MPa, and then the cyclic loading is carried out six times within the range of 0.05 MPa–30% of the uniaxial strength. Then, in the second stage, the cyclic loading is carried out six times within the range of 0.05 MPa–60% of the uniaxial strength. In the final stage, the sample is compressed and destroyed.
[image: Figure 3]FIGURE 3 | Corresponding curves for load and time with different cyclic loading paths. (A) Waveforms with stepwise increasing amplitudes; (B) Waveforms with constant amplitudes; (C) Waveforms with multi-level cyclic amplitude.
ANALYSIS OF THE ACOUSTIC EMISSION CHARACTERISTICS OF THE COAL SAMPLES FOR CYCLIC LOADING AND UNLOADING
Test Results and Analysis of the Mechanical Properties of the Coal Samples
The mechanical properties of the coal samples are shown in Table 1, and the stress-strain curve with uniaxial compression is shown in Figure 4. It can be seen from the figure that the maximum uniaxial compressive strength of the coal sample is the same as the strain at failure, and the physical properties of the four blocks are consistent, so these properties can be used for subsequent tests. In the process of loading, the coal sample first appears to have a splitting crack. Then the sample is destroyed in the splitting and shear mixed fracture mode, and a large number of small splashes appear when the destruction occurs.
[image: Figure 4]FIGURE 4 | Stress-strain curve in uniaxial compression.
TABLE 1 | Mechanical properties of coal.
[image: Table 1]Coupling Analysis of the Mechanical Properties and Acoustic Emission of Coal Samples During Cyclic Loading and Unloading
The deformation and the failure of rocks are always accompanied by the release of strain energy in the form of elastic waves, which is called the acoustic emission phenomenon (Liu et al., 2020a; Liu et al., 2020b; Jiang et al., 2016). The AE of a rock mass with the action of loading stress can be divided into two categories. One category is the acoustic emission caused by severe elastic vibration due to the change of the elastic strain of the rock, and the other category is the acoustic emission caused by the sliding friction between microcracks (Chmel and Shcherbakov 2013).
Four coal samples are taken for each cyclic loading path. For better research, only representative test results are selected for analysis. In order to comprehensively observe and analyze the relationship between the stress on the coal samples and the acoustic emission, these data are placed on a graph. As shown in Figure 5, there are three curves and one group of scatter points in the figure, which represent the curves of the cumulative counts and the times of the stress, strain, and acoustic emission events of the sample. A scatter plot of the acoustic emission ring count rate and the time is created.
[image: Figure 5]FIGURE 5 | The relationship between the sample stress, strain, acoustic emission count, and acoustic emission cumulative count with uniaxial compression.
It can be seen from Figure 5 that the strain under uniaxial compression is divided into four stages: the compaction stage, the elastic deformation stage, the plastic deformation stage, and the post-peak stage. Additionally, during the loading process of sample 1-1, the acoustic emission process is divided into three stages. The first stage is the acoustic emission contingency stage in which only sporadic acoustic emission signals appear and the acoustic emission count rate and cumulative count values are very low because the sample is in the compaction stage, and there are basically no new cracks in the interior. The second stage is the AE development stage, in which the AE count rate increases gradually but still remains at a low level. The cumulative count of AE events increases gradually and presents a step shape, indicating that new cracks begin to appear inside the test and form cracks with the expansion and convergence of new cracks. The final stage is the peak stage of acoustic emission, and the peak stage occurs in a sample near destruction. For this stage, the acoustic emission event count rate increases by an order of magnitude, and the number of accumulated acoustic emission events dramatically increases. This is due to the fast expansion of cracks and broken blocks.
For uniaxial cyclic loading and unloading, the relationship between the acoustic emission ringing count rate, the cumulative count of the acoustic emission events, the loading stress, the sample strain, and the monitoring time of the rock specimens is shown in Figures 7–9. In order to facilitate analysis, the AE ring count rate in the figure is enlarged.
In the process of increasing cycle loading and unloading, an obvious Kaiser effect appears; that is, when the stress value reaches the peak value of the previous loading, the bearing rock presents an obvious acoustic emission phenomenon (the purple dotted line in Figure 6. When the stress value does not reach the peak value of the last loading stress, acoustic emission also occurs, which is called the Felicity phenomenon.
[image: Figure 6]FIGURE 6 | Relationship between axial stress, axial strain, and acoustic emission for cyclic loading with a uniaxial increment.
In each cycle, with the increasing load, the phenomenon of weak acoustic emission first appears, and then the acoustic emission frequency increases rapidly. When the stress value exceeds the maximum value of the last cycle, the acoustic emission time increases rapidly and reaches the maximum value at the stress peak of this cycle. At the unloading stage of each cycle, a large number of acoustic emission phenomena appear at the initial unloading stage and then disappear with the decrease of the stress value to a certain extent. However, as the stress value at the unloading point of each cycle continues to increase, the acoustic emission phenomenon becomes active again in the unloading process, and the load of this phenomenon is close to the peak value of the last cycle, which is the post-Kaiser phenomenon. The appearance of the Kaiser effect and the Felicity effect indicates that in a certain unloading process, the rock not only recovers its elastic deformation, but also changes its plastic deformation (Fan et al., 2020b; Kang et al., 2021).
With the process of cyclic loading and unloading, the maximum emission count rate of each cycle increases from 400 times to about 1,250 times before failure. The maximum emission rate in each cycle is greater than that in the previous cycle; specifically, at the moment before failure, the maximum emission count rate reaches 1,500. This shows that with the increase of the number of cycles, the peak value of the cyclic load increases and the damage degree of the rock intensifies. As can be seen from the cumulative count curve, the cumulative AE count increases significantly by three times over a span of time, and it then reaches the maximum value near the failure of the sample. The significant increases corresponded to 9.5, 16.47, and 17.28 MPa, respectively. This shows that these are the stages at which a large number of fissures are produced or at which the fissures are rapidly expanded and transfixed.
In the loading process of constant amplitude cyclic loading and unloading, as shown in Figure 7, the AE phenomenon appears periodically, and the cumulative amount of sound emission gradually increases, increasing especially rapidly in the first cyclic loading stage and the final failure stage. In each cyclic loading process, the AE counting rate value increases gradually and reaches the extreme value at the loading stress maximum. The maximum AE counting rate in the first cycle is 94 times, and the maximum AE counting rate in the following cycles is between 50 and 70 times. At each cycle unloading stage, the AE activity weakens rapidly, and when the stress reaches the lowest point, the AE phenomenon basically disappears. In the constant amplitude loading and unloading cycle, the maximum stress value is close to the uniaxial compressive strength of rock, so an obvious acoustic emission phenomenon appears in each cycle, the maximum emission count rate fluctuates within a certain range, and the acoustic emission activity does not decline significantly. It can be seen that for the loading close to the maximum uniaxial compressive strength of the sample, new cracks are constantly generated and developed inside the coal sample. The coal sample is in a state of continuous damage, and each time the coal sample is in the active stage of acoustic emission, this indicates that the coal sample is about to experience yield failure.
[image: Figure 7]FIGURE 7 | The relationship between the axial stress, axial strain, acoustic emission, and uniaxial constant amplitude cyclic loading.
For the condition of piecewise cyclic loading and unloading, as shown in Figure 8, the AE phenomenon appears periodically, and the cumulative number of the AE increases gradually, and increases especially rapidly for the increasing amplitude and the final failure stage. In the process of cyclic loading and unloading in the first stage, the maximum AE count rate in each cycle reaches the maximum of 208 times in the first cycle, 66 times and 74 times in the following two cycles, and then stabilizes within the range of 21–34 times, presenting a trend of fluctuation and overall decline. With the process of cyclic loading and unloading, the AE activity of the coal samples decreases gradually. In the process of cyclic loading and unloading in the second stage, the maximum AE count rate reaches a maximum value of 234 times in the first cycle and then fluctuates. Although the trend of the acoustic emission count rate of the coal samples is similar to that in the first stage, the acoustic emission activity in each cycle is higher than that in the first stage. This indicates that the upper limit of the load has a significant impact on the acoustic emission of the coal samples. The greater the load is, the more active the acoustic emission is. When the load in the second stage exceeds that in the first stage, the AE events increase rapidly, indicating that the Kaiser effect of the acoustic emission activity of the coal samples is an inherent attribute of the coal samples. The AE activity increases sharply when the coal sample is near failure, and then decreases sharply and disappears after failure.
[image: Figure 8]FIGURE 8 | The relationship between the axial stress, axial strain, acoustic emission, and uniaxial segmented cyclic loading and unloading.
To summarize, whether in uniaxial loading or in each cycle of loading and unloading, the acoustic emission phenomenon of the coal samples exists in three stages: the calm stage, the increasing stage, and the active stage. In different types of cyclic loading and unloading, the cumulative value of the AE keeps increasing until the sample is destroyed, and the AE events are mainly caused by the propagation of cracks, indicating that new cracks are constantly generated and developed inside the coal sample, and the damage degree of the coal sample keeps deepening. In different unloading stages of the cycle, acoustic emission phenomena also occur, indicating that the coal samples also have damage changes in the unloading process, but the degree is relatively small. Compared with cyclic loading and unloading at a low stress level, the high stress cycle close to uniaxial compressive strength continuously promotes the formation and development of cracks in the coal samples, so the acoustic emission is always in an active stage.
ANALYSIS OF ENERGY AND DAMAGE VARIATION OF COAL SAMPLES FOR DIFFERENT CYCLIC LOADING AND UNLOADING STRESS PATHS
Evolution Law of Coal Sample Energy for Different Cyclic Loading and Unloading Paths
With regards to energy, during the process of rock deformation and failure, the rock always exchanges energy with the outside world. Part of the energy absorbed by rock is used for the internal damage and plastic deformation of rock, namely the dissipated energy, while the other part of the energy is stored in the form of elastic energy and released in the process of external load reduction. Thus, the energy transferred to the rock sample can be regarded as the sum of the elastic energy and the dissipated energy:
[image: image]
where U is the energy stored by the test loaded sample, [image: image] is the elastic energy stored in the sample during test loading, and [image: image] is the energy dissipated by the sample during the test loading process. These terms can be obtained with the following formula:
[image: image]
[image: image]
where u is the energy storage density, which is represented by the area surrounded by the loading curve and the strain axis, [image: image] is the elastic energy density, which is represented by the area surrounded by the unloading curve and the strain axis, and [image: image] is the area surrounded by the loading curve, the unloading curve, and the strain axis, as shown in Figure 9.
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[image: Figure 9]FIGURE 9 | Distribution diagram of elastic energy and dissipated energy of loaded coal.
In summary, the elastic energy density and the dissipated energy density of the loaded rock mass can be obtained by calculating the area indicated in Figure 9.
According to the above calculation method for the dissipated energy density, the stress-strain curves of the coal samples for different cyclic loading and unloading modes are integrated to obtain the total energy, elastic energy, and dissipated energy corresponding to each stress cycle, as shown in Table 2 and Figures 10, 11.
TABLE 2 | Calculation results for each cycle energy for different loading modes.
[image: Table 2][image: Figure 10]FIGURE 10 | Stress-strain curves of coal samples for different cyclic loading and unloading paths. (A) Increased amplitude cycle loading; (B) Constant amplitude cyclic loading; (C) The first stage of loading in sections; (D) The second stage of loading in section.
[image: Figure 11]FIGURE 11 | Energy evolution diagram of each cycle for different loading modes. (A) Increased amplitude cycle loading; (B) Constant amplitude cyclic loading; (C) Section cycle loading.
For the three cyclic loading and unloading stress paths, the elastic energy accounts for most of the total energy absorbed by the rock, indicating that the energy transferred to the coal sample is mainly stored in the form of elastic energy before rock failure. The energy evolution of the coal sample is related to the external load value and the number of cycles, which is most affected by the external load value. For the same load level, the elastic energy of the coal sample remains the same, but the dissipation energy undergoes variation. For the cyclic increase condition, the total energy, elastic energy, and dissipated energy show nonlinear increasing trends, and the proportion of dissipated energy becomes larger, indicating that the upper limit of the load increases, the cracks in the sample continue to expand, and damage development accelerates. During constant amplitude cyclic loading and unloading, the elastic energy shows an overall increasing trend, indicating that with the increasing number of cycles, the inner rock gradually hardens. The dissipated energy decreases gradually, then suddenly decreases after the first cycle, and then decreases after the second cycle, indicating that the primary pores, cracks, and secondary cracks of the sample close during cyclic loading. The energy of each section is similar to that of the constant amplitude. When the loading process enters a new stage, the energy increases rapidly, which confirms that new damage occurs in the coal sample for the new load level.
As can be seen from Figure 12, regardless of the loading mode, the dissipated energy ratio reaches the maximum value between 0.14 and 0.22 in the first cycle, then decreases slowly in the subsequent cycle, and tends to be stable between 0.07 and 0.09. This shows that in the first cycle, the energy is due to the original crack closure and the friction effect of consumption. In the subsequent cycle, the elastic energy stored in the coal sample increases continuously, and the elastic property will be released immediately after the coal sample is damaged; this is why the coal sample damaged piece splash phenomenon occurs. During the cyclic loading and unloading at constant amplitude, the dissipated energy fluctuates, which is because the upper limit of the stress is close to the uniaxial failure strength of the coal samples, and cracks are connected in the coal body during cyclic loading. In the piecewise loading process, the proportion of elastic energy increases with the increase of the upper limit of stress, which is similar to the change of the proportion of dissipated energy in the increasing cycle of loading and unloading, indicating that when the external load increases, the energy is always stored as elastic energy first. Since the upper limit of the stress is stable, the decreasing trend of the second stage is similar to that of constant amplitude cyclic loading and unloading and the dissipated energy proportion increases, indicating that there is a phenomenon of unstable development of cracks in the loading process of the coal samples.
[image: Figure 12]FIGURE 12 | Changes in the proportion of elastic energy and dissipated energy with the number of cycles for different stress paths. (A) Change of the elastic energy ratio with the number of cycles; (B) The proportion of dissipated energy changes with the number of cycles.
Coal Sample Damage Evolution Law for Different Cyclic Loading and Unloading Paths
In solid materials, damage refers to the existence and development of internal cracks. In the material, these defects are discontinuous, but at larger sizes, they are considered continuous. There are many ways to define damage variables. One method involves variables based on continuum damage theory (CDT), such as the residual axial strain, residual volume strain, and elastic modulus. Another method involves variables based on energy methods, such as dissipated energy, acoustic emission, and ultrasonic speed. Regardless of the parameters used, the damage evolution must be consistent with microcrack initiation, stability, and unstable propagation (Xiao et al., 2010). A large number of researchers have applied the dissipative structure theory to the field of rock mechanics. They believe that the damage and failure process of rock is an irreversible process of energy dissipation, and the change of rock mechanical properties can be accurately reflected by defining specific damage variables. In this research, the ratio of the accumulated dissipated energy of a certain cycle to the accumulated total strain energy is defined as the damage variable of this cycle, and the total strain energy is the sum of the subelastic strain energy and the accumulated dissipated energy, as shown in Formula (8). Then, the coal sample damage variable for each cycle is calculated as follows:
[image: image]
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where i is the ith cycle, j is the total number of cycles, [image: image] is the damage change of the ith cycle, [image: image] is the accumulated dissipated energy of the ith cycle, [image: image] is the elastic energy of the jth cycle, and [image: image] is the total dissipated energy after the rock is destroyed.
It can be seen from the above formula that when the sample is not loaded or in a fully elastic strain state, the dissipated energy [image: image] of the sample is 0, and the damage of the sample is 0. When the coal sample is damaged during the loading process, the dissipated energy [image: image] and the damage is irreversible. Then, the damage variable D is defined as:
[image: image]
According to Formula Eq. 9, when the rock is completely destroyed, i = j, D = 1, and there is an important loading and unloading process. The range of D is between 0 and 1, which conforms to the defined rules of the damage variables. According to this rule, the damage variable values of the coal samples for various cyclic loading conditions are shown in Table 3.
TABLE 3 | Calculation of damage variables of coal samples for different cyclic loading paths.
[image: Table 3]It can be seen from Table 3 that for different cyclic loading and unloading paths, the damage degree is positively correlated with the loading and unloading times and the load size; that is, the damage degree of the samples increases with the increase of the cycle times and the load, which conforms to the basic characteristics of rock mechanics. Before loading, the damage degree for all samples is 0, and after loading, the damage variable is about 0.4. In addition, according to previous research experience, when the damage degree of the rock sample exceeds 0.5, the sample is easily destroyed in the subsequent loading process, indicating that it is difficult to prepare coal and rock samples with damage degrees exceeding 0.5. Figure 13 shows that the loading curve and the unloading curve of the coal sample coincide with the constant amplitude cycle of 0.3σucs. It can be seen from the figure that the sample damage changes slowly in the process of constant amplitude loading with a small upper limit of the load. With an increase in the load, the damage of the sample increases nonlinearly; that is, the rate of damage increases continuously. However, for a constant amplitude load, the damage to the sample increases linearly within six cycles, and the rate of increase is stable between 0.04 and 0.05.
[image: Figure 13]FIGURE 13 | The relationship between the damage and cycle loading and unloading times.
CONCLUSION
In this research, the acoustic emission and energy evolution characteristics of coal samples are studied for different cyclic loading and unloading conditions. The damage variables of coal samples are defined with the energy method, and the damage evolution characteristics of coal are studied. The main conclusions are as follows:
1) For different stress paths, the AE law of the sample is highly correlated with the size of the external load. The closer the load is to the compressive strength of the coal sample, the more active the AE is, and cracks are constantly generated and expanded. For the low load cycle, the activity of the AE phenomenon decreases with the increase of the number of cycles, but for the cycle close to the compressive strength of the coal sample, the AE phenomenon is always active. The Felicity phenomenon appears in the acoustic emission of the coal samples, and the Kaiser effect appears in the unloading process, indicating that part of the plastic deformation is restored in the increasing cyclic unloading stage.
2) For the different types of cyclic loading and unloading described in Section 3, the disturbance of the increasing cyclic mode for the coal sample is the most obvious. With this stress path, the total absorbed energy, elastic strain energy, and dissipated energy of the coal increase nonlinearly, and the more elastic strain energy is stored, the more fragments are produced by coal sample failure. The elastic energy changes only slightly with the subsection loading and constant amplitude loading.
3) The damage degree of the coal sample increases with the increasing number of cycles. The smaller the load is, the smaller the damage degree is with the increasing number of cycles. The increase of the cyclic loading and unloading has the greatest influence on the damage to the coal, and the damage degree increases exponentially, which is not conducive to the stability of the coal samples. This shows that the design of a UPSH with an appropriate water level can benefit the stability of the surrounding rock of the chamber.
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Underground gas storage are often subject to external dynamic loads, blast vibrations, and seismic disturbances, since they function as backup areas for the strategic national energy reserve, supply and demand dispatch, and gas and energy storage. Currently, the research on dynamic response characteristics, dynamic stability, and disturbance control of underground gas storages under dynamic loads is still incomplete and of great practical importance to ensure national strategic security. Therefore, this paper takes the blasting project of the Sansheng tunnel, which passes through the national strategic gas storage reservoir, as the engineering background. Based on the geological conditions and rock characteristics, the dynamic response characteristics of the rock surrounding the tunnel and gas storage are studied using the finite element method. The peak vibration velocity distribution of the surrounding rocks at different blasting source distances is analyzed and compared with the theoretical formula. Subsequently, an asymmetric uncoupled blasting vibration control technique is proposed and used for field blasting. The results show that the numerical results are consistent with the theoretical formula. The blasting vibration velocity decreases exponentially with an increase in the blasting source distance. Overall, the proposed technique significantly decreases the average peak vibration velocity by 22.64% compared to the original vibration velocity.
Keywords: underground depleted oil and gas reservoirs, tunnel blasting, disturbance effects, numerical simulation, vibration control
INTRODUCTION
The current international situation is complex and volatile since the primary energy-producing regions are being affected by external disturbances and internal instability. Their energy production via fossil fuels such as oil and natural gas has been greatly restricted, causing a significant rise in international crude oil prices and natural gas prices. Some of the major energy-demanding countries, including China, rely mainly on imports for their energy supply. Therefore, there is great uncertainty surrounding the energy security situation of energy-demanding countries due to the impact of the above-mentioned changes in the energy pattern. In response to this situation, several countries are also actively developing strategic energy reserves (Lee and Lim, 2010; Liu et al., 2015). Because of their excellent confinement safety, cost-effectiveness, and stability, underground gas storages (Xiong et al., 2021) have received widespread attention as national energy reserves that can be used for nuclear waste disposal (Li et al., 2014; Mahlia et al., 2014). currently, there are three main types of underground energy reservoirs: 1) underground salt cavern gas reservoirs (Deyi et al., 2016; Fan et al., 2019; Fan et al., 2020; Peng et al., 2020; Li et al., 2021) with crystalline structures (Jiang et al., 2021), high denseness (Kang et al., 2021), high ductility (strain can reach almost 30–40%) (Liu et al., 2020a), low permeability (<10−20m2) (Liu et al., 2020b), ultra-low porosity (<1%) and self-healing characteristics (Urai et al., 1986), which comprise salt rock as the constitutive medium; 2) depleted oil and gas reservoirs formed by the transformation of non-operational wells (Wang et al., 2021); 3) underground water-sealed gas/oil reservoirs wherein oil and liquid gas are sealed in large underground caverns that have been excavated (Chung et al., 2009; Lee and Lim, 2010).
The strategic value of underground gas storages is self-evident; therefore, their stability, tightness, ability to resist external loads, and operational reliability are topical issues requiring attention for the current strategic security of the country and the needs of the community. In particular, there is a need to investigate the impact of other power construction projects around the gas storages, such as tunnels, underground chambers, slopes, pits, tunnels, and underground pipelines (Liu et al., 2020; Leng et al., 2021; Liu et al., 2021; Yiwei et al., 2021). These projects are constructed by drilling and blasting methods, and blasting vibration waves will inevitably be generated during the drilling and blasting construction process, and the unstable loading and unloading effect of blast vibration waves will also greatly weaken the stability and reliability of underground gas storages (Fan et al., 2021). Many scholars have conducted detailed studies on the effects of blast vibration on adjacent existing structures, and analyzed the disturbance response characteristics of structures under the excitation of external dynamic loads (Verma et al., 2017; Zhang et al., 2017; Wu et al., 2019; Dai et al., 2020) and internal blast loads (Lu et al., 2011; Song et al., 2019; Huang et al., 2020). Meanwhile, the basic theories of the finite element approach, discrete element method and blast impact dynamics mechanisms have also been used to systematically investigated the factors (Qiu et al., 2020) affecting blast vibration velocity and vibration principal frequency distribution, such as blast source location, blast source distance, burial depth, surrounding rocks characteristics and in-situ stress level (Chen et al., 2016; Li et al., 2018a; Xia et al., 2018; Zhao et al., 2020). Certain scholars have analyzed the blasting capacity and seismic design of different structures (Zhao et al., 2016; Yang et al., 2018; Ma et al., 2021). Among them, Li et al. (2018b) studied the blasting cracking mechanism associated with the lining structure of a gas-bearing tunnel and evaluated the cracking degree of the lining structure. Mandal et al. (2020) focused on analyzing the blasting response modes and blasting limit capacity of tunnels with three different cross-section shapes. Sadique et al. (2021) compared the acceleration, pressure, strain energy, lining axial force, deformation and damage patterns of the overall tunnel structure after blasting, and subsequently explored the blasting resistance of three rock types.
Thus far, researches have generally elucidated the dynamic response of underground energy storage structures by using the finite element method, blast stress wave theory, maximum tensile strength theory, impact dynamics and blasting safety specifications to analyze the peak vibration velocity distribution and primary frequency distribution of the disturbed structure, and focusing on blast vibration control and safety protection. To evaluate the reservoir stability, Aliyuda and Lingzhong (2021) used data-driven technology to establish a dynamic evaluation model that can reflect the pressure changes of underground oil and gas reservoirs in real-time to understand the pore pressure changes during the gas injection and extraction processes. Zhuang et al. (2017) combined the micro-seismic method and engineering geological analysis to study the influence mechanism of unloading disturbance on the energy release law and determine the stability of groundwater sealed oil storage caverns.
In summary, most existing studies have focused on the dynamic blasting behavior of tunnels, mine tunnels and their internal lining structures. However, there have been insufficient reports on the dynamic response of existing underground gas storage reservoirs under adjacent blasting loads, and corresponding studies have concentrated on the analysis of salt cavern gas storage reservoirs and underground water-sealed gas storage reservoirs. Furthermore, existing research on gas storage reservoirs has focused more on the structure stability evaluation and static characteristics of the surrounding rock masses. Meanwhile, little research has been conducted on the dynamic vibration characteristics associated with the surrounding rock of gas storage reservoirs. In this paper, the Sansheng tunnel, which passes through the national strategic gas storage reservoir, as the engineering research background. The propagation law of explosive-induced blast vibration waves at the tunnel palm surface is calculated using ANSYS/LS-DYNA software, and the three-dimensional (3D) vibration velocity distribution characteristics and vibration attenuation law of the surrounding rock mass between the tunnel and the gas storage are analyzed. The vibration velocity at each point is compared with the theoretical calculated value and field measured data. In addition, to effectively ensure the safe operation of the gas storage and prevent gas leakage, this study proposes an asymmetric uncoupled charging technology, which reduces the vibration intensity of the rock near the wellbore of the gas storage reservoir by decreasing the blasting input energy of the rock mass.
FINITE ELEMENT MODELLING OF THE TUNNEL-GAS STORAGE RESERVOIR
Overview of Sansheng Tunnel Project
Sansheng tunnel is a part of the expressway project from Changshou to Hechuan in Chongqing, with a design speed of 80 km/h. The tunnel is 3,802 m and 3,830 m long from the left and right entrance, respectively, with a maximum burial depth of approximately 425 m and design elevation of 432–442 m. The tunnel passes through the Longwangdong anticline and is located on the eastern part of the Huaying Mountain Range, where the topography and geological structure are closely related to the surrounding rock lithology. The comprehensive grades of the surrounding rock in the tunnel site area are III, IV, and V, and the surrounding rock lithology is mainly sandstone, shale and sandstone sandwich shale.
The inner profile of the main tunnel lining is determined according to the requirements of the tunnel construction limits and the space required for cable ditches, drainage ditches, tunnel ventilation, electromechanical facilities, etc. The inner profile of the tunnel is a tri-centric circular curved sidewall structure with an arch height of 7.05 m and an upper semicircle radius of 5.45 m; it has a headroom of 64.28 m2 and a perimeter of 31.17 m. The inner profile of the main tunnel lining is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Outline of the main tunnel.
During tunnel blasting construction, the footage and charge must be controlled in accordance with the standards to reduce over-/under-excavation and control the damage caused to the surrounding rock, while blast vibrations should be minimized. For complete section blasting, multiple millisecond detonators are sequentially loaded in the order of detonation. The design of the blasting parameters is shown in Table 1.
TABLE 1 | Upper excavation blasting parameters.
[image: Table 1]Overview of Xiangguosi Gas Reservoir
Xiangguosi gas reservoir in the Yubei District of Chongqing is the first gas storage in Southwest China. Xiangguosi gas reservoir has a unique structure since it is located on the narrow backslope at the southeast side of the Huayingshan prominent anticline (also known as Longwangdong anticline). Xiangguosi reservoir is made of carboniferous breccia dolomite sourced from a depleted oil and gas reservoir. Its reservoir structure and tectonic zone shape are shown in Figure 2. The reservoir is buried at 2000–3,000 m, and the scale of reservoir construction is approximately 4 billion cubic meters. The designed operating pressure of the reservoir is 13.2–28 MPa. The maximum injection pressure at the surface is 30 MPa, the minimum extraction pressure at the wellhead is 7 MPa, and the working gas volume is 22.8 × 108 m3; the maximum and the minimum single-day injection volume is 1380 × 104 m3 and 750 × 104 m3, respectively.
[image: Figure 2]FIGURE 2 | Xiangguosi reservoir and tectonic structure. (A) schematic diagram of the tectonic section of Xiangguosi; (B) reservoir map of Xiangguosi gas storage.
Spatial Relationship Between Gas Storage and Sansheng Tunnel
Xiangguosi gas reservoir is a deep storage reservoir that uses surface injection and extraction wells to compress natural gas into rock formations in order to meet a part of the demand of seasonal peak shaving. The Sansheng tunnel is a newly planned line that crosses the Xiangguosi reservoir section. Reservoir injection wells 19 and 22 are located near the Sansheng tunnel, and well 19 intersects the tunnel and well 22 does not; therefore, this paper aims to elucidate the impact of blasting on well 19 at the exit section of the Sansheng tunnel. The spatial locations of the tunnel and gas storage are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Diagram of the spatial locations of the tunnel and gas storage.
Laboratory Mechanical Tests
Before simulating tunnel blasting, mechanical properties of the surrounding rock mass between the tunnel and gas storage must be clarified for establishing an accurate blasting model. To this end, this paper first drills and cores the rock masses after tunnel blasting out of the slag. Subsequently, cylindrical specimens (φ50 mm*100 mm) were prepared in accordance with the rock mechanics experimental specimens were ground and polished to ground and polished to ensure that the flatness of the specimen ends was within 0.05 mm. After the rock specimens were prepared, multiple sets of uniaxial compression tests were performed by using equipment such as the AGI250 Electronic Tensile Compression Material Experiment Machine from the State Key Laboratory of Coal Mine Disaster Dynamics and Control, Chongqing University.
The full stress-strain curve or rock compression was extracted, and the results of the stress-strain curve revealed that the surrounding rock is a typical brittle rock whose mechanical behavior obeys four characteristics: initial compaction, linear elasticity, unstable rupture, and peak failure. The detailed mechanical parameters of the surrounding rock are shown in Table 2.
TABLE 2 | Conventional mechanical parameters of surrounding rock.
[image: Table 2]Model Establishment
Based on the spatial distribution of the Sansheng tunnel and the gas storage reservoir, a 3D finite element model was established in conjunction with the site blasting construction plan. The overall size of the model is 2800 m*2800 m*20 m, and the tunnel is modelled according to the actual size of the three-center arch. The gas reservoir model includes a wellbore and a cover layer buried at a depth of 2000–4000 m, and the top of the reservoir is 1500 m away from the tunnel. The shaft extends from the top of the caprock to the surface, and its horizontal distance from the tunnel is 902 m. The perimeter and bottom surface of the model are set as non-reflection boundaries to eliminate the interference of reflected waves at the interface, and the upper surface of the model is set as the free boundary. The detailed model and grid are shown in Figure 4. Moreover, gravity constraints were applied to the model to reflect the effects of vertical and horizontal stresses on stress wave propagation and the stress conditions in the surrounding rock mass.
[image: Figure 4]FIGURE 4 | Models and grids.
Construction of Material Model and Equation of State
The material model includes rock, explosive and gas models. The details of the material model and state equation are as follows:
(1) Rock model
The surrounding rock is brittle, with low strength and elastic modulus. To better describe the strain rate effect of the surrounding rock under impact loading, the plastic follow-hardening model (*MAT_Plastic_Kinematic) is used in this study, and the parameters are shown in Table 4.
The plastic follow-hardening model considers failure in terms of strain (Chen and Hao, 2013; Zhao and Qian, 2019), while depicting specific failure behavior through the hardening parameter β; that is, β = 0 for follow-hardening and β = 1 for isotropic hardening. The yield strength of the surrounding rock after it has been subjected to a low to medium strain rate load can be expressed using Equation 1.
[image: image]
Where σ0 is the initial yield stress, [image: image] is the strain rate, c and P are the Cowper Symonds strain rate parameters, and EP is the plastic hardening modulus:
[image: image]
Where Etan is the tangential modulus and E is the modulus of elasticity. The calculated parameters for the rock are shown in Table 3.
(2) Explosive material model and state equation
TABLE 3 | Rock parameters.
[image: Table 3]The main parameters involved in the explosive model include explosive density, detonation velocity, detonation pressure and other essential parameters. The Jones-Wilkins-Lee (JWL) equation generally describes the explosion characteristics of explosives (Wang et al., 2012; Yan et al., 2020):
[image: image]
Where Pe is the blast product pressure from the equation of state; V is the relative volume; e is the internal energy density per unit volume; A, B, R1, R2, and ω are the input parameters. According to the field blasting scheme, this study chooses emulsified explosives to perform the simulation. Table 4 shows the explosive blasting parameters.
(3) Air material model and its equation of state
TABLE 4 | Explosive blasting parameters.
[image: Table 4]The air equation of state is described via LINEAR_POLYNOMIAL and the linear polynomial equation of state (Ding et al., 2019; Ouellet et al., 2019) is:
[image: image]
[image: image]
Where Pa is the burst pressure. Ea is the internal energy. ρ/ρ0 is the ratio of the relative density. v is the relative volume, and v0 is the initial volume. C0 = C1 = C2 = C3 = C6 = 0 and C4 = C5 = γ0-1, where γ0 is the adiabatic index and generally assumes a value of 3.
ANALYSIS OF ORIGINAL BLAST VIBRATION RESULTS
The stress cloud diagram of the tunnel surrounding the rock body was determined using numerical simulation methods (Figure 5). After the detonation of each section of explosives, stress waves are generated in the internal surrounding rock body of the palm face. The stress waves begin to propagate outward in the radial direction after experiencing initial radial propagation and superposition. During this propagation process, the destructive effect of the strong shock wave on the surrounding rock body can be seen, and the internal stress of the surrounding rock body changes dramatically, which is accompanied by the occurrence of considerable deformation and large strain. When the stress wave propagates from the near blasting area to the far blasting area, its peak intensity, energy, vibration intensity, dominant frequency, and vibration velocity begin to decay, while the attenuation range becomes wide. With a continuous increase in the propagation distance, the stress wave does not tend to cause damage to the surrounding rock due to attenuation and will continue to propagate in the form of a seismic wave.
[image: Figure 5]FIGURE 5 | Stress wave propagation and attenuation. (A) detonate each section of explosive; (B) the stress wave propagates outward in the radial direction; (C) the stress wave begins to decay; (D) the stress wave attenuates continuously until it becomes a seismic wave.
As there is a special positional relationship between well 19 and the tunnel with regard to the plane intersections, well 19 can increase the damage range caused by excavation disturbance. To elucidate the effect of tunnel blasting on the confinement of injection and extraction wells, several monitoring measurement points were set up along the direction of wave propagation; the measurement points were numbered from DR1 to DR7, JR1-JR7, R1-R7, BR1-BR7, GR1-GR7. These points were distributed using an equal gradient of 5 m (Figure 6). By extracting the vibration velocity values in the X, Y, and Z directions at each monitoring point after blasting, blasting vibration distribution characteristics of the surrounding rock between the tunnel and gas storage reservoir were obtained (Figure 7).
[image: Figure 6]FIGURE 6 | Distribution of measuring points.
[image: Figure 7]FIGURE 7 | Vibration velocity distribution in the X, Y, and Z directions. (A) Vault; (B) Spandrel; (C) Arched waist; (D) Side wall; (E) Arch bottom.
Figure 7 reflects the characteristics of the three-way vibration velocity distribution of the measurement points at different distances. It can be seen that the three-dimensional vibration velocity peaks at each position of the tunnel show typical nonlinear attenuation characteristics with the increase of propagation distance. In order to save space, this paper only analyzes the vibration velocity of the measuring points at the arch waist position. At the waist of the arch, the X-directional vibration velocity shows an apparent monotonic decreasing trend with increasing distance, while exhibiting the maximum and minimum vibration velocity at R1 (28.64 cm/s) and R7 (1.7 cm/s), respectively. The attenuation characteristic of the Y-direction vibration velocity is the most evident between the R1 and R2. It decreases from 4 cm/s to 1.4 cm/s (65% decrease), while exhibiting stability after R2. The Y-directional velocity decayed the fastest between R2 and R3 (from 0.5 cm/s to 0.07 cm/s, which is a drop of 86% decrease). By comparing the one-way velocity change at each measurement point, the overall velocity at each measurement point is found to be negatively correlated with the distance. Meanwhile, the velocity decay rate and decay characteristics in different directions are not consistent; the slowest decline is shown by the longitudinal wave velocity, and the velocities in the other two directions decrease rapidly.
The variation curve of the maximum vibration velocity at each measurement point with increasing distance is plotted (Figure 8A). The maximum vibration velocity decays as an exponential function with increasing distance. To verify the reliability of numerical simulation results, this study uses Sadovsky empirical theory (Eq. 6) to calculate the vibration speed at different blast source distances (Zeng et al., 2018; Matidza et al., 2020); the K and α values are based on the uniaxial compressive strength of the surrounding rock, which is less than 60 MPa this in case. By calculating and fitting the vibration velocity values of each point, the variation law of vibration velocity is obtained (Figures 8B). The variation trend of vibration velocity obtained using theoretical calculations obeys the exponential function.
[image: image]
Where K and α are the rock parameters, with values of 168.5 and 18, respectively. R is the distance; and Q is the maximum single-section explosive quantity.
[image: Figure 8]FIGURE 8 | Comparison of blasting vibration velocities. (A) numerical simulation; (B) theoretical calculation; (C) comparison of results.
The variation patterns of numerical simulation results and theoretical calculation results (Figure 8C) are basically the same, thereby revealing the correctness of the model and calculation method and indicating that numerical simulation results can provide some guidance for blasting excavation of tunnels passing through structures. After validating the numerical simulation results, the vibration velocity of the rock near the wellbore has been determined, and the results show that the vibration velocity values are stable (0.086 cm/s) at each measurement point. According to the relevant requirements for blasting vibration velocity in Xiangguosi gas reservoir, the safe vibration velocity at well 19 and injection well 11 in Xiangguosi gas reservoir should be within 0.087 cm/s. Under the original blasting scheme, the vibration velocity of the surrounding rock near the wellbore is in compliance with the regulations and will not affect the normal operation of the gas storage reservoir. However, given that the measured vibration velocity is close to the critical vibration velocity, further control of blasting vibration is required to ensure the safety and stability of the Xiangguosi Gas Storage Facility.
BLASTING VIBRATION CONTROL
Tunnel blasting vibration will inevitably affect the stability of gas storages and even lead to extreme situations such as structural instability and gas leakage. To solve this problem, existing tunnel blasting techniques employ measures such as weak blasting techniques and the addition of damping trenches/damping strips. However, weak blast may affect the blasting effect at the palm face of the tunnel; the damping trenches may exacerbate the damage to the surrounding rock and increase the construction cost, while not being conducive to tunnel boring. Therefore, this study proposes an asymmetric uncoupled refined blasting technique, which improves the explosive loading of the tunnel perimeter holes by adjusting the position of the explosives, thereby reducing the blasting disturbance to the surrounding rock and structures.
The charge structure diagram associated with asymmetric charge blasting is shown in Figure 9. The location of the explosive in the asymmetric charge structure changes with a variation in hole position and drilling angle. With an increase in the explosive offset distance, the energy of incident waves entering the surrounding rock tends to decrease. Accordingly, amplitude of the blasting vibration wave and vibration velocity of the surrounding rock will continue to decrease. The asymmetric uncoupled charge is coupled into the calculation model to determine the vibration velocity at points R1 to R7 (Figure 10).
[image: Figure 9]FIGURE 9 | Asymmetric charge structure.
[image: Figure 10]FIGURE 10 | Variation trend of vibration velocity under asymmetric blasting. (A) X-directional velocity; (B) Y-directional velocity; (C) Z-directional velocity.
Figure 11 shows the asymmetric blasting results, which reveal that the three-dimensional vibration velocity at each measuring point is greatly attenuated. The maximum vibration velocities in the X, Y, and Z directions at R1 are 17.68 cm/s, 3.9 cm/s and 1.3 cm/s, respectively. Compared with the original blasting vibration, the attenuation rates associated with vibration velocities in the X, Y, and Z directions under asymmetric blasting are 38%, 2.5% and −53.8%, respectively; the attenuation rate of resultant velocity is 38.6%. The maximum X, Y and Z velocities at R7 are 1.36 cm/s, 0.77 cm/s and 0.05 cm/s, respectively; these values respectively represent 20%, −45%, and 54% change in the velocities in X, Y, and Z directions and a 19.4% change in combined velocity when compared to the original blast. Based on the variation in the vibration velocities at R1 and R7 above, it can be concluded that asymmetric blasting can be used to reduce the blast vibration velocities in both near and far areas. Figure 11 shows that the vibration velocity suddenly increases at point R4 (distance of 24.409 m). At point R4 the drop in vibration velocity associated with asymmetric blast was higher than that associated with the original blast scheme, and the drop in vibration velocity was relatively greater at distances smaller than 24.409 m. In summary, the combined velocity reduction rates from R1 to R7 were 38.6, 44.7, 23.9%, −13.4, 10.1, 35.2, and 19.4%, respectively, with an average reduction rate of 22.64%; this result shows that the blast vibration velocity can be reduced by using asymmetric blasting. However, the blast vibration velocity approximately shows a step-down trend. That is, in the first step (distance less than 25 m) the blasting vibration is clearly reduced; however, while at the second stage (distance greater than 25 m), the vibration attenuation trends associated with asymmetric and original blasts are similar, and the reduction in vibration velocity is smaller.
[image: Figure 11]FIGURE 11 | Comparison of blast vibration speeds.
CONCLUSION
In this study, the impact of the drilling and blasting methods process of the Sansheng tunnel on the wellbores of the national strategic gas storage reservoir was analyzed using field investigations, indoor tests and numerical simulation. By monitoring the variation of vibration velocity in the surrounding rock near the tunnel-gas storage reservoir, the real-time variation law associated with vibration velocity at different distances is obtained, and the variation law is compared and verified with the theoretical calculation results. To further control the blasting vibration velocity of surrounding rock near the tunnel and gas storage, an asymmetric charge blasting vibration reduction technique has been proposed; this approach allows the position of the explosives in the hole to be adjusted according to the safety level of the structure, vibration velocity requirements, and surrounding rock endowment conditions, thereby controlling the incident wave energy of the surrounding rock mass and achieving the purpose of vibration energy attenuation. This study can be summarized as follows.
(1) According to the field investigation, the spatial location and plane interactions of tunnel and gas storage are determined. The physical and mechanical parameters of surrounding rock are obtained through laboratory tests. Based on the on-site blasting construction of the tunnel, the dynamic finite element model of tunnel gas storage (caprock-wellbore system) is established.
(2) After each cycle of explosive blasting, the stress wave begins to propagate outwards in the radial direction and decays with increasing distance until it transforms into a seismic wave. The three-way velocities associated with blasting in the surrounding rocks near the tunnel and the gas storage reservoir show an exponential decay with increasing propagation distances, and and the x-directional vibration velocity (longitudinal wave velocity) decays the slowest. The vibration velocity of the rocks near the gas storage reservoir is less variable and stable at 0.086 cm/s, which is in line with the requirement for the blasting vibration velocity affecting gas storage.
(3) The blasting vibration velocity and its variation trend calculated by numerical simulation are consistent with the theoretical calculation results, which implies that the numerical simulation can accurately and effectively reflect the dynamic response behavior of the surrounding rock near the tunnel and gas storage shaft.
(4) This study presents an asymmetric uncoupled charging method that controls the incident wave energy of the rock to be retained and the vibration velocity of the structure by adjusting the eccentric distance of the explosive. The results of applying this method to perimeter hole blasting in tunnels show that the change in vibration velocity of the surrounding rock under asymmetric blasting conditions follows a “two-step” decay trend, with the first step showing a rapid decay in vibration velocity and the second stage showing a slow decline in vibration velocity. Overall, the asymmetric blasting vibration velocity is lower than associated with original blasting, and the average vibration reduction rate is 22.64%.
The objective of this study is to provide an effective seismic mitigation measure for tunnels passing through underground gas storage reservoirs, while offering a preliminary feasibility assessment associated with the safety of the reservoir structure. Future research should also consider the effects of other blast design parameters on the blast vibration response, while analyzing the main frequency characteristics associated with the gas storage reservoir shaft and cap layer. Furthermore, machine learning, data fusion and intelligent identification methods should be combined to build a 3D visualization platform for intelligent early warning of blast vibrations (Lu et al., 2011; Chen et al., 2016; Zhao et al., 2016; Verma et al., 2017; Zhang et al., 2017; Li et al., 2018a; Xia et al., 2018; Yang et al., 2018; Song et al., 2019; Wu et al., 2019; Qiu et al., 2020; Zhao et al., 2020; Dai et al., 2020; Huang et al., 2020; Ma et al., 2021).
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In view of the failure characteristics of rainfall erosion and imbricate layered sliding of silt subgrade slopes, this paper proposes a slope surface protection technology that is a composite protection layer that combines basalt fibre for reinforcing soil and polyacrylamide for solidifying soil. The anti-infiltration and anti-erosion performances of these proposed composite layers were systematically investigated through the finite element and discrete element numerical simulation methods. Based on the optimum proportions of polyacrylamide and basalt fibre found in a series of mechanical experiments, Geo-studio software was used to simulate numerical tests of rainfall infiltration of the silt subgrade slope, and the variation laws of volumetric water content and pore water pressure at the characteristic points and the selected sections of the slope were discussed. In addition, the PFC2D particle flow program was used to develop numerical tests on the slope erosion process of the composite layers and to analyze the degree of soil erosion during the process. The influences of layer thickness on infiltration and erosion were considered. In conclusion, the results indicate that the composite layers can effectively improve the anti-infiltration and anti-erosion performances of the silt subgrade slope. This highlights that the thickness of composite layers mixed with basalt fibre can satisfy the design parameter requirements for anti-erosion performance.
Keywords: silt subgrade slope, composite layer, anti-infiltration, anti-erosion, polyacrylamide, basalt fibre
INTRODUCTION
Silt consists of Quaternary fluvial-lacustrine or aeolian sediments, which are widely distributed in the lower course of the Yellow River, Huaihe River and Haihe River in China. A silt is a fine-grained soil, or the fine-gained portion of a soil, with a plasticity index less than 4 or having the plot of plasticity index versus liquid limit fall below the “A” line (ASTM, 2011). Silt is easily hydrated when it is soaked, which worsens its engineering properties (Wang, et al., 2020). When silt is used as a subgrade material, rainfall infiltration and runoff can easily erode and scour the silt on the slope surface and induce layered slipping of the silt subgrade.
The erosive potential of rain, referred to as “erosivity”, depends on the rain intensity and the size and speed of fall of the raindrops (Renard, 1997). Soil detachment by raindrops is expressed as a function of their kinetic energy, which depends on the quantity of rain and the intensity of the showers. Runoff is the second factor in erosion, and it occurs when the porosity of the soil is saturated or when rainfall intensity exceeds the infiltration capacity. Runoff water detaches and transports solid grains and is an essential agent in erosion. The action of runoff on particle detachment depends on the hill-slope morphology and the speed and depth of the flow (Alavinia et al., 2018; Chehlafi et al., 2019; Acharki et al., 2022; Yang et al., 2022). Erosion can be quantified by periodic and accurate topographic measurements of the surface of an experimental plot or by rain simulation and reclamation of eroded soil at the foot of the slope (Courault et al., 1993; Ferro, 1998; Guo and Griffiths, 2020). Other methods rely on physical and mathematical models to quantify soil erosion (Meyer and Wischmeier, 1969; Cochrane and Flanagan, 2001; Kang et al., 2019; Fan et al., 2020). These methods, when they are well established, are an indispensable tool in choosing anti-erosion practices that allow for limiting runoff volumes and better controlling flow water on the slope scale.
Silt stabilization is a process of improving the physical and mechanical properties of a problematic silt to some predetermined targets (Adamo, et al., 2006; Giannopoulou et al., 2009; Kang, et al., 2021), which is currently one of the well-accepted ways to treat and utilize silt (Dohnalkov et al., 2018; Cristelo et al., 2012; Hou et al., 2016). Stabilization often significantly increases the strength and reduces the compressibility of the soil (Blanck et al., 2013; Chen et al., 2019; Eisazadeh et al., 2013; Guo et al., 2020a). Advancing silt stabilizer research and promoting its application in construction projects can enhance desilting in rivers, lakes, and coastal tidal flat deltas, which has important significance for the sustainable development of the economy, society, and environment (Zezin, et al., 2015; Fu, et al., 2020; Wang, et al., 2021a). Traditional stabilizers include slag (Wild et al., 1998; Gao et al., 2021), coal furnace fly ash (Kolias et al., 2005; Show et al., 2003; Arulrajah et al., 2018; Disfani et al., 2015), cement and lime (Lemaire et al., 2013), cement cellar dust (Baghdadi et al., 1997; Miller and Azad, 2000; Rivard-Lentz et al., 1997), domestic waste incineration slag (Kukko, 2000; Consoli et al., 2019), unconventional additives (Seco et al., 2011; Urena et al., 2013), lignin (Cai et al., 2016), alkaline activators (Cristelo, et al., 2012; Wang, et al., 2019), lime (Little, 1995; Choobbasti, et al., 2010), and calcium carbide residue (Jiang, et al., 2016; Du, et al., 2016). To date, silt stabilization research and practice have made good progress (Indraratna et al., 2012; Kavitha et al., 2015), but there is still much room for improvement, including stabilization effectiveness and cost (Marto et al., 2014; Suksiripattanapong, et al., 2015; Guo et al., 2020b; Wang, et al., 2021b).Based on a new slope protection system of three composite layers [silt and polyacrylamide (SP layer); silt, basalt fibre and polyacrylamide (SBP layer); and silt and basalt fibre (SB layer)], the aim of this study is to explore the anti-infiltration and anti-erosion performances of the composite layers and discuss the thicknesses of the SP, SBP and SB layers by means of mechanical and erosional experiments and the rainfall infiltration and erosion of numerical simulation.
MATERIAL AND MECHANICAL EXPERIMENTS
Traditional slope protection methods with anti-infiltration and anti-erosion features have certain limitations. In this section, the material properties and the structural characteristics of composite layers mixed with polyacrylamide solidification and basalt fibre reinforcement are presented. After that, direct shear tests and erosion tests of these proposed composite layers are conducted to determine the optimum content of the basalt fibre and polyacrylamide as well as the optimum length of the basalt fibre.
Slope Protection Structure
Basalt fibre is an inorganic fibre obtained from natural basalt as a raw material through high-temperature melting, wire drawing, and cooling. Due to its excellent performance characteristics, such as high tensile strength, large elastic modulus, good corrosion resistance and chemical stability, basalt fibre is widely used to prevent tensile crack formation and increases in brittleness and to improve the shear strength and unconfined compressive strength of silt subgrades. Polyacrylamide, as a soil stabilizer agent, has good flocculation and agglomeration functions, which can effectively enhance the agglomeration effect between soil particles. The composite layers have three layers (Figure 1). The top layer is a grass planting + SP layer (0.5–2 cm) consisting of grass, silt, and polyacrylamide with liquid plant nutrients, which can reduce rainwater runoff and solidify soil. The intermediate layer is an SBP layer (2–5 cm) containing silt, basalt fibre, and polyacrylamide with liquid plant nutrients, which can strengthen the silt structure, increase the cohesion of aggregate, reduce rainfall infiltration, and improve the tensile and shear strength of the soil of the slope. The bottom layer is an SB layer (5–15 cm) that includes silt and basalt fibre, which can connect the soils between the surface and depth. Moreover, the distribution of nondirectional fibre can preferably prevent soil erosion and slipping along with the surface layer.
[image: Figure 1]FIGURE 1 | Material and structure of the composite layers for silt subgrade slopes.
Mechanical Properties of Raw Materials
The silt used in this research was dug from the Suqian section of provincial highway 325 in Jiangsu Province, China. The physical properties of silt are greyish-yellow, very wet, high-density, lusterless, low toughness, low dry strength and uniform particles. Tests were conducted to determine the basic physical characteristics and mechanical properties of the silt, as shown in Table 1. Most particles of silt are mainly concentrated in the range of 0.075–0.005 mm, the silt content accounts for 97.8%, and the clay content is approximately 2.2%. The coefficient of nonuniformity Cu (d60/d10) is 3.0, and the particle size distribution is relatively uniform, the curvature coefficient Cc(d230/(d10·d60)) is 1.33. Therefore, it can be judged that it is a poorly graded fine-grained soil with most of the silt content and very few clay content. Additionally, the mechanical properties of the main compositions of the basalt fibre and the polyacrylamide are shown in Tables 2, 3, respectively.
TABLE 1 | Physical characteristics and mechanical properties of silt.
[image: Table 1]TABLE 2 | Mechanical properties of basalt fibre.
[image: Table 2]TABLE 3 | Mechanical properties of polyacrylamide.
[image: Table 3]Specimen Preparation and Testing Methods
In this study, a series of direct shear tests were conducted on specimens of the original silt, silt mixed with basalt fibre, silt mixed with polyacrylamide, and silt mixed with both basalt fibre and polyacrylamide using a ZJ strain-controlled direct shear instrument with a shear rate of 0.8 mm/min. The different failure surfaces of composite silt obtained by incorporating different solidified materials are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Failure surfaces of composite specimens in the direct shear test. (A) Silt, (B) silt mixed with basalt fibre (B), (C) silt mixed with polyacrylamide (P) and (D) silt mixed with both B and P (SBP)
A professional rainfall sprinkler, whose precipitation degree and time can be adjusted independently, was used for the erosion experiments to test various rainfall durations in different rainy season conditions (Figure 3A). To investigate the anti-erosion performances of the mixed specimens under four rainfall durations, as shown in Figure 3B, this study mainly analysed the mass losses and block spalling damage of the specimens. A filter screen was set below the specimen to measure the soil that was peeled off due to rainfall erosion. To quantify the rainfall erosion of the mixed specimens, the average rainfall intensity was set as 60.6 ± 0.5 mm/h, and the rainfall durations were 30, 60, 90, and 240 min (Figure 3B).
[image: Figure 3]FIGURE 3 | Erosion tests and specimens after rainfall erosion with different rainfall durations. (A) Erosion test (B) Specimens after rainfall erosion
After a series of designated rainfall times, the volumes of some specimens increased to varying degrees but did not collapse. However, a few cracks and erosion damage began to appear in the specimens when the erosion time increased to 240 min. The spalling soil and air-dried unqualified soils were collected under natural conditions, and then the weight was measured approximately 2 days later. An air-dried specimen was used to investigate the relationship between the mass loss rate and erosion time.
Mechanical Experiments on Silt and Polyacrylamide Composite Layer
Direct Shear Test
To explore the optimum content ratio of the polyacrylamide in the mixture of the first layer, direct shear tests were used to test the shear performances, and erosion tests were used to show the anti-erosion properties of the composite SP layer. Table 4 presents symbols for the original silt and four different component ratios of the polyacrylamide, 1, 2, 3, and 4%.
TABLE 4 | SP composite layer with different polyacrylamide ratios.
[image: Table 4]Figure 4 shows the stress-strain curves of the five solidified SP specimens under different vertical pressures. There is no obvious peak value in the shear stress displacement curve of plain silt, which is characterized by hardening strain. The stress-strain relationships of the SP mixed specimens have obvious peak values, showing softening strain characteristics. From Figure 4, the peak strength of the SP mixed specimens decreased under the same vertical pressure as the polyacrylamide content increased, and the shear stress increased as the vertical pressure increased.
[image: Figure 4]FIGURE 4 | Stress-strain curves of the different SP mixed silts under three vertical pressures. (A) Vertical pressure of 100 kPa (B) vertical pressure of 200 kPa (C) vertical pressure of 300 kPa
Figure 5 presents a comparison of the shear strength of the polyacrylamide content at 100 kPa, 200 kPa, and 300 kPa. With the increase in polyacrylamide mixed into the silt, the shear strength of the SP mixed silt first increased and then decreased with increasing polyacrylamide content. The peak strength of the SP mixed specimen is obtained when the content of polyacrylamide is 1% for every vertical pressure. It can also be found that the strength of solidified 1% polyacrylamide silt at the three vertical pressures is 224.4, 109.9, 150.7% higher than that of plain silt.
[image: Figure 5]FIGURE 5 | Relationship between shear strength and polyacrylamide content.
Each shear test was conducted to obtain the cohesion and internal friction angle of the different polyacrylamide contents of the mixed silt, as shown in Table 5. The incorporation of polyacrylamide substantially increases the cohesion 3) and internal friction angle (φ) of SP mixed silt, and the c and φ of the SP1 specimen are 1.64 times and 2.47 times those of plain silt, respectively. From Table 5, it is observed that c and φ reached a maximum and then decreased with increasing polyacrylamide content; generally speaking, the maximum c and φ of mixed silt is SP1. The reason is that polyacrylamide is absorbed on the surface of silt particles through the active groups on the long carbon chain, forming a spatial grid structure between silt particles to improve the aggregate bonding between silt particles and effectively enhance the shear performance of the mixed soil. However, when the content of polyacrylamide is too high, a large number of polyacrylamide particles absorb water in the soil, the moisture content of the soil is greatly reduced, and the friction between the soil particles is reduced. Furthermore, part of the polyacrylamide is not dissolved in water and is unable to form aggregates, so the shear strength of the soil decreases.
TABLE 5 | Shear strength index of SP mixed silt.
[image: Table 5]Erosion Test
To investigate the erosion performance of the SP composite layer, erosion tests were carried out to select the optimum mixing ratio of the SP1 mixed silt and to compare the mass loss rate of the composite layer with that of the plain soil, as shown in Figure 6. The mass loss rates increased with increasing erosion duration for plain silt and SP1 mixed silt. The mass loss rate of plain silt increased sharply, but the increase of SP1 was relatively slow. The comparisons between the mass loss rate of plain silt and SP1 silt show that the anti-erosion performance of the composite layer increased by approximately 2.24–3 times. The hydrogen bonds and ionic bonds of polyacrylamide were absorbed on the surface of the soil particles, and the distance between the hydrophilic mineral layer and soil water decreased, which effectively enhanced the stability of the composite layer. Therefore, the SP1 composite layer can not only improve the shear strength but also effectively prevent soil erosion.
[image: Figure 6]FIGURE 6 | Relationship between mass-loss rate and erosion duration
Direct Shear Test on Silt, Basalt Fibre and Polyacrylamide Composite Layer
The SBP mixed soil is the intermediate layer and includes silt, basalt fibre, and polyacrylamide. To study the influence of different contents of basalt fibre (B) and polyacrylamide (P) on the engineering performance of the SPB composite layer and to determine the optimum proportions, direct shear tests and penetration tests were conducted on the SBP specimens.
Table 6 summarizes the results of the direct shear tests of SBP mixed soil with different basalt fibre and polyacrylamide contents. According to the test results, the optimum content of basalt fibre is 0.4% and the optimum polyacrylamide content is 1%.
TABLE 6 | Shear strength index of SBP mixed soil.
[image: Table 6]The stress-strain relationship curves of the optimum content of the SBP mixed soil and the plain silt under different vertical pressures are plotted in Figure 7A. It is clear that the variation trends of the stress-strain of those two soils are similar, but the shear stress of the SBP mixed soil is much greater than that of the plain silt with the same shear displacement. Figure 7B displays the peak strength change behaviour with the contents of two compositions of the mixed soil. The cohesion and internal friction angle of the SBP mixed soil are 1.88 times and 2.24 times that of plain silt, respectively, and the strength of the SBP composite layer increases by approximately 80–150%.
[image: Figure 7]FIGURE 7 | Stress-strain curves under different confining pressures of SBP mixed silt. (A) Stress-strain curves under different confining pressures of SBP mixed silt (B) Shear strength fitted surfaces of SBP mixed silt
Direct Shear Test on Silt and Basalt Fibre Composite Layer
The SB mixed layer is the bottommost of the composite layers and includes silt mixed with basalt fibre (B). Carrying out the direct shear test, the performances of the SB mixed soils were analysed with different basalt fibre contents and lengths. The different content ratios and lengths of the basalt fibre as well as the shear strengths of the SB mixed soils are shown in Table 7. In accordance with the direct shear test results, the optimal content and length of the basalt fibre are 0.4% and 12 mm, respectively, that is, SB2.
TABLE 7 | Shear strength index of SB mixed soil.
[image: Table 7]Figure 8 demonstrates the relationships between the shear strength and basalt fibre contents and lengths of the SB mixed soil under different vertical pressures. The shear strength of SB2 is obviously higher than that of the other SB mixed soils, and the strength of SB2 is almost 4 times that of plain silt. The reason why SB2 is the optimum content ratio and length is that if the basalt fibre easily overlaps and accumulates because the content is too high, it cannot fully contact the soil particles, and the basalt fibre cannot contribute to restraining deformation. If the reinforcement length is too short, the basalt fibres will be dispersed and cannot fully overlap between soil particles to form a network structure. The binding force between basalt fibre and soil particles will be reduced, which makes the basalt fibre easy to pull out. If the reinforcement length is too long, the long fibres easily agglomerate and bend, but the overlap and combination effect between fibre and soil particles is a disadvantageous factor.
[image: Figure 8]FIGURE 8 | The shear strength behaviour of SB mixed silt under different vertical pressures. (A) Fitted curves of the shear strength of SB under different vertical pressures. (B) Shear strength fitted surfaces of SB mixed silt.
NUMERICAL SIMULATION OF RAINFALL INFILTRATION
Numerical Model and Parameters
This section analyses the feasibility and practicability of the composite layers and considers the effects of rainfall infiltration and rainwater erosion on silt subgrade slope stability. A two-dimensional finite element model was established based on the geologic investigation and mechanical parameters of the silt subgrade slope in Suqian city, Jiangsu Province, as shown in Figure 9. The slope height is 12 m, and the length is 25 m. The calculation grid unit is set to 0.3 m, and the numbers of grid units and nodes are 2045 and 1936, respectively. Several feature points from the top to the bottom of the slope were selected to explore rain infiltration, and the geotechnical parameters are given in Table 8. According to the basic mechanical parameters of the soil obtained from the previous laboratory tests and engineering investigation, the van Genuchten mathematical model was used to calculate the volumetric soil water content and soil permeability coefficient of the silt subgrade corresponding to each matrix suction. With the change in the composite protection surface, the corresponding mechanical parameters were substituted into the van Genuchten model to compute the volumetric water content and permeability coefficient of different types of soil layers.
[image: Figure 9]FIGURE 9 | Two-dimensional geometry and element mesh of the silt subgrade slope.
TABLE 8 | Geotechnical parameters of the silt subgrade slope.
[image: Table 8]Based on the above analysis of the three mixed layers, the optimum composite protection surface should take 0.4% basalt fibre with lengths of 12 mm and 1% polyacrylamide to mix with plain silt in the corresponding layer. The mechanical parameters of SP, SBP, and SB are shown in Table 9.
TABLE 9 | Mechanical parameters of SP, SBP and SB.
[image: Table 9]Results of Rainfall Infiltration
Volumetric Water Content
Figure 10A shows the distribution of the volumetric water content of the silt subgrade slope with and without the composite protection layers after rainfall. The volumetric water content of both slope conditions (without or with composite layers) increases rapidly from the relative minimum, however, the distribution area of the volumetric water content of the slope with composite layers is significantly smaller than that of the slope without composite layers. The subgrade slope with composite protection layers rises to the saturated volumetric water content of 0.46 only in the SP mixed layer, and the area of variable volumetric water content occupies 27% of the slope. In contrast, the area of variable volumetric water content without composite layers takes up 42% of the slope. The groundwater table without composite layers rises to around 0.28 m above the toe of the slope, which is more dangerous for toe failure of the slope. For the composite layers, the groundwater table passes through the foundation layer below the toe of the slope, which is safer for the weakest part of the slope (shown Figure 10A).
[image: Figure 10]FIGURE 10 | Behaviour of the volumetric water content of the silt subgrade slope with time and elevation. (A) Distribution of volumetric water content of the silt subgrade slope. (B) Behaviour of the volumetric water content of the feature points with time. (C) Behaviour of the volumetric water content of section A with elevation
Figure 10B compares the behaviour of the volumetric water content of the feature points as rain falls over time with and without composite layers. The volumetric water content speedily increases with increasing rainfall time and reaches the peak in volumetric water content on 4 days. Feature point 5 is located on the toe of the subgrade slope and has the maximum volumetric water content. Feature points 1 to 4 are located at the slope surface and the changing trend of their volumetric water content are comparatively similar, those which are smaller than that of feature point 5. For the without composite layers, the volumetric water contents of feature points 1 to 4 reduce at a faster rate after 4 days, while the reduction rate of feature point 5 is relatively slow 4 days later. That is, after the rainfall stopped, most of the water gradually gathered at the slope toe in the subgrade without a protective surface. Conversely, the volumetric water content of all the feature points simultaneously decreases at a smooth rate because of the composite layers that protect the slope surface.
Additionally, the behaviour of the volumetric water content of cross-section A is compared at different elevations in Figure 10C. For the slope without composite layers, the variation range and depth of volumetric water content are greatly influenced by the rainfall days, which will cause relatively deep rainwater infiltration no matter how long the rainfall is and will also lead to a large variation of pore water pressure in the subgrade slope. In section A, the affected depth of volumetric water content with composite layers is only 0.54 m, but the affected depth without composite layers is 3.54 m. Therefore, the composite protection surface is beneficial in preventing rainfall infiltration for the subgrade slope.
Pore Water Pressure
Figure 11A presents the distribution of the pore water pressure (PWP) of the silt subgrade slope with and without a composite protection surface during rainfall. The negative pore water pressure gradually increases to zero near the slope toe. The behaviours of pore water pressure with and without composite layers at the top of the slope are similar; however, there are apparent differences on the slope surface, and the PWP is uniformly distributed near the composite protection surface, where the distribution regions mainly appear in the SP, SBP and SB mixed layers.
[image: Figure 11]FIGURE 11 | Behaviour of the pore water pressure of the silt subgrade slope with time and elevation.without composite layers with composite layers. (A) Distribution of pore water pressure of the silt subgrade slope. (B) Behaviour of the pore water. pressure at feature points with time. (C) Behaviour of the pore water pressure of section A with elevation
The PWP of the feature points increases with increasing rainfall time (Figure 11B). Without the composite protection surface, the rainwater infiltration into the subgrade surface accelerated to increase the pore water pressure during rainfall. However, due to the increased strength of the composite layer, the rainwater infiltration of the composite slope surface changes uniformly, which will allow for an even distribution of stress on the slope.
Figure 11C shows that the depth affected by the PWP with composite protection layers is only 0.87 m, whereas the affected depth without composite protection layers is approximately 3.80 m. Accordingly, the original silt subgrade slope is easily affected by rainwater infiltration, which will form a positive pore water pressure near the toe of the slope. In contrast, the composite protection surface effectively prevents rainwater infiltration near the slope face and toe and maintains the stability of the silt subgrade slope.
NUMERICAL SIMULATIONS FOR RAINFALL EROSION AND RUNOFF
Numerical Modelling and Micro-parameters
In this section, the particle follow code (PFC) is adopted to simulate the rainfall erosion process with and without composite protection layers, which reflects the distribution and migration of soil particles on the slope surface, and to analyse the anti-erosion performances of the composite protection layers of the silt subgrade slope. The object of PFC numerical simulation is meso soil particles, and the parameters obtained in the simulation process are meso-parameters. It is necessary to mark the macro- and meso-parameters of soil particles by means of a particle flow biaxial test, thereby obtaining the meso-parameters of the soil particles. The particle radius of the test model is set as the particle radius of the simulated slope, which is loaded under confining pressures of 100 kPa, 200 kPa, and 300 kPa. The measured partial stress-strain curves of the three mixed layers are plotted in Figure 12. Through numerical simulation, the partial stress-strain relationship is transformed into the macrostrength parameters represented by the Mohr circle and Mohr-Coulomb failure envelope. The measured values are compared with the simulated values to judge that the calibrated meso-parameters are reasonable and reliable in the numerical simulation of rainfall erosion of the slope.
[image: Figure 12]FIGURE 12 | The stress-strain relationship of the three mixed layers from lab tests. (A) SP mixed layer test results (B) SBP mixed layer test results (C) SB mixed layer test results
The particle flow generated by PFC2D is a disordered arrangement, and the radius expansion method is used to establish the particle flow model. To eliminate the influence of rainwater particle retention on the test results, only the subgrade part is selected in this model, the length of the subgrade slope is 13 m, the effective height is 8 m, and the number of generated particles reaches 3,500 (see Figure 13). The model is established according to the relationship between the macro- and micromechanical parameters of the slope. In this numerical analysis, the fluid is set up with fine particles to simulate rainfall and is solved by a discrete equation with a staggered grid method of finite volume elements. A zone of 0.3 m × 8 m area is set at 1 m above the top of the slope to generate fluid for simulating rainfall erosion, and the simulated rainfall intensity is equivalent to the torrential rain level of the National Meteorological Department. At 0.5 m above the top of the slope, the stable fluid is set up through fine particles to simulate the runoff formed by rainfall on the slope. Meanwhile, 6 feature points are set on the surface and protective layer of the slope, and they are distributed at the top, middle, and toe of the slope. The displacement of these feature points is monitored in real time.
[image: Figure 13]FIGURE 13 | Schematic diagram of the feature point locations
Results of Rainfall Erosion
During the rainfall erosion simulation, the longest rainfall duration was set to 80 h, and Table 10 summarizes the rainfall erosion situations and the maximum erosion depths of the silt subgrade slope at 20, 40, 60, and 80 h. The slope failure mechanisms of the silt subgrade slope with and without composite protection layers at different rainfall durations are illustrated in Figure 14.
TABLE 10 | Erosion depth of subgrade slopes with and without composite protection surfaces.
[image: Table 10][image: Figure 14]FIGURE 14 | Comparison of erosion failure mechanisms without and with composite slope protection at. (A) 20 h and (B) 80 h
These results clearly indicate that when rainfall lasts for 20 h, a large amount of soil particles is flushed away from the top of the subgrade slope without composite layers, resulting in a large displacement of the slope top in a short time. Some particles are washed away in the middle of the slope, and the maximum erosion thickness was 0.35 m on the slope surface (Figure 14A). On the other hand, for the subgrade slope with the composite protection layers, only some tiny particles on the SP mixed layer begin to slide.
When the rainfall lasts for 40 and 80 h, the erosion depth of the slope without composite layers greatly increases with increasing rainfall duration; for example, approximately 60% of soil particles on the slope surface are eroded by rainwater. As seen from Table 10 and Figure 14B, the maximum erosion depth of the original subgrade slope reaches up to 1.0 m, leading to slipping of the soil particles and failure of the subgrade surface. In contrast, analysing the composite protection surface under the same rainfall erosion and durations, the erosion depths of the slopes only occur in the intermediate SBP composite layer when the rainfall continues for 60 h, and the erosion depth of the SBP layer is approximately 0.25 m. From Figure 14B, for the slope without composite protection layers, the subgrade surface was damaged by runoff because of long-term rainfall, that is slope failure. Even though most soil particles on the SP and SBP composite layers are washed away, only some of the particles on the SB composite layer were eroded from the top of the slope, namely partial failure of the slope. The comparison shows that the original slope occurs a sliding instability, but an erosion depth of approximately 0.4 m take place on the SB composite layer on the top of the reinforced slope.
Generally, the erosion of the subgrade slope with composite protection layers is approximately 50–60% less than that without a composite protection surface, and the erosion area is much smaller than that without a composite protection surface. The erosion area of the slope without composite protection layers accounts for half of the whole slope surface, and the erosion depth without composite protection layers is 40% higher than that with the composite protection layers. The composite protection layers greatly reduce the soil loss of the slope surface and enhance the anti-erosion performance of the silt subgrade slope.
Results of Rainfall Runoff
When the soil porosity is saturated or the rainfall intensity is greater than the permeability of the soil, runoff may be the second most important factor influencing rainfall erosion. The solid grains and soil are detached and transported by runoff water, which is the crucial factor in rainfall erosion. Figure 15 presents the effects of runoff on soil particle detachment and transportation of the subgrade slope with and without composite layers after 40 and 80 h of rainfall. Table 11 lists the runoff situations and maximum damage depths of the silt subgrade slope at 20, 40, 60, and 80 h.
[image: Figure 15]FIGURE 15 | Comparison of runoff erosion failure mechanisms without and with composite slope protection at. (A) 40 h and (B) 80 h
TABLE 11 | Damage depth of subgrade slopes with and without composite protection surfaces.
[image: Table 11]After 20 h of rainfall, a large number of soil particles are washed away from the top of the silt subgrade slope without the composite surface layer, which results in a relatively large displacement on the top of the slope in a short time, and the corresponding maximum damage thickness is 0.18 m. However, with continuous rainfall, surface runoff is formed, and soil particle damage is generated on the top of the slope with composite layers when the rainfall lasts 40 h. In addition, displacement occurs in the SP composite layer, and several particles of the SBP composite layer on the top of the slope are washed away with runoff channels (Figure 15A).
The thickness of soil particles flushed by runoff gradually increases to approximately 0.68 m, and almost 1/3 of the soil particles on the slope surface without composite layers are washed away. One obvious phenomenon from Figure 15B is that the slope surface has been almost damaged by rainfall infiltration and runoff when rainfall lasts for 80 h, resulting in the runoff thickness increases to 0.72 m. In terms of the composite protection surface on the subgrade slope, the runoff thickness and surface damage degree are improved by approximately 50–70% after the 80 h of rainfall. Table 11 and Figure 15B show that a certain number of soil particles on the SP and SBP layers slip before 60 h of rainfall, which defines partly failure in this study. Furthermore, the SB composite layer has a small displacement, and there are some soil particles on the top of the slope that wash away after 80 h of rainfall.
Some of the particles of the SP and SBP mixed layers are washed to the foot of the slope. Only the particles on the top of the slope of the SB mixed layer have small displacements because of rainwater runoff, and the thickness of erosion reaches 0.20 m. The particles on the top of the slope are displaced because of the runoff water. One-third of the particles of the SP mixed layer rush away, the washed away particles of the SBP mixed layer slightly increase, and the plain silt under the composite layers hardly slip. Therefore, it can be concluded that the composite protection surface not only strongly prevents the soil particles from detaching and being transported by runoff water but also promptly limits the runoff volumes and controls flow water on the silt subgrade slope.
DISCUSSION
Effect of Composite Layer Thickness on Rainfall Infiltration
From the above analysis, it can be seen that the zone of the reinforced subgrade slope affected by rainfall infiltration and slope erosion is mainly concentrated in the composite surface layers. In addition, the SP and SBP composite layers play very important roles in anti-infiltration behaviour. To further analyse the anti-infiltration performance of the composite protection layers, the thickness effects of the composite layers should be discussed and given more attention.
Effect of Thickness of SP Composite Layer
Figure 16 illustrates the behaviour of the volumetric moisture content and PWP at cross-section A corresponding to the thicknesses of 0.1 and 0.2 m of the SP composite layer. As seen from the figures, with an increase in thickness of the SP composite layer, the variability of volumetric water content and PWP on the top of the slope decreases, and slope elevation has a similar behaviour. When the thickness increases from 0.1 to 0.2 m, the depths influenced by the volumetric moisture content decrease from 0.54 to 0.49 m and by PWP decrease from 0.87 to 0.63 m. In general, the increase in composite layer thickness has no significant effect on either volumetric water content or PWP.
[image: Figure 16]FIGURE 16 | Behaviour of volumetric moisture content and PWP with depth at cross-section A. (A) volumetric water content with depth. (B) Pore water pressure (PWP) as a function of depth
Effect of Thickness of SBP Composite Layer
The same method was used to determine the effects of the SBP composite layer with 0.3 and 0.5 m thickness on the volumetric water content and PWP. The results demonstrate that the thicker the SBP composite layer is, the larger the variability of the volumetric water content and PWP are at cross-section A. The influence of the volumetric water content and PWP with the slope elevation are similar for these two thicknesses. The depths influenced by the volumetric water content and PWP decrease by approximately 18 and 55%, respectively, corresponding to 0.3 and 0.5 m.
Effect of Composite Layer Thickness on Rainfall Erosion and Runoff
Based on the above results and because the SB composite layer connects the other two protection layers and the plain soil layer, the thicknesses are chosen as 0.3 and 0.5 m to analyse the anti-erosion performances. To preferably highlight the anti-erosion effects of the bottom layer, three times the rainfall intensity and a 120-h rainfall duration are used in this simulation. Figure 17 displays the rainfall erosion behaviours under different rainfall durations and thicknesses.
[image: Figure 17]FIGURE 17 | Erosion failure modes of slope protected with different SB composite thicknesses. (A) SB composite layer with 0.3 m thickness. (B) SB composite layer with 0.5 m thickness
The rainfall erosion of these two thicknesses were compared at 60 h, 80 h, and 120 h through PFC2D simulation. It can be inferred that soil particle erosion at the top is the major contributor to slope instability under the 60-h rainfall conditions. Increasing the SB layer thickness is one of the relatively important factors for protecting the subgrade slope by reducing soil erosion and runoff damage and strengthening the cohesion between composite layers and plain silt. As the rainfall duration increases to 80 h, the differences in slope erosion are increasingly obvious for thicknesses of 0.3 and 0.5 m. Approximately 25% of the soil particles in the SB layer with 0.3 m thickness are eroded, and the failure depth on the slope top is 0.56 m. For the 0.5 m layer, approximately 10% of the soil particles erode, and the failure depth is approximately 0.28 m on the top of the slope, indicating that the thickness of the SB composite layer in the anti-erosion treatment has a significant effect on reducing rainwater runoff and improving slope stability.
When the rainfall duration is relatively long, such as 120 h, as illustrated in Figures 17A,B a thicker SB composite layer is more suitable for enhancing the slope surface and preventing the composite protection surface from being damaged by rainfall erosion and rainwater runoff. In Figure 17A, the soil particles on the protective surface are more vulnerable to erosion due to long-term rainfall, and the soil particles of the first and second layers are almost eroded with a layer thickness of 0.3 m. However, when the thickness increases to 0.5 m, the decrease in the slope surface area of the rainfall erosion means that the anti-erosion performance of the SB composite layer effectively increases to reduce rainwater runoff (see Figure 17B). Meanwhile, the failure depth at the top of the slope will decrease at the same time. Therefore, the 0.5 m thickness of the SB composite layer distinctly reinforces the anti-erosion performance more remarkably than the 0.3 m thickness for the 120-h rainfall duration. Overall, the anti-erosion performance of the SB composite layer will be increased by approximately 25–35% when the layer thickness increases by 0.2 m, which can be considered an important design parameter for anti-erosion performance and reducing rainwater runoff in slope stability analysis.
CONCLUSION
According to the failure characteristics of the silt subgrade slope and rainfall-induced erosion failure and imbricate layered slip in the silt slope, a composite protection surface is proposed, which is composed of plain silt, polyacrylamide, and basalt fibre. In light of the comparative analysis of the anti-infiltration properties and anti-erosion performances of a slope with and without the composite protection surface based on a silt subgrade slope in Suqian, the following conclusions can be drawn from this study:
1) Based on the experimental results, the optimal content of the basalt fibre is 0.4%, the optimal length is 12 mm, and the optimal content of the polyacrylamide is 1% in the proposed composite protection layers.
2) The composite protection layers can effectively improve the anti-infiltration properties on silt subgrade slopes. Both the simulated and experimental results indicate that the top and intermediate composite layers initially limit rainwater infiltration on the upper surface, avoiding damage from rainwater runoff to the uppermost soil. According to the characteristics of the SB composite layer, the protective layers and original silt are mainly connected to protect the plain silt from soil loss and rainfall erosion. Therefore, the anti-infiltration properties of the composite protection layers could be guaranteed by decreasing the volumetric water content and improving the shear strength of the protective surface.
3) The composite protection layers can beneficially strengthen the anti-erosion performance of silt subgrade slopes. The bottommost mixed layer can effectively attach the anti-infiltration protection layers to the original slope surface to comprehensively enhance the anti-erosion property of the composite protection layers. For long-lasting rainfall, the rainwater will increase and may infiltrate into the deepest layer so that rainwater runoff probably forms either at the composite protection layers or under the base of the composite surface cover; accordingly, the SB composite layer can significantly minimize both the rainfall erosion and rainwater runoff of the silt subgrade slope.
4) Reasonably increasing the thickness of the composite protection layers brings about a substantial increase in anti-erosion performance. Comparing different thicknesses of the three mixed layers, the anti-erosion performance of the reinforced subgrade slope significantly increased by 25–35%. Thus, the thickness of protective layers should be considered in the design parameters of anti-infiltration properties and anti-erosion performance in silt slope stability analysis (Darboux and Huang, 2003; Hamza, 2014; Nima et al., 2015; Horpibulsuk et al., 2009; Horpibulsuk et al., 2008).
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A promising large-scale energy storage is underground compressed air energy storage (CAES) in lined rock caverns. To ensure the safety and stability of storage caverns because of the influence of periodic injection during production, it is crucial to understand the mechanical behavior of lining concrete under different complex stress paths. In this study, three types of uniaxial compressive fatigue test and uniaxial creep test were conducted on concrete. The following conclusions were obtained from the results. 1) The irreversible deformation after the interval was larger than that before the interval in the discontinuous multi-step cyclic loading (DMCL) test. 2) Loading velocity significantly influenced concrete fatigue, and the irreversible deformation in the cycle of low loading velocity was greater than that in the cycle of high loading velocity. 3) The residual strain increased with an increase in stress level. 4) The creep strain increased with an increase in stress level during the multi-step creep loading test; the fractional derivative results were more consistent with the experimental results. 5) The permeability of concrete increased rapidly under the influence of an external force when the stress level exceeded 0.73.
Keywords: complex stress path, irreversible deformation, creep, permeability, concrete
INTRODUCTION
In the context of carbon peak and carbon neutrality, renewable energy sources, which can replace fossil energy on a large scale, present new opportunities for development (Liu et al., 2020a; Ben Yosef et al., 2021; Jiang et al., 2021; Liu et al., 2020b; Ma et al., 2021; Nair et al., 2021). The development of renewable energy sources is currently restricted because they are inherently intermittent, being dependent on weather conditions and daily cycles. Therefore, reliable storage technology is essential to the economic and technical feasibility of renewable energy sources. The pumped hydroelectric storage (PHS) (Winde et al., 2017; Jurasz et al., 2018; Sultan et al., 2018; Liu et al., 2020c; Emmanouil et al., 2021) and compressed air energy storage (CAES) (Zhao et al., 2015; Zhang et al., 2019; Soltani et al., 2020; Li et al., 2021; Liu et al., 2021; Yang et al., 2022) have been regarded as promising large-scale electric energy storage technologies. The PHS is limited by the hydrogeological conditions and large cover depths during its construction, whereas CAES has attracted much attention because of its lower capital and maintenance cost (Rutqvist et al., 2012; Venkataramania et al., 2016; Wei et al., 2016; Chen et al., 2017; Ye et al., 2018; Liu et al., 2020d).
CAES can be constructed using rock cavities, salt cavities, and porous-media reservoirs. The construction of CAES has greater flexibility in terms of site selection and substantially reduced construction costs through the use of underground lined caverns with an artificial sealing layer, such as concrete (Raju and Kumar Khaitan, 2012; Kim et al., 2013; Kim et al., 2016; Jiang et al., 2020; Zhou et al., 2020). For a typical CAES system with frequent injection and production, a major challenge in storing compressed air in underground lined caverns is the risk of air leakage from the caverns. Therefore, it is necessary to investigate the porosity, permeability, and fatigue behavior of concrete under various loading conditions.
Recently, many studies have been conducted to understand the fatigue performance and permeability of concrete and rock (Jiang et al., 2016; Fan et al., 2020; Kang et al., 2021; Xu et al., 2022). Irreversible strain, fatigue crack initiation, and fatigue life are the main subjects of investigations on fatigue performance (Youshi et al., 1992; Pan and Hong, 2019). Du et al. studied the fatigue behavior of prestressed concrete under the fatigue loading of different stress ranges and proposed the S-N relationship between the tested beam and the bottom tensile steel bar related to the prestressing force (Du et al., 2020). Li et al. obtained the crack growth rate of the strengthened reinforced concrete beams through fatigue crack propagation tests, proposing a fatigue crack growth equation of strengthened reinforced concrete beams (Li et al., 2018) Lv et al. investigated the fatigue performance of self-compacting rubber lightweight aggregate concrete with different rubber particles substitution percentages under uniaxial compression (Lv et al., 2020). Abbass et al. conducted low cycle loading tests on reinforced concrete beams under different stress amplitude range levels; the authors found that the bond strength of normal-strength concrete was less than that of high-strength concrete (Abbass et al., 2013). Kasu et al. tested concrete beam specimens with different nominal maximum aggregate sizes (10 and 20 mm) under bending cyclic loading; the authors found that the smaller the nominal maximum aggregate size was, the better the fatigue performance of concrete was (Kasu et al., 2019). Jiang et al. conducted concrete uniaxial and eccentric cyclic loading tests to determine the fatigue performance, elastic modulus, and residual strain of concrete (Jiang et al., 2017). Zhu et al. tested the externally reinforced concrete specimens under fatigue loads with different fatigue amplitudes and developed a bond-slip model, considering the effects of the concrete strength and the fatigue loading amplitude (Zhu et al., 2016). Zhang et al. tested the permeability of 12 concrete specimen mixtures and found that the Klinkenberg factor was the key parameter of conversion (Zhang and Li, 2019). Rahal et al. proposed a macroscopic model for predicting the evolution of permeability with cracking (Rahal and Sellier, 2019).
The mechanical and seepage properties of lining concrete under various cyclic loadings are critical design parameters of CAES underground caverns and are crucial to ensuring the tightness and stability the cavern’s structure. This paper presents the mechanical and seepage properties of concrete under different conditions based on three groups of cyclic loading tests and a group of creep tests.
EXPERIMENTAL PROCEDURE
Materials
To prepare the concrete, we used ordinary Portland cement, fine aggregate, sand, water, admixture, fly ash, and coarse aggregate with a maximum grain size of 40 mm. The fine aggregate and cementing material were natural sand and Chinese standard 42.5 Portland cement, respectively. The chemical composition of the cement is presented in Table 1, and the concrete mix proportion is shown in Table 2. The water-to-binder ratio of the concrete preparation was 0.31. The concrete mixtures were mixed evenly and poured into cubic molds with the size of 150 × 150 × 150 mm. The concrete was vibrated using a needle vibrator until the concrete surface formed a paste layer; the vibrator was pulled out slowly. The concrete cubes were removed from molds after 24 h and then placed in a standard curing chamber at 20 ± 2°C with relative humidity ≥95% for 28 days. The pouring and curing conditions of the concrete were in compliance standard requirements (GB/T 50081-2002) (M. Of Housing, U.-R.D. of the People’s Republic of China, 2002). The compressive strengths of the 7 day and 18 day were 51.7 and 61.5 MPa, respectively. The concrete cubes were drilled using a high-speed coring machine with an inner diameter of 50 mm to obtain the cylindrical specimens, which were cut by a cutting machine and smoothened at the end by a grinder. The length of each specimen was 100 ± 0.5 mm, the diameter was 50 mm, and the end surface roughness was controlled within a ±0.02 mm margin (Figure 1). To reduce the effect of water content on concrete strength, all specimens were placed in a vacuum heating oven at 45°C for 24 h before testing.
TABLE 1 | Chemical composition of the cement.
[image: Table 1]TABLE 2 | Mixture proportions of concrete.
[image: Table 2][image: Figure 1]FIGURE 1 | Photograph of the processed concrete samples.
Experimental Design and Conditions
The mechanical tests under uniaxial compression comprise four loading paths (Figure 2). 1) Conventional multi-step cyclic loading (CMCL, Figure 2A). The upper limit of the first stress path [image: image] was set at 15 MPa, and the upper-limit stress was increased by 7.5 MPa every step containing 20 cycles. The loading velocity [image: image] was set at 2 kN/s, and the lower-limit stress [image: image] was set at nearly 0 MPa. 2) Discontinuous multi-step cyclic loading (DMCL, Figure 2B). The stress-free time intervals (SFIs) of 30 s were added to each of the two stress cycle paths based on the CMCL tests. To facilitate the presentation and analysis, the first stress cycle of each step is defined as the F cycle. The stress cycles before and after the SFIs were indicated as B cycle and A cycle, respectively. 3) Multi-step cyclic loading with different loading velocities (MCL-DV, Figure 2C). The [image: image] for odd cycles (named H cycles) and even cycles (named L cycles) were set at 2 kN/s and 0.2 kN/s, respectively. The material discreteness influence can be further minimized by the loading path combining cyclic stress and SFIs on a specimen in DMCL tests and the different speed loading path in MCL-DV tests. 4) Multi-step creep loading. Each step of the creep process lasted 18 h. The stress path of the creep test is shown in Figure 2D. After loading at each step in the four tests, the porosity and permeability tests were performed on the concrete samples.
[image: Figure 2]FIGURE 2 | Loading pattern applied in three fatigue tests: (A) CMCL tests; (B) DMCL tests; (C) MCL-DV tests; (D) Multi-step creep test.
The room temperature was kept at 22 ± 3°C, and the stable relative humidity was kept at 50–70%. The mechanical tests of the concrete ware performed on MTS 815 (United States) machine with an axial force range of 600 kN. The axial deformation was measured by linear variable differential transformer (LVDT), which followed the piston position in real time. The porosity and permeability tests were conducted with LW-I core porosity and permeability automatic tester, which was developed independently by the State Key Laboratory of Coal Mine Disaster Dynamics and Control at Chongqing University, China. The schematic of the LW-I core porosity and permeability automatic tester is shown in Figure 3. In the permeability test module, the hydraulic pressure pump can provide confining pressures ranging from 0 to 25 MPa, and the inlet gas pressure ranges from 0 to 5 MPa. Fixed containers one and two were used to record the inlet and outlet pressures, respectively. The permeability test was performed under the conditions of 2 MPa confining pressure and 0.6 MPa inlet pressure.
[image: Figure 3]FIGURE 3 | Schematic of the LW-I core porosity and permeability automatic tester.
The typical specimens were scanned using X-ray CT to obtain the coalescence patterns of the cracks before and after the mechanical tests. X-ray CT is a non-destructive tool for obtaining accurate images and three-dimensional data. The main settings of the X-ray CT scanner in this study were as follows: size measurement accuracy, 50 μm; CT image density measurement accuracy, 1.0%; spatial resolution ≥2.5 lp/mm; voltage, 130 kV; and power current, 81 μA.
RESULTS AND DISCUSSION
Concrete can be deformed under the influence of external forces. Concrete exhibits elastic characteristics and reverses elastic deformation when acting external forces are removed. Concrete naturally contains complex porous structures (such as micro-cracks), causing it to exhibit certain plastic characteristics. After removing the external force, the elastic deformation is reversed; when the concrete cannot be restored to the original state, the deformation is said to be irreversible or residual.
The elastic modulus from the loading and unloading processes, irreversible deformation ([image: image]), and elastic deformation ([image: image]) are illustrated in Figure 4. The elastic deformation is the difference in the strains at the beginning and end of the unloading process in a cycle. The irreversible deformation of a cycle is the difference in strain between the starting and ending points in that cycle.
[image: Figure 4]FIGURE 4 | Schematic of elastic deformation and irreversible deformation calculation.
The elastic moduli from the loading and unloading processes are equal to the slope of the linear segment (AB and CD in Figure 4) of the stress–strain curve during the loading and unloading stages, respectively. The elastic modulus for the loading and unloading stages are given by Eq. 1 and Eq. 2.
[image: image]
[image: image]
where [image: image] is the elastic modulus for the loading stage; [image: image] is the elastic modulus for the unloading stage; [image: image], [image: image], [image: image], and [image: image] are the values of stress at points A, B, C, and D, respectively; [image: image], [image: image], [image: image], and [image: image] are the values of strain at points A, B, C, and D, respectively.
Evolution of Elastic and Irreversible Deformations
By calculation and sorting, Figure 5 and Figure 6 illustrate the relationship between elastic deformation and irreversible deformation and the number of cycles in CMCM, DMCL and MCL-DV tests. Figure 5 illustrates a narrow fluctuation without an obvious regularity at each stress level, for the elastic deformation from even and odd cycles in the CMCM test, the [image: image] from A and B cycles in the DMCL tests, and [image: image] from the H and L cycles in the MCL-DV tests. The elastic deformation increased with increasing upper-limit stress.
[image: Figure 5]FIGURE 5 | Elastic deformations [image: image] of each cycle: (A) CMCL tests; (B) DMCL tests; (C) MCL-DV tests.
[image: Figure 6]FIGURE 6 | Irreversible deformations [image: image] of each cycle: (A) CMCL tests; (B) DMCL tests; (C) MCL-DV tests.
The values of [image: image] of the F cycles at each stress level in the CMCL, DMCL, and MCL-DV tests are far larger than the values of the others (Figure 6). Different laws of [image: image] can be observed clearly among Figure 6B, Figure 6C, and Figure 6A. The points representing [image: image] of even and odd cycles from the CMCL test mingle together. However, the [image: image] values of A cycles are larger than those of B cycles in the DMCL tests; the [image: image] values of L cycles are larger than those of H cycles in the MCL-DV tests. These results suggest an apparent effect of SFIs acting on concrete during the stress-free intervals and the remarkable influence of loading velocity [image: image] on concrete fatigue. Many studies have reported that residual stress is obvious in concrete (Shen et al., 2016; Toribio et al., 2016; Shen et al., 2020). In DMCL tests, the residual stress was caused by uncoordinated mechanical response in concrete acting on concrete during SFIs and promoting the expansion and developing the internal microcracks resulting in the difference between the [image: image] of A cycles and B cycles. In the MCL-DV tests, the loading velocity had an obvious effect on concrete fatigue because the increase in the loading velocity at each stress level reduced the time. Hence, the time for occlusion and microcrack reconstruction decreased substantially, preventing the connection and penetration of the microcracks; thus, the concrete was hardened while the irreversible deformation in H cycles was reduced.
The elastic modulus of concrete indicates the ability of concrete to resist deformation under the action of external forces; it also indicates the initiation, expansion, and connection of concrete cracks to a certain extent. Figure 7 illustrates that the elastic modulus of concrete generally exhibited an “increased–stabilized” trend as the stress level upper limit increased. Numerous pores were in the concrete. The fewer the microscopic defects in the concrete and the higher the degree of compaction, the stronger its ability to resist external forces. When the stress level increased from 0.27 to 0.37, the original microscopic defects of the concrete samples were gradually closed, the internal structure tended compactness, and the ability to resist external forces was enhanced. This behavior suggests that the elastic modulus gradually increased macroscopically. The elastic modulus of the concrete from the first loading cycle differed considerably from that of the other cycles at each step of the CMCL and DMCL tests. This difference was because the degree of consolidation between the aggregates in the concrete increased correspondingly as the loading progressed. When the upper limit stress reached 30 MPa, the elastic modulus increased substantially compared with that at the previous level. The value of the elastic modulus changed negligibly when the upper limit stress exceeded 45 MPa before finally decreasing. The average elastic modulus of the specimens under different stress levels in the CMCL test was 6.01, 6.22, 7.02, 7.21, 7.34, 7.34, and 7.18 GPa; the average elastic modulus from the DMCL test was 5.38, 6.16, 6.93, 7.16, 7.31, 7.28, and 7.25 GPa; and the average elastic modulus from the MCL-DV test was 6.21, 6.45, 7.08, 7.36, 7.54, 7.51, and 7.46 GPa. Moreover, the elastic modulus from the unloading segments was larger than that from the loading segments.
[image: Figure 7]FIGURE 7 | Irreversible deformations [image: image] of each cycle: (A) CMCL tests; (B) DMCL tests; (C) MCL-DV tests.
Effect of Different Stress Levels on Concrete Fatigue
The average irreversible deformations at each stress level in A cycles, B cycles, H cycles, and L cycles were calculated separately; the results are shown in Figure 8. In the DMCL test, the average irreversible deformation of the A cycles differed from that of the B cycles at each stress stage; the average irreversible deformation of the A and B cycles increased as the stress level increased. In the MCL-DV test, the increase in the stress level did not influence the effect of loading velocity on concrete fatigue. Moreover, the irreversible deformation of L cycles increased with the increase in the stress level when the external stress became sufficiently large.
[image: Figure 8]FIGURE 8 | Irreversible deformations [image: image] versus stress level for each step: (A) DMCL test; (B) MCL-DV test.
The catalytic rate is defined as the growth rate of the [image: image] from B to A cycles, and the difference between the average [image: image] of A and B cycles at every stress level was calculated, as illustrated in Figure 9. The difference between the average [image: image] of A and B cycles was relatively small under low stress, whereas the catalytic rate was large. The difference between the average [image: image] of A and B cycles exhibited an overall growing trend under high stress, whereas the catalytic rate tended to be stable. Therefore, it is necessary to investigate the fatigue characteristics of concrete more comprehensively under different working conditions during the operation of a CAES power station.
[image: Figure 9]FIGURE 9 | Catalytic rate and the difference between average [image: image] of A cycles and B cycles versus stress level of each step from the SDCL test.
Creep Characteristics of Concrete Under Different Stress Levels
Figure 10 shows the strain curves under the different uniaxial creep stresses levels. It can be observed that the strain increased rapidly with force stress before the creep stage, and the total strain (including the strain before and after creep) increased with increasing stress levels. The creep strain was relatively stable and slowly increased with time during the creep stage when the stress level increased from 0.37 to 0.98. The relationship between the creep strain and stress level is illustrated in Figure 11. The creep strain increased gradually with increasing stress level. The concrete creep strain increased from 1.5 × 10−4 to 3.3 × 10−4 when the stress level increased from 0.37 to 0.98. The relationship between creep strain and stress level satisfies exponential growth, and the fitting equation can be expressed as [image: image].
[image: Figure 10]FIGURE 10 | Axial strain with time in multi-step creep test.
[image: Figure 11]FIGURE 11 | Creep strain versus stress level in multi-step creep test.
The creep deformation of concrete generally consists of three typical stages: the initial creep, steady creep, and accelerated creep stages. The original microcracks in the concrete do not expand in the short initial creep stage. In the steady creep stage, the original microcracks propagate gradually, and the new crack is produced and development. The concrete gradually develops to the accelerated creep stage with an increase in stress and time. Based on the definition of fractional derivative, Wu et al. built a new Fractional Derivative creep model, which uses Abel dashpot with strain triggered and Abel dashpot (Wu et al., 2020a; Wu et al., 2020b). The constitutive relationship of the Fractional Derivative creep model is
[image: image]
where [image: image] and [image: image] are the elastic and viscous parameters, respectively; [image: image] is the strain of the material the moment it reaches the accelerated creep.
As shown in Figure 12, the initial creep and steady-state creep stages are considered in multi-step creep loading tests. Figure 12 depicts fitting results of the Fractional Derivative creep model and experimental data when the stress level was 0.98. It can be observed that the Fractional Derivative creep model is highly consistent with the experimental data from creep test of concrete. This observation demonstrates that the model can adequately describe the creep characteristics of concrete.
[image: Figure 12]FIGURE 12 | Comparison fitting curves and experimental results.
Gray Level Images by CT
The CT gray scanned images of four typical specimens are shown in Figure 13. The darker the grayscale color, the smaller the grayscale value; the larger the CT number, the greater the density of the material (Ge et al., 2001). As shown in Figure 13, the pixels of the CT grayscale images reflect different microstructures in the concrete; the coarse aggregate particles are in light gray while the hardened cement paste matrix is in dark gray. The CT images showed obvious pores (black in the images), which were caused by insufficient vibration during concrete forming. Numerous obvious developmental cracks and pores were observed in the CT images after the mechanical tests. Micro-cracks developed along the interfacial transition zone and connected with the original pores to form macroscopic shear cracks because of continuous loading in the tests. The macroscopic cracks throughout the coarse aggregate, branched cracks, and pores almost occupied the whole plane. Many micro-cracks were parallel to the loading direction because of the absence of the confining pressure. This failure pattern is consistent with the type of shear failure of concrete under uniaxial compression.
[image: Figure 13]FIGURE 13 | Comparisons of CT grayscale images before and after the tests.
Figure 14 illustrates the distribution of pores after 3D reconstruction by the CT images of the concrete before testing. This figure indicates that the concrete samples had many small-size pore structures and do not distribute obvious large-scale cracks. Thus, favorable conditions were lacking for the migration of gas in the concrete. The porosity of each sample calculated by the Avizo software was greater than that tested by the LW-I core porosity and permeability automatic tester. This difference was because the number of cracks was small, the gas flow and migration in the cracks were difficult, and some pores were not connected.
[image: Figure 14]FIGURE 14 | 3D fissure structures of concrete samples before testing.
Evolution of Porosity and Permeability
Figure 15 illustrates the variations in the ratio of permeability to initial permeability [image: image] and the ratio of porosity to initial porosity [image: image] under different stress levels. The evolution of porosity and permeability shows a trend of an initial decrease before an eventual increase. The pores and micro-cracks in the concrete are compacted under the action of external force, resulting in the reduction of porosity and permeability. Figure 15A shows that the values of porosity decreased when the stress level increased from 0.27 to 0.37, indicating that the original pores and micro-cracks were gradually compacted. When the loading ratio increased from 0.61 to 0.97, the porosity gradually increased, indicating that the damage increased after the action of a high-force stress. When the stress level reached [0.24, 0.73], the concrete permeability decreased gradually after the action of external force. When the stress level was greater than 0.73, cracks developed rapidly, resulting in a rapid increase in the concrete permeability and damage.
[image: Figure 15]FIGURE 15 | Variation in [image: image] and [image: image] with stress level varying from 0.24 to 0.98.
CONCLUSION
In this study, the mechanical characteristics of ordinary concrete under three complex cyclic loading conditions and creep condition were investigated. Based on the experimental results, the main conclusions are as follows:
1) In the DMCL test, the interval-promoted plastic and irreversible deformations in A cycles were remarkably larger than those in B cycles. The loading velocity had a considerable influence on concrete. The irreversible deformations in H cycles were smaller than those in L cycles. The elastic modulus of concrete showed a trend of “increase—stabilize” with the stress level. The elastic modulus from the unloading segments was larger than that from the loading segments
2) The relationship between creep strain and stress level satisfied exponential growth, and the fractional derivative had better agreement with the creep strain.
3) The CT images directly reflected the internal structure and cracks in concrete.
4) The evolution of porosity and permeability showed a trend of an initial decrease followed by an increase. The porosity of concrete increased when the stress level reached 0.61, whereas the permeability increased when the stress level reached 0.73.
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Tunnels in several mines in Shaanxi Province, China, which are subject to multiple stress fields, are used as case studies to clarify the structural problems associated with rock bursts that occur in high-stress mines. Field studies featuring field measurements and theoretical analysis are used to investigate the modes and mechanisms of failure. The following are the main findings: (1) a model for distributing the dominant pressure features around the goaf was established by analyzing the stress distribution induced by the goafs on both sides of the excavated zone in a coal seam. The model reveals the pressure distribution in the tunnel-cut area, which is the mechanical factor responsible for rockburst. (2) Because of the goafs acting on both sides of the tunnel, an area of concentrated stress was formed, and stress was transferred to the coal seam. The intense tunnel-cutting action can reduce the stability of the coal. The plastic area caused by tunnel mining and a reduction in the elastic area of the tunnel-cut coal pillars in each segment, increase the possibility for rockburst under the application of dynamic-static stress; this process is known as a stabilizing factor. (3) Due to the combined effect of the tunnel-cut and goafs on both sides, most of the microseismic incidents happened in the core area of coal pillar and in the side of tunnels. When the stress applied on coal pillar is more than critical strength, burst and mine earthquake can be induced. Our study focused mainly on rockburst incidents that occurred in coal mines in Shaanxi Province, which were caused by tunnel-cut coal seams that were subject to multiple stress fields. The study has direct implications for developing new and improved guidelines for preventing rockburst in mines.
Keywords: roadway, rock burst prevention, stress field, coal cutting, stress concentration
INTRODUCTION
When a large amount of energy is stored in abandoned mines, it has a great impact on the safety of underground coal mines, resulting in the occurrence of rock burst accidents (Jiang et al., 2016; Fan et al., 2020; Liu et al., 2020a; Kang et al., 2021). Rock bursts, which can occur in mining are well known in the industry and can threaten mine safety (Ma et al., 2015; Barton and Shen, 2017; Keneti and Sainbury, 2018; Rehman et al., 2021; Xiong et al., 2021). A rockburst is typically influenced by geological conditions and the mining technology used (Jiang et al., 2014; Qi et al., 2020; Qi et al., 2019; Liu et al., 2020b; Zhang et al., 2021a). Many rockburst accidents have occurred as mining depths have increased, resulting in numerous casualties and damage to equipment and infrastructure (Dou et al., 2003; Pan et al., 2003; Pan et al., 2012; Fan et al., 2019; Jiang et al., 2021; Li et al., 2021). On October 20, 2018, a serious rockburst incident occurred in Shandong Province (Shandong Energy Dragon Mine Group, Longyun Coal Industry Co., Ltd.), resulting in 21 deaths and four injuries. On August 2, 2019, a dynamic event occurred in the connecting tunnel (F5010) around a coal pillar while 12 workers were cleaning the tunnel, resulting in seven fatalities. Another accident occurred on February 22, 2020, in the Xinjulong mine in Shandong, resulting in four deaths and the loss of 18 million RMB. In the aforementioned incidents, the tunnel-cut coal areas were subjected to the lateral abutment pressure of the goafs and mining stress in the working face, which affected the associated geological structures and accumulated a significant amount of strain energy in the areas in question (Cui et al., 2021; Liu et al., 2021; Tian et al., 2021; Wu et al., 2021). Therefore, failure of overlying strata readily occurred over a wide area, resulting in rock bursts.
Wang et al. (2019) elaborated on the principles of failure for isolated coal seams in a tunnel in a deep mine and proposed a mechanism and a failure model for the coal under reduced pressure. Zhao et al. (2018) demonstrated that the stability of a coal pillar is mainly determined by the movement of the overlying strata in the goaf and by repeated mining; a practical method to evaluate the width of the coal pillar was also proposed. Feng et al. (2015) investigated an elastic bearing area and developed a model for the abutment pressure applied to an isolated working face. Song et al. (2018) outlined the principles of failure due to creep in an isolated coal pillar over time and obtained the conditions of failure for the entire working face. Chen et al. (2012) investigated the conditions of a stripe coal pillar under pressure over a long period and discovered that the coal pillar can be divided into three parts, i.e., an elastic area, a plastic area, and a failed area. Lu and Guo (1991) investigated the relationship between the deformation of the surrounding rocks and the width of the coal pillar. Jiang et al. (2018) used tectonic stress to determine the width of the coal pillar based on inverse analysis of in situ stress and numerical modeling. Li et al. (2013) used theoretical analyses and modeling to study the mechanical mechanism of rockburst based on the surrounding rock stress by monitoring microseismic activities and field data. Zheng et al. (2012) reviewed the laws of stress distribution of coal pillars in gob-side mining at different widths by combining theoretical and numerical analysis and proposed that the width of the coal pillar can be affected by disturbances caused by tunnels in the mine and advanced mining practices. Yang et al. (2017) proposed a method for determining the width of a coal pillar by analyzing the creep data. Yin et al. (2012) used theoretical analysis and numerical modeling to investigate the size of the protected dip coal pillar in joint mining areas. Wang and Miao (2007) used mechanical analysis to conduct topotactic transformation studies on the conditions of a coal pillar failure and obtained the probability function for failure. Wang et al. (2009) developed a mechanical model for the residual coal pillar in the lower protective strata. Li et al. (2020) investigated the mechanism of rockburst caused by a coal pillar, developed a computational model of the overlying loading by the strata on the coal pillar, and assessed the risk of rockburst for the entire pillar. Jiang et al. (2015) proposed a system in the context of coal seam failure and noted that when the stress loading on the coal seam is greater than 1.5 times the uniaxial compressive strength, a rock burst will occur.
Several studies have been conducted to prevent the occurrence of a rockburst in an isolated coal pocket or pillar (Adoko et al., 2013; Xu et al., 2017; Zhou et al., 2018; Pinzani and Coli, 2011; Zhang et al., 2021b; Liu et al., 2021), but little research has focused on the types of rock bursts that can occur in tunnel-cut coal. This study focuses on several incidents that have occurred in Shaanxi Province. We investigated the features of stress distribution and variation in the elastic area under the action of tunnel cutting, whereby both sides of the tunnel are goafs, clarifying the mechanical mechanism for the rockburst and failure of the coal pillar, which is subject to combined multiple stress fields. The risk of a rockburst that occurs in a mine and some preventative measures to avoid it are also elaborated.
CASE STUDIES
General Introduction to the Working Face
There are four tunnels 100 m south of goafs 204, 205, and 206, including the west-wing haulage roadway, the second section of the air-inlet roadway, the belt roadway, and the air-return roadway with gaps of 20, 30, and 30 m between each roadway, respectively. The working face of mine 302, which is 180 m wide, is located 80 m south of the air-return roadway (Figure 1). The coal seam is 590.5 m deep and the overlying layers within 100 m are less than 10 m thick, with a uniaxial compressive strength of <60 MPa. The overlying strata consist of sandstone and mudstone (Figure 2). The coal seam has a dip angle of 4 and a uniaxial compressive strength of 15 MPa. The floor of the coal seam consists of coarse-grain sandstone, mudstone, and fine-grain sandstone. The test results show that the coal seam and roof strata are prone to failure because of rockburst, whereas the reverse is true for floor strata.
[image: Figure 1]FIGURE 1 | Layout of roadways and working faces on both sides of the island area.
[image: Figure 2]FIGURE 2 | Histogram for working face of a coal mine.
The Incident
On February 25, 2017, the belt roadway, the air-return roadway, and the connecting roadways experienced gunite-layer cracking, cracking of the walls and roof, the heaving of the floor and walls, and deformation because of the combined effects of the lateral abutment pressure from three consecutive goafs (204, 205, and 206), as well as the lateral abutment pressure from the working face 302 and the mining stress; this resulted in significant damage to the tunnel support systems, with roof protrusion of up to 1 m at a maximum. All the roadways were set inside the coal seam. Photographs of the damage caused by the rockburst are shown in Figure 3 and the exact locations are shown in Figure 4.
[image: Figure 3]FIGURE 3 | Photographs of the rockburst event.
[image: Figure 4]FIGURE 4 | Schematic of the location of the incident.
Microseismic Monitoring and Analysis
The tunnel-cut coal pillar has experienced a dense distribution of microseismic events over time because it has been subjected to stress from the lateral goaf, the cutting tunnel, and the working face of the mine. Figure 5 is a schematic of microseismic monitoring points and the locations of the events. Three mobile sites for microseismic monitoring were located in the working face 302 (Figure 5A), one in the air-return roadway and one in the air-inlet roadway, each with a horizontal separation distance of 20 m; another was located in the air-inlet roadway, which was situated 50 m ahead of the working face. The black circles in Figure 5A represent microseismic events with an order of magnitude of 102 [image: image] or less, whereas the green circles represent events of magnitude 103 [image: image], and the red circles represent events of magnitude 104 [image: image]. Figure 5B shows that numerous microseismic events occurred in the roadways and in the front of the working face, especially at the side close to the working face 302. The tunnel-cut isolated area featured a dense distribution of microseismic events of a large order of magnitude, indicating that the rock system retained a massive amount of elastic energy, with the tunnels cutting through the isolated area. The lateral abutment pressure and tunnel-cutting behavior resulted in energy accumulation and a concentration of stress in the isolated area in the mining of the working face. When the abutment pressure reached a critical level, the coal-rock mass fails, releasing a significant amount of energy and causing a rockburst.
[image: Figure 5]FIGURE 5 | Schematic of microseismic monitoring points and the locations of the events.
Monitoring of Ground Surface Settlement and Analysis
The ground surface settlement was monitored in the air-return roadway, belt roadway, the second section of the air-inlet roadway, and the isolated area cut by the west-wing tunnel (Figure 6). Based on the monitoring of the working face 302, the surface settlement curve is shown in Figure 7. This figure showed that in March 2016, the accumulated settlements at monitoring points 1, 2, and 3 were 33.5, 58, and 72.3 mm, respectively; additionally, the average settlement rates for each isolated area were 1.12, 1.93, and 2.41 mm/ d, respectively, indicating that the ground surface settled steadily. The settlements for the three locations in March 2017 are indicated in Figure 7B. The settlements corresponding to the air-return roadway, belt roadway, the second segment of the air-inlet roadway, and the isolated area cut by the west-wing tunnel correspond to displacements of 295, 146.5, and 102.1 mm, respectively. The maximum settlement for monitoring point 1 was 200 mm on March 25 with a rate of 200 m/d, which was approximately 178 times the previous rate (Figure 7A). In conclusion, as the overlying strata over the goafs and working face move, disturbances in the overlying strata of the tunnel-cut area are induced, resulting in the ground surface settlement.
[image: Figure 6]FIGURE 6 | Ground displacement monitoring points.
[image: Figure 7]FIGURE 7 | Surface settlement curve.
Monitoring the ground surface settlement revealed that the constant movement of the strata on the goaf and the working face causes movement of the strata on the tunnel-cut isolated coal seam, resulting in massive loading of the roof with subsequent heaving, cracking, and deformation of the supporting beams in the tunnels.
Stress Monitoring and Analysis
Stress gauges were installed in the air-return roadway, belt roadway, the second section of the air-inlet roadway, and the railway (for transport) in the west wing. The gauges were numbered 1#, 2#, 3#, and 4#. The stress values in March 2016 and 2017 are shown in Figure 8, indicating that the average stress values for the air-return roadway, belt roadway, the second section of the air-inlet roadway, and the railway in the west wing in March 2016 were 4.33, 4.50, 4.46, and 4.47 MPa, respectively, with all values increased significantly in March 2017 (Figure 8). For example, the stress value for gauge 1 (Figure 8A) reached 9.39 MPa, more than double of the previous year. The lateral abutment pressure from the goaf, the tunnel-cut action, the constant settlement of the overlying strata over the goaf, and the mining working face ultimately affected the roadways, resulting in deformation and failure of the roadways and support systems.
[image: Figure 8]FIGURE 8 | Stress curve diagrams for each main roadway. (A) 1 # measuring point stress, (B) 2 # measuring point stress, (C) 3 # measuring point stress, and (D) 4 # measuring point stress
FAILURE MECHANISM IN THE ISOLATED AREA WITH COMBINED MULTIPLE STRESS FIELDS
Mechanical Mode for the Lateral Abutment Pressure
As the working face are mined, goafs are formed on both sides of the tunnel-cut coal pillar. An isolated coal pillar is shown in Figure 9A, while the stress transfer in the isolated coal pillar is shown in Figure 9B. Stress transfer occurred as goafs are formed on both sides and the overlying strata move with the geostatic stress of the isolated coal pillar. The peak of the stress curve moved toward the isolated coal pillar from the goaf and stress was transferred to the isolated coal pillar below, changing the stress distribution in the isolated coal pillar.
[image: Figure 9]FIGURE 9 | Distribution characteristics of superimposed stress field after the formation of the goaf on both sides of the coal pillar island area. (A) Plan view on both sides of coal pillar, and (B) Stress structure diagram
The isolated coal pillars in the goafs were imposed by the transfer of stress from the excavated zone, the suspended strata, and the geostatic stress of the topsoil (σi, σm, σZ) (Figure 11). For simplicity, a model of complete settlement in the goafs was assumed to operate. The stresses applied on the coal pillar consisted of three parts, such as the gravity of the excavated zone (σi), half pressure from the suspended rock zone (σm), and gravity due to the overlying topsoil (σZ). The combined stresses from multiple fields in the goafs were applied to the coal pillar, resulting in a cumulative stress equation, which is written as the following:
[image: image]
The geostatic stress of the overlying topsoil is:
[image: image]
and stress from the suspended rock zone is
[image: image]
where [image: image] and [image: image] can be expressed as the following:
[image: image]
[image: image]
Stress from the excavated zone may be written as the following:
[image: image]
where [image: image] can be expressed as the following:
[image: image]
[image: image]
In Eqs 1–8 and Figure 10 H is the depth of mining, and h1, h2, h3, n1, n2, and n3 are the strata heights in the three zones; [image: image] are the excavation angles; x1 and x2 are the goaf-affected distances in the lateral side; [image: image] are the peak values of transfer stresses from the excavated zone and the suspended zone, respectively. L1 and L2 are the widths of the goafs, D1, D2, and D3 are the widths of the coal pillars in the different areas of the goaf on both sides. Ki1 and Ki2 are the stress transfer coefficients in the excavated zone.
[image: Figure 10]FIGURE 10 | Theoretical analysis model of the coal stress structure field in the area of the goaf islands on both sides of the excavated zone.
The equations above only considered the transfer stress from the three zones in the goafs and the geostatic stress of the overlying strata. The isolated coal pillar was also affected by mining-induced stresses in the roadway, at the working face, and the geological structure, which would have increased the degree of stress concentration in the area. The sum of the lateral abutment pressure is given by the following:
[image: image]
where [image: image] is the coefficient of stress concentration caused by multiple factors, the value usually varies between 1 and 1.5. By analyzing the above equations, and combining them with the values of x1 and x2, the solution for distributing stress for the abutment pressure on the coal pillar D2 can be obtained.
Action by Goafs on Both Sides of the Excavated Zone
The parameters for the goafs and the working face 302 include the following: L1 = 200 m, L2 = 180 m, D1 = 130 m, D2 = 30 m, D3 = 80 m, [image: image] = [image: image] = 71°, and H = 590.5 m. The height of the working face was 3.8 m, and the unit weight of the rock is [image: image] 25 KN/m2. Given that the working face 302 has been mined to a depth of 150 m, which was greater than the size of squaring, leads to complete settlement in the goafs. Therefore, we can substitute h1 = n1 = 38 m, h2 = n2 = 200 m, and h3 = n3 = 352.5 m into Eqs 1–9.
Transfer of the geostatic stress from the overlying topsoil can be expressed as a step function as follows:
[image: image]
Transfer of the stress from the suspended rock zone:
[image: image]
Transfer of stress from the excavated zone:
[image: image]
In summary, the combined multiple stress fields acting on the coal pillar from the goafs on both sides can be expressed as:
[image: image]
where [image: image] is set as 1.4 by considering the coal residing in the tunnels, the working face, and the geological structure. According to the above equations, the graph of the lateral abutment pressure in the goafs corresponds to that shown in Figures 11, 12.
[image: Figure 11]FIGURE 11 | Stress distribution diagram of lateral support. (A) Stress distribution of lateral support in 204 205 206 goaf, and (B) Stress distribution of lateral support in 302 goaf
[image: Figure 12]FIGURE 12 | Effect of the supporting stress in the goaf on both sides.
Because the action and mechanical mechanism of the goaf on both sides of the roadway on the coal pillar cutting area are the same, Figures 11, 12 show that the two lateral influence pressure diagrams are similar, and the maximum range of lateral supporting stress on both sides of the goaf is 95.2 m. The stress peak area is located at 47.6 m from the coal wall of the goaf. Figure 11A shows that the peak value of lateral supporting stress applied to coal pillar in goaf 204, 205, 206 is 45.32 MPa. As shown in Figure 11B, the peak value of lateral supporting stress in goaf 302 is 43.2 MPa. The lateral side of goafs 204, 205, and 206 was 150 m to the coal pillar (Figure 12), which was cut by the belt roadway and the air-return roadway, and the distance was more than the maximum lateral affecting range (95.2 m), where the wall of goaf 302 was 80 m to the coal pillar cut by the air-inlet and belt roadways. Therefore, the coal pillar (D2) was affected only by the transfer stress from goaf 302. The isolated coal pillar between 80 and 95.2 m, the air-return roadway, and the connecting tunnel experience a high concentration of stress (Figures 11B, 12).
The index used to assess the likelihood of a rockburst is given by the following:
[image: image]
where [image: image] is the total stress applied to the coal seam, and [image: image] is the uniaxial compressive strength of the coal. Based on Table 1, Figures 11B, 12, and Eq. 14, the coal beyond 24–92 m was subject to the stress of 1.5 times the uniaxial compressive strength imposed by the goaf and there was no risk of a rockburst, but if the coal body was within this range (24–92 m), the index would be greater than 1.5. Particularly, all rockburst indices for the coal pillar, the air-return roadway, and the connecting tunnel were greater than 1.5, which can significantly induce a rockburst. The tunnels-cut isolated coal pillar, the tunnels, and the connecting tunnels were subject to a state of high-stress concentration. Significantly, the distance between the isolated coal pillar and the goaf was inadequate because of the high probability of rockburst in the tunnels and connecting tunnel, so rockburst incidents were likely.
TABLE 1 | Risk level.
[image: Table 1]Analysis of the Stability of Tunnel-Cut Coal
To study the stability of an isolated coal seam cut by tunnels, a model with a size of 100*1*100 m was established based on the actual geological conditions. The following are the boundary conditions; the bottom and the four sides were fixed, and the top was free. Geostatic stress was applied to the top of the model. The model included 120,800 nodes, 5,800 elements, and the space between the tunnels was set as 30 m. The parameters for the properties of the coal-rock body are listed in Table 2.
TABLE 2 | Material properties.
[image: Table 2]Figure 13 shows a 20-m gap between the tunnels, and the coal cut by the tunnels is subject to a concentration of stress, with a peak value of up to 23.15 MPa. According to the rockburst index, a rock burst would occur when the stress applied to the coal was greater than 1.5 times the uniaxial compressive strength ([image: image] 22.5 MPa).
[image: Figure 13]FIGURE 13 | Cloud diagram for the vertical stress distribution (Pa).
Figure 14 shows that the distance between the tunnels is 30 m. The isolated coal pillar, the roof, the walls, and the floor are displaced during the mining process; the maximum displacement of the roof was 19 mm; the walls on both sides had maximum displacements of 17 mm; the displacement of the floor was 9 mm; The displacement of the middle coal pillar is approximately 1–7 mm, the position movement and deformation of the coal and rock mass around the cutting coal pillar, and the roadway are broken, and the integrity of the coal pillar and coal-rock mass is poor, and the stability of the coal pillar is reduced.
[image: Figure 14]FIGURE 14 | Displacement nephogram (m).
Figure 15 shows that when the roadway spacing is 30 m. Shear and tensile failure occurred around the roadway during the mining process, a large plastic failure area appears in the cutting coal pillar and roadway surrounding rock, the stress-bearing limit is reduced, and the elastic zone is reduced to the central area of the coal pillar.
[image: Figure 15]FIGURE 15 | Cloud diagram of the plastic zone.
In summary, tunnel cutting while mining reduced the stability of the coal pillar and redistributed stress on the isolated coal pillar; simultaneously, the stress began to be transferred to the middle of the coal pillar, resulting in stress concentration on both sides of the tunnel-cut isolated coal seam. The rockburst index was greater than 1.5, indicating that the coal pillar was prone to fracture. Meanwhile, the plastic area in the coal pillar increased while the elastic area decreased, reducing the elastic strain energy. An intense concentration of stress developed on both sides of the goaf and the working face, causing the combined dynamic-static stress to cause a rockburst.
DISCUSSION
Mechanical analysis and numerical modeling studies have been conducted to clarify the mechanism of tunnel-cut induced rock bursts and to identify measures that can avoid or at least minimize the incidence of rock bursts in coal mining. The following key measures must be implemented: arranging a reasonable gap between the isolated coal pillar and the goafs on both sides; arranging for a reasonable distance between tunnels; increasing the compressive strength of isolated coal pillars; increasing the strength of tunnels; strengthening the monitoring and warning systems in the mines.
1) Arranging a reasonable distance between the tunnel-cut isolated coal pillar and the goaf
According to Eq. 14 and Figures 11, 12, the stress applied to an isolated coal pillar cut by a tunnel increased and then decreased with distance to the goaf; the distance of goaf 302 to the isolated coal pillar was 80 m, which was within the range of stress concentration. To avoid a rockburst, we must set a reasonable distance between the goaf and the isolated coal pillar, increase the size of the coal pillar and avoid a high-stress concentration situation caused by lateral goaf.
2) Arrange the gap between tunnels to be at a reasonable distance
The gap between tunnels is an important factor in determining the stress applied to the coal seam in an isolated area. The geostatic stress and lateral abutment pressure from both sides of the tunnel can affect the coal pillar. Thus, increasing the gap between tunnels can prevent the transfer of peak stress due to tunnel mining, reducing the degree of stress build-up and avoiding a rockburst.
3) Increase the compressive strength of the isolated area
According to Eq. 14, the probability for a rockburst is closely related to the uniaxial compressive strength of the coal. For a certain amount of stress applied to the coal, the smaller the uniaxial compressive strength, the higher is the probability for a rock burst, and vice versa. The grouting method can be used in a rock layer to increase the compressive strength or the tunnel can be set in a rock layer to increase strength, ensuring the tunnel and isolated area’s long-term stability.
4) Increase the supporting strength of the tunnel and roof
An inspection of the scene of the rockburst in the current study reveals that the bolt mesh framework had failed and the roof support was bent, demonstrating that the existing support measures did not satisfy the requirements to prevent a rockburst. The bolt mesh framework and the roof support system must be strengthened.
5) Strengthening of monitoring and warning systems
An examination of microseismic and stress monitoring data associated with the rockburst reveals the occurrence of abnormal data. Thus, strengthening monitoring and warning systems, as well as implementing warning measures at both the local and global levels, are essential. When energy or stress levels increase abruptly, timely measures must be implemented to quickly release the pressure build-up to avoid rock bursts.
CONCLUSION
A mechanical model was established to investigate a tunnel-cut isolated coal seam, which was subject to lateral abutment pressure from goafs on both sides of the excavated zone. The model can be used to calculate the range affected by the goafs’ stress. The lateral abutment pressure from goaf 302 caused stress concentration at a distance of 80–92 m. Because the goaf on the opposite side of the zone is far from the coal pillar, it cannot affect the isolated coal pillar.
Using numerical modeling, it was found that with tunnel cutting, the stability of the coal pillar decreased, and the isolated coal pillar was subject to a concentration of stress, causing the plastic area to decrease and the elastic area to increase. The lateral abutment pressure and geological conditions of the tunnel, as well as the working face, are the main factors that control the probability of a rockburst.
The following measures can be implemented to prevent a rockburst: 1) arrange a reasonable gap between the tunnel-cut isolated coal seam and the goafs; 2) arrange a reasonable gap between tunnels; 3) increase the compressive strength of isolated coal pillars; 4) strengthen mine support infrastructure; 5) strengthen the monitoring and warning systems installed in the mine.
The findings of this study can be used to assess the risk of rockburst for tunnel-cut isolated coal seams subjected to combine multiple stress fields.
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The frost heave force (FHF) is one of the most important reason of inducing freezing damages of tunnel in seasonal frozen regions. Analyzing the change law of FHF is helpful to design for avoiding freezing damages in the tunnel lining. Field measurement is an approved method used in mechanical analysis of tunnel lining, however, it is difficult to measure the FHF directly, which is changed coupled with the original surrounding rock pressure (OSRP). In this paper, in order to clarifying the change law of the FHF, a new measuring method was presented. The best advantage of this method is that the FHF could be separated from the OSRP by measuring the surrounding rock temperature and the lining pressure at the same time. A lot of field measurement work about the FHF was conducted based on Jichoushan tunnel and the change law of the FHF was analyzed using the presented method. The results can provide preference for the antifreeze design of tunnel in seasonal cold regions.
Keywords: cold region tunnels, surrounding rock temparature, frost heave force, field measurement, variation law
INTRODUCTION
China consists of about 54% seasonal frozen surface, where a large number of tunnels have been constructed for the increasing requirement of transportation (Feng et al., 2016; Lai et al., 2018; Feng et al., 2019; Fan et al., 2019; Fan et al., 2020). These tunnels in cold region are often affected by the seasonal frost heave force (FHF) (Zhang et al., 2004; Lai at al., 2005; Bronfenbrener, 2009; Gao at al., 2012; Lai et al., 2016; Feng at al., 2017; Hu at al., 2018; Wang et al., 2018; Xia et al., 2018; Xia et al., 2018b; Lyu et al., 2020; Zhao et al., 2020; Wang et al., 2021a; Wang et al., 2021b), causing lining cracks, drainage system failure, etc. A few tunnels even are abandoned due to the freezing damages (Feng at al., 2017). These damages induced by FHF seriously threaten the tunnel operation safety. It is of great significance to investigate the change law of the FHF on the tunnel lining for avoiding the freezing damages of tunnel in seasonal cold regions (Tan et al., 2011; Jiang et al., 2016; Li et al., 2017; Zeng et al., 2017; Liu et al., 2018; Xia et al., 2018; Huang et al., 2020).
As is known to us all, the FHF is one of the most important reason of causing freezing damages in the tunnel lining (Lai et al., 2016), so it’s helpful for us to investigate the change law of FHF. Field measurement method is an approved approach to study the mechanical properties of tunnel lining, however, it is difficult to measure the FHF directly due to the effect of the OSRP. In fact, the OSRP and the FHF are coupled acting on the lining support, we can’t easily distinguish them. Even though, many researches about field measurement have been done to understand the change law of the tunnel temperature (Kozlowski, 2009; Tan et al., 2014; Zhou et al., 2016; Jun et al., 2017; Li et al., 2017; Xing et al., 2017; Zeng et al., 2017; Zhang G et al., 2017; Zhao et al., 2019; Wu et al., 2020). Jun et al. (2017) measured the temperature of the air inside the tunnel, the road pavement, and the lining surfaces of a total of 104 surveyed tunnels, then he analyzed the statistical law of data. Xing et al. (2017) presented a new innovation system for temperature measurement, and monitored the temperature in the process of construction and operation of tunnel lining and insulation layer. Zhao et al. (2019) gave a distributed temperature monitoring system for tunnels in cold regions and completed a long-term, real-time and multi-channel automatic temperature test in different positions in the tunnel. As can be seen that there are few research on FHF using field measurement method. Currently, the research about the FHF is almost belong to theoretical and experimental work (Tan et al., 2011; Liu et al., 2018; Xia et al., 2018; Huang et al., 2020). Some models considering the influence of phase-change, latent heat, and other factors have been studied. Li et al. (2017) built a coupled heat-water model for the tunnel in cold regions on the basis of energy and mass conservation principles, and gave a scientific balance between the safety and the economy. Meanwhile, in order to study the distribution of FHF, some investigations using lab tests were also conducted. Zeng et al. (2017) performed a similarity simulation model test with 1:30 geometric scale based on practical horseshoe railway tunnel section to investigate the couple effect of convection-conduction. Zhang M et al. (2017) proposed a two-phase closed thermosphon group (TPCT), which is applied to adjust and control the ground temperature for a shallow tunnel section.
As seen from above, although a lot of researches about the FHF have been done (Tan et al., 2011; Li et al., 2017; Zeng et al., 2017; Zhang G et al., 2017; Liu et al., 2018; Xia et al., 2018; Huang et al., 2020; Kang et al., 2021), few researches about the FHF has been conducted by field measurement method. Up to now, the field measured data about the FHF is very scarce, since we can’t easily distinguish the FHF from the OSRP. In this paper, a new method of measuring the FHF was proposed. The measuring system includes the temperature sensors, soil pressure box and the data acquisition section. The surrounding rock temperature and the lining pressure were tested synchronously. The FHF was defined as the D-value of the average value of the month in negative temperature and the average value of the month in positive temperature. In the last, the change law of the FHF was analyzed with seasonal time, and the frost heave mechanism was discussed. The results could provide reference for the antifreeze design of tunnels in seasonal cold regions.
PROJECT OVERVIEW
Background
The Jichoushan tunnel is an important part of Waze-Jiulong highway in Szechwan province, which is the only connection to Jiulong County from Chengdu. The site of the Jichoushan tunnel is located in the Qinghai-Tibet plateau. The mean annual precipitation is about 906 mm, the maximum per day precipitation is 56.9 mm. The surrounding rock of tunnel is gravel soil on the surface, strong weathered slate in the middle and weak weathered slate in the inner. The tunnel location and geological profile is shown in Figure 1. According to statistics of the meteorological data, the freeze period of the tunnel area is about 6 months in a year. The extremely low temperature in winter could reach −20°C, and the extremely high temperature in summer could reach 35°C. Tunnel temperature has an obviously characteristic of seasonal variation, which make contributions to seasonal change of the FHF.
[image: Figure 1]FIGURE 1 | Jichoushan tunnel profile.
Field Measurement Principle
The FHF refers to the force exerted on the support system due to frost heave after the frozen-thaw zone of confined surrounding rock is frozen (Bronfenbrener,2009; Zhang et al., 2004; Lai at al., 2005; Gao at al., 2012; Feng at al., 2017; Li et al., 2017; Zeng et al., 2017; Hu at al., 2018; Liu et al., 2018; Wang et al., 2018; Xia et al., 2018a; Huang et al., 2020; Lyu et al., 2020). Based on the NATM design concept (Zhang et al., 2018), the surrounding rock has self-supporting capacity and will bear part of the FHF, but when frost heave occurs, a large part of the FHF will act on the lining support. Therefore, measuring the change of the stress of the lining support can reflect the change of FHF. However, when the surrounding rock frozen, the FHF and OSRP coupled act on the lining support, we can’t easily distinguish the FHF from the OSRP, so we can’t obtain the FHF directly by the field testing method. In order to reflect the change law of the FHF, a method of measuring FHF was proposed in this paper. This method is measuring the surrounding rock temperature and the lining pressure at the same time via the monitoring system, which includes the temperature sensors, soil pressure box and the data acquisition section. The FHF could be calculated indirectly from the lining pressure. The principle is as follows: firstly, the variation law of surrounding rock temperature was recorded, meanwhile, the lining pressure was measured synchronously by means of the testing system; secondly, the OSRP was obtained by the lining pressure of unfrozen period, the OSRP + FHF was obtained by the lining pressure of frozen period, the D-value between the lining pressure before and after the surrounding rock frozen is the FHF. We could analyzed the change law of the FHF by the D-value. In addition, in order to make the data more representative, the mean values of lining pressure corresponding to the highest temperature from July to September are taken as the OSRP, and the mean values of lining pressure corresponding to the lowest temperature from December to February are taken as the sum of OSRP and the FHF. The D-value between the two mean values is defined as the generalized FHF. We can obtain the frost heave characteristic of the tunnel by analyze the FHF and the generalized FHF from the recorded lining pressure data.
Field Measurement Programme
As can be seen from the previous section, the FHF is closely related to the surrounding rock temperature of the tunnel. In order to measure the change law of the FHF, we should measure the surrounding rock temperature and the lining pressure at the same time. In this paper, two typical sections K117 + 700 (hereinafter referred to as section 700) and section K117 + 600 (hereinafter referred to as section 600) were set in the exit zone of Jichoushan tunnel (shown in Figure 2). The measuring system includes the temperature sensors, the soil pressure box and the data acquisition section. The surrounding rock temperature and the lining pressure of the two sections were measured by this system respectively. The surrounding rock temperature was measured using temperature sensors. In each section, two hole of 4 m depth was set at side wall and invert part respectively. Every hole includes five measuring points (CW1∼CW5 at side wall, DW1∼DW5 at invert), where installed the temperature sensors. The interval of each point is 1 m. The lining pressure was measured using the soil pressure box. There are eight points around the lining for measuring lining pressure in each section. The data was recorded four times a day at eight, twelve, sixteen and twenty respectively. In the last, the synchronous change law of the surrounding rock and the lining pressure was obtained, then we can analyse the change law of the FHF by the method proposed above.
[image: Figure 2]FIGURE 2 | The measured section layout and sensors installation.
The correct installation of sensors is the premise of obtaining accurate data. According to the site installation, we recorded some difficulties of field work. All the sensors should be installed keep up with the progress of tunnel construction (shown in Figure 2). Firstly, to put the temperature sensors on the correct location in the hole, a steel bar of 4 m long was used to fix the temperature sensors, then the steel bar was put into the hole, in which the temperature sensors were protected from damage during installation by geotextile wrapping. After the steel bar with sensor was installed in place, the hole was sealed densely with cement. Secondly, the soil box was fixed on the steel mesh using iron wire binding method, then it was covered with shotcrete. When all the sensors of each section were installed perfectly, the lines should be arranged to the data acquisition system. In the last, each sensor should be debugged before formal data acquisition to ensure its normal operation.
FIELD MEASUREMENT RESULTS
Surrounding Rock Temperature
According to the method proposed above, the surrounding rock temperature of section 700 and section 600 was measured firstly. The results of the two sections were shown in Figure 3A–D. It can be seen that the variation law of surrounding rock temperature in radial 2 m is basically the same as that of tunnel environment temperature. The frozen period is January, February, March, November, December of a year. With the increase of radial depth of surrounding rock, the temperature variation amplitude decreases gradually. When the depth over 3m, the surrounding rock temperature basically unchanged, we can infer that the maximum freezing depth of surrounding rock is between 2 and 3 m. Because of the limitation of temperature sensors layout, the true value of freezing depth could not be measured exactly. The temperature variation of CW1 closing to lining surface is most obvious recently affected by tunnel environmental temperature. In section 700 line CW, the lowest temperature in January is close to - 10°C, the highest temperature in August is close to 10°C and higher than the original temperature of surrounding rock, which indicates that the closer to the lining surface, the more obvious the freeze-thaw effect is. The surrounding rock temperature is negative from Nov. to Apr. of the next year, which will lead to a significant frost heave phenomenon in tunnel lining.
[image: Figure 3]FIGURE 3 | Radial temperature change rule of surrounding rock. (A) Section 700-line CW (B) Section 700-line DW (C) Section 600-line CW (D) Section 600-line DW.
From Figures 3A,B, the CW1 in section 700 line CW is −9.6°C in January, 9.9°C in August, the DW1 in section 700 line DW is −8.8°C in January, 10.2°C in August. It can be seen that the invert temperature is higher than the side wall, we could infer that the frost heave phenomenon should be more serious in the side wall in the same section. From Figures 3A,C, the CW1 in section 700 line CW is −9.6°C in January, 9.9°C in August, the CW1 in section 600 line CW is −9.4°C in January, 8.8°C in August. It can be seen that the temperature change range in section 700 was bigger than that in section 600. We could infer that section 700 would suffer more severe frost heaving damage, which is closer to the tunnel portal. In the next part, we will measure the lining pressure and analyse the change law of the FHF, combing the change of the surrounding rock temperature.
The Lining Pressure
Though, we can’t measure the FHF directly, we can measure the lining pressure by the soil box. We can indirectly analyze the change law of the FHF through the change of lining pressure, combing the change of the surrounding rock temperature. According to the measuring plan above, section 700 and section 600 are taken as the typical measuring sections. The change law of the lining pressure in section 700 and section 600 were shown in Figures 4A,B. We can see that the lining pressure changed with seasonal time, the maximum appears in January. Because of the surrounding rock temperature is lower than 0°C in January, February, March, November and December, the lining pressure also change bigger subjected to the freezing phenomenon of surrounding rock. The lining pressure recorded by the data acquisition system contains the OSRP and the FHF. According to the principle of calculation of the FHF, if we want to get the FHF, the OSRP must be excluded. As we know, if the surrounding rock not frozen, the lining support will be acted by the surrounding rock pressure only. So, the OSRP could be get from the data acquisition in July, August and September, when the surrounding rock not frozen.
[image: Figure 4]FIGURE 4 | The lining pressure. (A) Section 700 (B) Section 600.
Analysis and Discussion
The FHF Response to Temperature
To investigate the relationship between the FHF and the surrounding rock temperature, the temperature of CW1 and DW1, the lining pressure of P5 and P7 of section 700 and section 600 were shown in Figure 5A,B. The CW1 and DW1 could represent the temperature change in the side wall and the invert, the P5 and P7 could reflect the FHF change. From Figure 5A, the lowest temperature appeared in January, in which the FHF reached the maximum. Then, with the time go on, the temperature gradually increased and the FHF decreased. The highest temperature appeared in August, in which the FHF changed to the minimum. Further, with time goes on, the temperature become lower and the FHF become bigger. In the whole, the FHF and temperature have opposite periodic variation in 1 year. From Figure 5B, we can see that section 600 has the similar changing rules. The difference is that the peak values of temperature and FHF are smaller than section 700.
[image: Figure 5]FIGURE 5 | The FHF change with temperature. (A) Section 700 (B) Section 600.
The FHF in the Lining
According to the definition, the FHF refer to the force acting on lining structure after the surrounding rock frozen. The lining pressure we got contains the OSRP and FHF. In order to more intuitive display the change of FHF before and after freezing of surrounding rock, we deem that the average value of July, August and September is the OSRP before frozen, and the average value of January, February, December is the sum of OSRP and FHF after frozen. The lining pressure of section 700 and section 600 in each point around the lining before and after frozen were shown in Figures 6A,B. We can see that the lining pressure is small before the surrounding rock frozen, it had a obvious increase in each point after the surrounding rock frozen. The increase in each point is different, the P5 is the minimum in section 700 and section 600. As the surrounding rock temperature, the invert temperature change is small, so the FHF in P5 is small too. But what’s interesting is that the P7 of section 700 and section 600 is small, which remind us that the surrounding rock is not the only factor affecting the FHF, also the water condition, the surrounding rock degree are the influence factors. What’ more, the average of FHF in section 700 is 18.78 kPa, and section 600 is 18.28 kPa, which is in good agreement with the surrounding rock temperature change. This part presented the lessons that we should take more attention to the tunnel portal in the insulation design, and all the factors of temperature, water and surrounding rock degree should be considered.
[image: Figure 6]FIGURE 6 | Lining pressure comparison of frozen and unfrozen surrounding rock. (A) Section 700 (B) Section 600.
The FHF Change With Time
To analyse the periodic characteristics of the FHF, the average value of July, August and September was taken as the OSRP, the D-value of the lining pressure and the OSRP in each point is the FHF. The change law of the FHF in P1 to P8 around the lining were shown in Figures 7A,B. As can be seen that the FHF has a period characteristics with time in the sine function type, it become bigger with the temperature lower and reached the maximum in the January. It should be noted that the FHF in May, June, July and August is negative value, which represent no FHF in this period time. We can use a simple sine function to describe the change law of the FHF. In addition, the FHF in P4 and P6 was more obvious than in P1, which could be inferred that more protection is needed at the arch foot on both sides of the tunnel.
[image: Figure 7]FIGURE 7 | The change law of the FHF. (A) Section 700 (B) Section 600.
Discussion About Frost Heave Progress
From the measurement results above, we can see that the FHF was closely related to the change of surrounding rock temperature. The frost progress in a year was discussed (shown in Figure 8). In January, the surrounding rock temperature is the lowest, the frozen depth in the surrounding rock is biggest at this point, which mean that the frost layer is totally frozen and the FHF reaches the maximum. In March, the surrounding rock temperature became higher, the frozen depth in surrounding rock became smaller, which mean that the frost layer is partial frozen and the FHF became smaller. In July, the surrounding rock temperature is highest, there is no frost in the surrounding rock, also no FHF exist. We can infer that the FHF changes periodically as a sine function with the time. The FHF would became obvious subjected to the lower temperature in winter, which prompt that some anti-freezing measures must be taken at this point. The change of FHF present the lessons for us to frost resistance design of tunnel in cold regions.
[image: Figure 8]FIGURE 8 | Periodic variation characteristics of the FHF.
CONCLUSION
In this paper, a simple and effective measurement method of the FHF was proposed, some field work was conducted based on Jichoushan tunnel, and the change law of the FHF was analyzed, the main conclusions are as follows:
1) A method of measuring the FHF was proposed, the measuring system includes the temperature sensors, soil pressure box and the data acquisition section. The calculation method of FHF was presented.
2) The surrounding rock temperature and the lining pressure were measured synchronously. The frost layer is limited to 3 m, the closer to the lining surface, the more obvious the temperature change. The lining pressure, contains the OSRP and the FHF, changed with seasonal time, the maximum appears in January
3) The average of FHF in section 700 is 18.78 kPa, and section 600 is 18.28 kPa, which is in good agreement with the surrounding rock temperature change. The FHF of each point has a period characteristics with time in the sine function type. More attention should be taken to the tunnel portal in the insulation design, and all the factors of temperature, water and surrounding rock degree should be considered.
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Taking a deep excavation in Suzhou soft soils adopting three support schemes as the background, the excavation performance metrics, including the heave and lateral deformation of diaphragm walls, surface vertical deformation, vertical deformation of surrounding buildings, and earth pressure, are thoroughly investigated based on 15 excavation cases collected in the soft soil area of Suzhou. Based on the analysis of monitoring data, some findings were achieved: the foundation pit deformation is greatly affected by the spatial effect. The existing station can constrain the foundation pit deformation. Benefiting from the combination of various support solutions, the average maximum deflection of the diaphragm wall is 0.10% He. The maximum lateral movement depth of the diaphragm wall (δhm) is mainly located at (He-7, He+12.5). The vertical deformation of the wall top is greatly affected by the excavation exposure time and soil conditions. The heave range of the wall top is (−0.08∼0.26%) He. Under the action of the displacement of the diaphragm wall to outside the pit and the upward displacement of the wall top, the ground surface is uplifted, and the maximum uplift is (0.02∼0.14%) He, ranging from 0.12δhm to 1.13δhm. The maximum surface settlement is (−0.01% ∼ −0.15%) He, ranging from −0.22δhm to −3.11δhm. The form of building heave is mainly affected by the surface heave and the distance from the diaphragm wall (d). When d is within a certain range, there is a heave settlement difference between the adjacent side and the opposite side of the excavation, and the adjacent side undergoes mostly subsidence, while the opposite side undergoes mostly uplift. The peak value of the apparent earth pressure (AEP) envelope is 0.59γHe, which falls within (0.47∼0.78) He. The calculation scheme proposed by Kim can be used to predict the AEP for multiple soil types.
Keywords: multiple support scheme, existing subway, spatial effect, deformed characteristic, excavation engineering
INTRODUCTION
With the rapid development of urbanization, the utilization rate of urban space is increasing, and foundation pit engineering often occurs close to high-rise buildings, subway tunnels, municipal pipe networks, etc. (Liu et al., 2012). However, foundation pit excavation inevitably disturbs the surrounding environment. Therefore, a reasonable and effective supporting scheme is an important prerequisite to ensure the safe and smooth implementation of foundation pit engineering in complex environments (Cai et al., 2018). The selection of the foundation pit support scheme should consider the support safety level, site conditions, excavation depth, surrounding building foundation type, etc. A single type of supporting form has difficulty meeting the requirements of current foundation pit engineering. Foundation pit supporting schemes tend to be diversified and combined gradually (Zhou et al., 2020). In the meantime, foundation pit engineering is regional, and the environmental effects caused by foundation pit excavation in different regions are quite different. Combined with the unique characteristics of the soft soil layer in Suzhou and eastern coastal areas (soft soil generally has three high and three low characteristics: high moisture content, high sensitivity, and high compressibility; low permeability, low strength, and low density) (Ma et al., 2020), the special engineering mechanical properties also necessitate higher requirements to the design and construction of foundation pit support, dewatering, and excavation in soft soil areas (Zhang et al., 2012).
In recent years, many scholars have studied the disturbance law of foundation pit excavation in soft soil areas by analyzing measured data. Liu et al. (2019a) studied the deformation characteristics of surrounding buildings caused by foundation pit excavation and found that the building deformation was related to the type of foundation and that the deformation of shallow foundation buildings was significantly larger than that of pile foundations. Ding et al. (2018) discussed the influence of partition excavation on the deformation and stress behavior of subway foundation pits and found that the different distributions of buildings on both sides of narrow and long foundation pits led to notable differences in the deformation of the walls on both sides. Zeng et al. (2018) found that the active earth pressure in the middle of the sandwich soil was much smaller than that on both sides when the adjacent foundation pits were excavated at the same time, which made the deformation of the middle wall smaller; the foundation pit deformation was caused by soil extrusion. Wang et al. (2021a) discussed the influence of foundation pit excavation on adjacent railway subgrade through finite element software and measured results of the foundation pit. Chen et al. (2018) reported a case of a foundation pit adjacent to a subway tunnel excavated by a bottom-up partition. Incorporating 15 relevant cases, a general relationship between wall deflection and excavation area was given. Based on 10 collected foundation pits with continuous pile-row walls, Ying et al. (2020) pointed out that the empirical formula for predicting the maximum deflection of pile-row walls should consider the influence of excavation width.
This article relies on a deep foundation pit project in the Suzhou area using three supporting schemes. The redistribution and transmission of material, energy, and information in the stratum caused by spatial reasons, such as the difference in soft soil layer structure and the transformation of spatial pattern, reflect the influence of the spatial effect (Fan et al., 2019; Fu et al., 2021; Kang et al., 2021). In this paper, the development of and variation in massive measured data, such as the uplift and lateral deformation of the diaphragm wall, the uplift and subsidence of the surface, the uplift and subsidence of the surrounding buildings, and the earth pressure, are continuously tracked. Combined with the construction log, the depth effect and spatial effect of the retaining structure of the foundation pit are analyzed, and the temporal and spatial deformation characteristics of the deep foundation pit and the surrounding environment under various supporting schemes in soft soil areas are discussed. In view of this type of deep foundation pit engineering, no matter existing literature or engineering practice in soft soil area, there are few reports, and it is necessary to deeply explore the deformation characteristics of foundation pit excavation in the Suzhou soft soil area. This paper can also provide some references for the design, construction, and research of similar projects.
PROJECT INTRODUCTION
Project Profile
A station project in Suzhou Industrial Park shares a 33.5 m underground continuous wall of subway line S3. The total length of the foundation pit is approximately 156 m, the excavation width is approximately 24.5–42.5 m, the excavation depth is approximately 17.2–18.7 m, and the underground building area is approximately 5,202.3 m2. The foundation pit is excavated along Feng ting Avenue, with a knife-shaped plane. Residential buildings lie on both the north and south sides, and the nearest distance is approximately 13 m from the outer line of the foundation pit. To avoid affecting traffic, a temporary pavement system is built at the junction of line S3, and semi-cover excavation is carried out. The foundation pit plane is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Layout and zoning of foundation pit plane monitoring points.
Geological Condition
The proposed site is located in the Tai Hu Basin in the lower reaches of the Yangtze River, with a low terrain. The foundation soil from the surface to a depth of approximately 70.0 m consists of loose sediments deposited from the Quaternary Holocene to the early Pleistocene, mainly clay soil and interbedded sandy soil. The physical and mechanical parameters of the soil layer are shown in Table 1. The groundwater in the site is divided into three categories according to the different occurrence conditions: groundwater in the shallow filling layer, where the stable water level is 0.51∼0.90 m; a stable water level of micro confined water at 0.50∼0.60 m in the ③3 silt layer and ④2 silt sand layer; and a ⑦2 silt sand layer of confined water with a stable water level of −2.50 ∼ −2.80 m and an annual variation of approximately 1 m.
TABLE 1 | Physical and mechanical parameters of the soil layer.
[image: Table 1]FIELD MONITORING AND CONSTRUCTION CONDITIONS
Our goal is to ensure the smooth progress of foundation pit excavation and the safety of surrounding structures, obtain the stress and deformation information of supporting structures and surrounding structures in a timely manner during excavation, and dynamically monitor the following aspects of the project: (1) surface settlement behind the wall (D1-1 ∼ D1-6 to D18-1 ∼ D18-6); (2) support axial force (ZL1-1 ∼ ZL1-5 to ZL10-1 ∼ ZL10-4); (3) lateral displacement of the diaphragm wall (CX1 ∼ CX18); (4) confined water level (CY1); (5) column heave (L1 ∼ L10); (6) uplift and subsidence of surrounding buildings (JZ1-1 ∼ JZ1-6 to JZ6-1 ∼ JZ6-9); (7) vertical/horizontal displacement of diaphragm wall top (Q1 ∼ Q18); and (8) micro confined water level (S1 ∼ S8). To this end, the specific layout scheme is shown in Figure 1.
In view of the deep foundation pit excavation, poor geological conditions, and high safety risks, an 800 mm thick diaphragm wall + internal support enclosure scheme is designed, and the internal support includes concrete support and steel support. The section size of concrete support is 800 mm × 1000 mm, while the diameter of steel support section is 609 mm. Based on the space-time effect theory, combined with the supporting scheme, the foundation pit is divided into four partitions, and the partition of the foundation pit is shown in Figure 1. Area A involves 4 supports, area C involves 3 supports, and areas B and D involve 5 supports; the specific layout is shown in Figure 2. The excavation of the foundation pit inevitably causes disturbance to the surrounding environment. To ensure the protection of line S3 during the construction process, 8 MJS (Metro Jet System) piles are set up at the joint of the common ground wall for water sealing and reinforcement.
[image: Figure 2]FIGURE 2 | Section of the foundation pit retaining structure. (A) 3 supports, (B) 4 supports, (C) 5 supports.
The foundation pit is constructed step by step east to west according to the principle of layered block excavation. The actual construction steps can be divided into 20 conditions, as shown in Table 2.
TABLE 2 | Construction conditions.
[image: Table 2]MONITORING DEFORMATION ANALYSIS
Lateral Displacement Analysis of the Diaphragm Wall
Figure 3 shows the lateral displacement of the diaphragm wall on both sides of the foundation pit after excavation. 1) The overall shape of the diaphragm wall lateral displacement is a drum belly, and the deformation of measuring point CX14 is consistent with the curve of the ladder drum belly proposed by Ding et al. (2019). The reason for the bulge shape is the change in the stiffness of the diaphragm wall. At the top and bottom of the diaphragm wall, due to the shrinkage of the top beam and fixed end, their stiffness is relatively high, but there is no prominent constraint in the middle, and the stiffness is low, resulting in an uneven reduction within a certain depth of the lateral displacement of the diaphragm wall. The deformation of measuring point CX16 is triangular, and there is a sharp point at a depth of −8.60 m. We assume that this point lies close to the station of line S3. With increasing He, the shielding effect of the station is substantial (Zhu et al., 2013), the vertical spacing of the support is reduced, the embedded depth of the diaphragm wall is deep, and there is no kicking phenomenon, so the lateral displacement of the diaphragm wall is triangular. 2) Affected by the spatial effect and excavation area Ae, the lateral displacement of the diaphragm wall in area C is the largest, and the maximum lateral displacement δhm is 48.65 mm at CX3, followed by areas B and D. The displacement in area A is the smallest, and the minimum lateral displacement is 9.7 mm at CX10. Due to the appearance of the corner, the structural stiffness is improved, and the maximum lateral displacement at measuring point CX14 is only 1/3 of that at CX3. 3) The displacement of the top of some diaphragm wall outwards of the pit is mainly due to ①3 high compressibility of the soil layer. When the gantry crane mounted on the crown beam generates thrust outwards, the soil behind the wall is easily compressed, inducing the deformation of the top of the diaphragm wall outwards to the pit.
[image: Figure 3]FIGURE 3 | Lateral displacement curve of ground wall.
Figure 4 shows the relationship between δhm and He and the relationship between Hm and He. From Figure 4A, the deflection of the diaphragm wall in area A is (0.01∼0.10%) He, and the distribution range is small, which is near the lower limit proposed by Li et al. (2019) and Liao et al. (2015), mainly because Ae of area A is small and there are four corners, which greatly improves the stiffness of the envelope structure. The deflection of the diaphragm wall in area D is (0.08∼0.21%) He, and the distribution range is medium. The deflection of the diaphragm wall in zones B and C is (0.01∼0.28%) He, and the distribution range is the largest. The overall deflection range of the diaphragm wall is (0.01∼0.28%) He, with an average of 0.10% He. Near the upper boundary of the statistical results of Li et al. (2019), the deflection range is generally less than at the upper boundary of the statistical results of Liao et al. (2015). These results show that this project benefits from the combination of various supporting schemes so that it can better control the lateral displacement of the diaphragm wall in complex environments.
[image: Figure 4]FIGURE 4 | Relationships between δhm and He and relationships between Hm and He. (A) Relationships between δhm and He. (B) Relationships between Hm and He.
Figure 4B shows the relationship curve between the maximum lateral displacement depth Hm and He of the diaphragm wall. Hm of the diaphragm wall of this project is mainly located between He-7, He + 12.5 or He 0.25∼2.56, and the data dispersion is slightly larger, which is related to various support schemes. These results are consistent with the lower limit of the statistical results of Liao et al. (2015) and higher than the corresponding upper limit. When He < 8.1 m, Hm is mostly below the excavated surface; when He > 8.1 m, Hm is mostly above the excavated surface. The main reason is that when He < 8.1 m, the concrete support cannot immediately reach the design strength after pouring, and the stiffness of the retaining structure is insufficient, resulting in a large deflection at the bottom, and Hm occurs farther below the excavation surface. However, when He > 8.1 m, the vertical spacing of the support decreases with increasing He, and the stiffness of the retaining structure is improved, providing a strong ability to resist the external load caused by soil unloading. Hm is larger above the excavated surface. Table 3 collects engineering cases in 15 similar site conditions in Suzhou. On this basis, to conveniently and quickly predict the maximum deflection distribution of the retaining wall at different construction stages, an upper boundary is summarized, as shown in Figure 5.
TABLE 3 | Summary of basement excavations in Suzhou soft clay.
[image: Table 3][image: Figure 5]FIGURE 5 | Relationships between δhm/He and √Ae/He.
Analysis of Uplift and Settlement of the Diaphragm Wall
Figure 6 shows the spatial distribution of the vertical displacement Vqd of the diaphragm wall under different working conditions and relationship between Vqd and He. From Figure 6A, Vqd in the circumferential direction of the foundation pit changes in wave shape under different working conditions. The uplift of the diaphragm wall in areas B and C is larger, followed by that of area A, and that of area D is the smallest. The reason is that Ae of area D is small, and the S3 line station also has a certain inhibitory effect on the vertical deformation of area D.
[image: Figure 6]FIGURE 6 | Vqd under different working conditions and relationships between Vqd and He. (A) Vqd under different working conditions. (B) Relationship between Vqd and He.
Under working condition 3, under the action of upper load and self-gravity, Vqd shows overall settlement, and the maximum settlement is at q3, which is −4.3 mm. With increasing excavation face and He, the bottom soil rebound increases, and Vqd shows uplift. Under working condition 8, the uplift value on the wall top is greatly different from that before and after the working condition. The main reason is that the MJS construction method is used to strengthen the water stop at the joint of the common ground connecting wall during this period, and the soil squeezing effect is prominent (Jiang et al., 2016; Fan et al., 2020). Under condition 18, Vqd of q3 and q5 measured in the north of area C exceeds the warning value, and the maximum uplift (at q3) is 27.52 mm, which is still within the control value. The reasons are as follows: 1) the construction time is long, as is the exposure time of the soil layer at the bottom of the pit, resulting in an increase in soil rebound; 2) the pit bottom soil is sandy soil with a large friction angle and significant wall uplift (Xiao et al., 2018; Li et al., 2021). To further study the uplift law of the diaphragm wall, Figure 6B shows the relationship curve between Vqd and He. Figure 6B shows that the uplift above Vqd is dominant and that the variation range is (−0.08–0.26%) He, with an average of 0.09% He. Combined with the lateral displacement analysis of the diaphragm wall, the author believes that under the same working condition, the uplift and settlement of the diaphragm wall will be affected by the spatial effect, that is, the lateral displacement makes the vertical displacement change relative to a certain extent. When the lateral displacement changes greatly, the uplift of Vqd is more obvious.
Measurement and Analysis of Surface Heave and Subsidence
The actual measurement and analysis of surface heave and subsidence and surface deformation is an important index to measure the impact of foundation pit engineering on the surrounding environment. Figure 7 shows the relationship between surface uplift δvm and He. Here, δvm has two forms: uplift and settlement. Consensus holds that the displacement of the diaphragm wall into the pit, the consolidation of the soil behind the wall, and the uplift of the pit bottom cause surface settlement behind the wall (Zhuang et al., 2016; Wang et al., 2020; Wang et al., 2021b) and that the uplift of the surface is mainly affected by the displacement of the diaphragm wall outside the pit and the upward displacement of the wall top. The maximum surface uplift is (0.02–0.14%) He, and the average is 0.07% He. Few cases of surface uplift in soft soil have been examined; Wu et al. (2016) took the upper limit of surface uplift of deep foundation pits in the cohesive soil area of Beijing to be 0.11% He, with an average of 0.03% He.
[image: Figure 7]FIGURE 7 | Relationship between δvm and He.
The comparison shows that the surface uplift in this project is more prominent, which is mainly related to the geological conditions and construction environment. The maximum surface subsidence is (−0.01% ∼ −0.15%) He, with an average of −0.04% He. According to the statistics of Wang et al. (2011), the surface settlement of deep foundation pits in Shanghai is (−0.1% ∼ −0.8%) He, and the average value is −0.38% He. In contrast, the soil in Shanghai is relatively soft, and the surface deformation behind the wall is greater. According to the statistics of Liao et al. (2015), the surface settlement of the foundation pit of the Suzhou metro station is (−0.04% ∼ −0.27%) He, with an average value of −0.13% He. Compared with this, the distribution range and average value of a surface settlement in the project are small, indicating that the support scheme of the project can play a role in such a complex environment. The comparison of uplift and settlement data at different levels shows that in addition to the influence of geological conditions and construction, environmental factors, the support scheme of the project can play a certain role in a complex environment, and the effect of a multi-support combination scheme of the project is better.
Figure 8 shows the normalized relationship between the surface uplift δv/He behind the wall and the distance d/He from the wall, where He is the final excavation depth. As shown in Figure 8A, there are differences in surface subsidence modes in different partitions. Areas A, B, and C exhibit triangular distributions, area D exhibits a trapezoidal distribution, and the influence range is small. The main reason for such differences is that the existing structure has large stiffness and small ductility, and the structural deformation is consistent within a certain range (Wang et al., 2021c), so when d/He ≤ 2.0, there are many large uplifts in area D. At the same time, in this interval, the uplift of partitions A, B, and C is prominent, which is the main influence area, while the uplift of partitions B and C is more obvious and the influence range is wider than that of partition A. This is because the A partition is at the end and Ae is small, and the spatial effect is prominent.
[image: Figure 8]FIGURE 8 | Surface uplift morphology behind the wall. (A) Surface uplift form behind the wall. (B) Surface subsidence form behind the wall.
Figure 8B shows that the surface subsidence of this project mainly occurs in areas I and II proposed by Peck (1969), and a small number of measuring points are located in area III. The surface settlement patterns of different partitions are also different. Partitions A, B, and D exhibit groove-shaped distributions, which is different from the groove-shaped settlement mentioned by Hsieh and OU (1998). The groove starting point of this project is at the top of the wall. This is mainly due to the uplift above Vqd of this project. The wall uplift drives the upward displacement of the soil behind the wall, and the surface settlement near the diaphragm wall is small. Area C exhibits a triangular distribution, mainly the open-cut side of the wall side shift, and the surface behind the wall is mostly settled. Similar to the uplift shape of area A, the settlement range of area A is limited, and the settlement is small. Compared with the surface settlement prediction curve of the foundation pit of a metro station in Suzhou given by Liao et al. (2015), the surface settlement of the project is larger and the influence range is wider, mainly because the site soil is weak, the construction environment is complex, and the deformation control is more severe.
To further explore the influence of the lateral movement of the diaphragm wall on the surface uplift and subsidence, Figure 9 gives the relationship curve between δhm and δvm. The maximum uplift of the surface is between 0.12δhm and 1.13δhm, with an average of 0.47δhm. When δhm ≥ 25 mm, the maximum uplift of the surface gradually decreases and mostly occurs in the C area. The maximum surface subsidence is between −0.22δhm and −3.11δhm, with an average of −0.66δhm. This is close to the lower boundary of δvm/δhm calculated by Wang et al. (2011) and the upper boundary of δvm/δhm calculated by Liao et al. (2015). For δhm ≤ 35 mm, the maximum surface subsidence is less than 10 mm; for δhm ≥ 35 mm, there is only a small increase in the C area. The maximum ground uplift and subsidence values in areas A, B, and D are small and concentrated within δhm ≤ 20 mm, which are mainly affected by Ae. The vertical spacing of the support is small, and the stiffness of the retaining structure is high, resulting in a small environmental disturbance.
[image: Figure 9]FIGURE 9 | Relationship between δhm and δvm.
Analysis of Heave and Subsidence of Adjacent Buildings
The settlement of the surrounding buildings is mainly caused by uneven settlement of the surface (Xie et al., 2020). Figure 10 shows the circumferential settlement curve of typical buildings on both sides of the foundation pit. Under working condition 6, the pit edge structure shows a settlement trend, with an average decrease of approximately 5 mm. As He increases, the building deformation varies with the distance d from the pit. The building settlement basically decreases with the increase of the distance from the foundation pit (Wang et al., 2021). The side near the foundation pit of JZ2 is mostly characterized by settlement, and the back side is mostly characterized by uplift. There is a displacement difference at both ends of the bottom plate, which makes the structure produce a counterclockwise deformation trend, but the maximum uplift settlement difference is less than 15 mm, indicating that the engineering enclosure system can play a better role. The d value of JZ6 is large, and the vertical deformation difference between the adjacent foundation pit side and the deviated side is small.
[image: Figure 10]FIGURE 10 | Building heave curve.
Figure 11 further illustrates the influence of the d value on the deformation of pit-side buildings. Under the given ground and heave mode in the figure, with increasing d, the building angle changes from clockwise to counterclockwise and then to counterclockwise. The greater the deformation of adjacent buildings caused during construction, the smaller the safety margin of buildings in subsequent links, which should be paid attention to (Cui et al., 2021). Therefore, building deformation can be predicted by observing surface heave and D value, and corresponding measures can be taken to reduce the impact of deformation.
[image: Figure 11]FIGURE 11 | Collapse form of adjacent buildings.
Analysis of Apparent Earth Pressure
Using the method proposed by Terzaghi and Peck, 1967, the earth pressure acting on the ground connecting wall is inversely calculated by the support axial force, the maximum axial force of each support in the excavation process is selected, and the internal force of the diagonal brace is decomposed into forces in both vertical and horizontal directions to obtain the AEP of the foundation pit, as shown in Figure 12. There is little difference in AEP in each zone. Since the first support in area C is flush with the ground, the upper active earth pressure is slightly higher.
[image: Figure 12]FIGURE 12 | Apparent earth pressure envelope of the foundation pit.
The envelope peak of AEP in this case is 0.59γHe, located in (0.47∼0.78) He, and decreases to 0.43γHe with increasing excavation depth. As the site soil of the project includes sandy soil and cohesive soil, the AEP distribution model proposed by Terzaghi and Peck (1967) for a single soil is not applicable to this case. Using the calculation scheme proposed by Kim et al. (2021) and Liu (2018), the peak value of the AEP envelope is 0.55γHe, which is close to the AEP peak axial force and can better predict the AEP distribution of many types of soil surfaces. In addition, Figure 18 shows the AEP of the foundation pit of a metro station in Suzhou according to Liao et al. (2015) for comparison. The AEP peak value of the project is small, and the distribution is concentrated. Different from the triangular or trapezoidal AEP envelope, the AEP envelope with a linear distribution along the depth proposed by Cheng et al. (2021) and Liu et al. (2019b) can better explain the distribution mode of earth pressure behind the foundation pit wall of stations in Suzhou.
CONCLUSION
Based on a deep foundation pit project in Suzhou with three support schemes, this paper compares the published measured data-related projects in soft soil areas, analyzes the deformation behavior of deep foundation pits and the surrounding environment under various support schemes, and draws the following conclusions:
1) The deformation of the foundation pit is greatly affected by the spatial effect, and the existing station has an inhibitory effect on the deformation of the foundation pit. Benefiting from the combination of various support schemes, the maximum deflection of the diaphragm wall is 0.28% He, and the average deflection is 0.10% He. The Hm of the diaphragm wall is mainly located at (He −7, He + 12.5). Hm is affected by the stiffness of the retaining structure. When the stiffness of the retaining structure is insufficient, Hm occurs farther below the excavated surface.
2) The vertical deformation of the diaphragm wall is affected by many factors, especially sensitive to the excavation depth. Below He, due to the unloading effect of the foundation pit, the influence of excavation exposure time, and site soil conditions. Vqd is dominated by uplift, which is large in the middle and small at both ends. The range of Vqd is (−0.08∼0.26%) He, and the average value is 0.09% He.
3) Affected by the displacement of the diaphragm wall to the outside of the pit and the upward displacement of the wall top, the surface is uplifted, and the maximum uplift is (0.02∼0.14%) He, between 0.12δhm and 1.13δhm. As δhm exceeds 25 mm, the maximum uplift of the surface gradually decreases. The maximum surface subsidence is (−0.01% ∼ −0.15%) He, between −0.22δhm and −3.11δhm.
4) The uplift form of the surrounding buildings is mainly affected by the surface settlement mode and d value. Within a certain range of d values, there is an uplift difference between the adjacent foundation pit side and the opposite side of the pit side. The adjacent side is mostly characterized by settlement, and the opposite side is mostly characterized by uplift. Building deformation can be predicted by observing the surface subsidence and d value.
5) The peak value of the AEP envelope is 0.59γHe, which lies within (0.47∼0.78) He. The AEP calculation scheme proposed by Kim et al. (2021) can be used to predict the AEP distribution mode of many types of soil. The AEP envelope distribution model given by Cheng et al. (2021) can interpret the AEP distribution model of the station foundation pit in Suzhou.
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This study aims to effectively control the effects of blast vibrations and improve the safety factor for personnel and facilities in blasting engineering. Using high-precision digital electronic detonators according to the propagation and superposition principle of blasting vibration signals, a superposition prediction method based on single-hole blasting vibration waveform is proposed to determine the group-hole blasting vibration waveform. Experimental results show that the variation law of the predicted blasting vibration wave is consistent with that of the measured blasting vibration wave, and the error rate is less than 16%. Based on the proposed superposition prediction method, the variation law of particle vibration velocity peak with micro-differences in time is studied. Consequently, an optimal differential time interval (delay time) is obtained with regard to the blasting vibration reduction. The results are applied in a site leveling project, and the results show that the slight time difference between zones has an evident effect on vibration reduction. The maximum reduction achieved with the proposed method is superior (69.7%) to that obtained via other controlled blasting delay methods. This result has been successfully applied in a flat project in China.
Keywords: high-precision, digital electronic detonator, blasting vibration, waveform superposition, delay time, vibration reduction rate
INTRODUCTION
Effective control of blasting vibration damage is one of the major problems in the field of engineering blasting that needs in-depth exploration (Deng and Chen, 2021). Blasting vibrations tend to affect the structural stability and construction environment (Liu et al., 2020). With a continuous increase in the in-depth understanding of engineering construction, surrounding environment, resource mining, national defense engineering, and reconstruction engineering, the impact of blasting vibrations on the environment has been elucidated well (Qiang et al., 2016). In the blasting process of mines containing goaf (Jiang et al., 2016; Fan et al., 2018b; Fan et al., 2019; Fan et al., 2020b), the energy generated by the explosion in the blasting hole propagates to the rock mass medium in the form of seismic waves and then accumulates and dissipates, thereby weakening its stability.
The main way to reduce the effect of blasting vibrations is to adopt an appropriate differential time. Fish (Wang, 2007) was the first to determine that when the blasting vibration waves differ by half a period, the vibration waves are superimposed and weakened, thus reducing the amplitude of blasting vibrations (Iwano et al., 2020). Jimeno (1995) and Tripathy and Gupta (2002) indicated that blasting vibration could generally be represented by an equation comprising the explosive quantity, wave propagation distance, blasting parameters, and rock characteristics at each millisecond. Jiang et al. (2019) and Zheng and Amp (2018) used this equation to transform the prediction model of blasting vibration velocity based on the Sadovsky model by considering the elevation and cumulative damage of rock mass, thereby revealing the propagation and attenuation law of vibrations in the blasting area. However, the differential time associated with vibration reduction could not be predicted accurately.
Currently, the Sadovsky formula and empirical coefficient method are the two main methods used in blasting engineering.
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where V is the particle vibration velocity, Q is the section charge, R is the distance from the measuring point to the center of the blast zone, K is the site condition coefficient, and α is the attenuation index of blasting vibration.
However, the actual test results show that it is necessary to perform multiple blasting vibration tests in the blasting site while utilizing the maximum number of measuring points. It is noteworthy that more accurate values of K and α can only be obtained using the nonlinear regression method. Although the correlation coefficient of regression analysis meets the requirements, when K and α are used to guide the prediction of an unknown blasting vibration velocity, the calculation error associated with the peak value of blasting vibration in areas close to the blast zone is large; that is, it exceeds 200%, and the error is greater than 30% even in areas far from the blast zone. This is because the formula is put forward according to the ketone chamber blasting experiment, and deep-hole blasting uses millisecond detonating tube detonators that comprise a delay relay in both internal and external networks. Furthermore, a small delay interval, continuous holes, and an insufficient study period render this formula inapplicable for calculating the peak value associated with small intervals of millisecond delay blasting vibrations. Moreover, the traditional blasting system, regardless of whether it is electric or nonelectric, uses a detonator that depends on the delayed effects of chemical agents to form the blasting network. The micro-delay time of this detonator is limited to multiples of 25 ms, which does not allow it to accurately set a micro-delay.
With the advent of digital electronic detonators, the micro-differences in the time of high-precision digital electronic detonators can be arbitrarily set at 1 ms, making it possible to reduce the blasting vibration effect through an accurately designed initiation network (Chi et al., 2015) and thus gradually commencing the research on the use of delay time to reduce blasting vibrations. Han et al. (2019) determined the amplitude variation associated with the vibration velocity of the superimposed signal that occurred due to distance changes using the equal-interval two-segment superposition method and established a probability model to quantitatively analyze the influence of the delay error on the vibration reduction via seismic wave interference. Liu and Chen (2019) analyzed the time–frequency characteristics of the superposition signal of a single row of holes using the single-stage blasting vibration signal and proposed the variation rule of the millisecond blasting superposition signal. Qiu et al. (2017) used MATLAB to analyze the time–frequency characteristics of two stages of superimposed signals with different intervals, defined the energy reduction rate in combination with HHT energy and analyzed the vibration reduction effect of different blasting parameters on short superimposed blasting signals. However, the majority of existing research has been performed at a laboratory scale, and the results have not been corroborated with parameters in actual blasting engineering.
Ye et al. (2014) used the approximate optimization test method in the Jin Duicheng open-pit mine to compare the selection range of the differential time associated with the optimal vibration reduction rate. Combined with the dimensional analysis theory, Zhong et al. (2016) discussed the influencing factors of the blasting vibration duration and deduced its prediction formula; the linear correlation of the formula reached 89.7%. Based on the principle of linear superposition of seismic waves, the delay interval of millisecond blasting with different core distances was calculated. Although these studies have determined the delay associated with the vibration reduction differential time, they have limited the test site and geological conditions. For example, when mining soft rock with low stress (Fan et al., 2018a; Fan et al., 2020a; Kang et al., 2021) in China, the geological conditions are completely different from those of coal and metal mines; therefore, numerous engineering tests must still be performed after the site changes.
Accordingly, Anderson (1985) proposed the theory of using linear superposition to simulate and predict multi-row blasting, elaborated the basic assumptions of simulation and prediction, and successfully predicted the porous shock wave associated with the delayed initiation of high-precision detonators according to the theoretical model. Based on the linear superposition proposed by Hinzen (1988), a hybrid prediction method that combines field and computed measurements is proposed. The predicted waveform is obtained by a convolution operation between the measured single-hole waveform and the pulse train of each hole. However, the random deviations in actual blasting engineering are not considered. Ma et al. (2021) analyzed the blasting failure mechanism, failure mode, and real-time damage evolution laws of homogeneous surrounding rock and horizontal layered surrounding rock for single-hole porous blasting; this was aimed at determining unstable conditions under blasting loads, such as collapse and spalling of tunnels with the horizontal layered surrounding rock.
In this study, blasting vibration waveforms have been calculated with a high-precision digital electronic detonator. A single-hole blasting vibration signal acquisition method has been implemented using the MATLAB software (Lv and Lv, 2011), in which single-hole blasting signals under different differential times are stacked. Subsequently, the time–frequency characteristics of blasting vibration signals, the peak value of blasting vibrations, and the error rate associated with the blasting vibration peak value are calculated. This study introduces the concept of “vibration reduction rate” and determines the variation rule of the high-precision blasting vibration signal with micro-delay time, which is used to guide the selection of micro-delay time for reducing vibrations in subsequent blasting construction; this rule was verified using experiments.
OVERLAY OF BLASTING VIBRATION SIGNALS
Signal Superposition Principle
Under the same geological conditions, single-hole blasting vibration signals travel from the blast zone to the measuring point position. Meanwhile, group-hole blasting vibration signals can be summed up in a single waveform for a selected delay time. Combining superimposition results (Yang et al., 2011), the waveform expression can be written as:
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where S(T) is the total blasting vibration velocity at the measured point, T is a certain moment in the blasting vibration process, and Ki is the charge coefficient of the I subsection. When blasting parameters, such as the charge amount and explosive type, in each subsection are the same and the topographic and geological conditions from the detonation source to the measuring point exhibit little difference, then 1; S (t-ti) is the particle vibration velocity generated after the detonation of the i-sublevel explosive; ti is the time taken by seismic waves to travel from the source to the measuring point after the explosion in subsection i; n is the number of segments; and δ(t) is the unit step signal (Farsangi, 2015), whose expression is:
[image: image]
In Eq. 1, S (t-ti) can be obtained through a single-hole blasting test. Therefore, when the blasting parameters of each section are the same along with the geological and topographic conditions of rock mass within the blasting range, the single-hole vibration signals of any measuring point can be superimposed.
Realization of Blasting Vibration Signal Superposition in MATLAB
By using the data processing, calculation, programming, and visualization functions of MATLAB, the blasting vibration signals are superimposed based on the principle of signal superposition via the following steps:
Step 1: Prediction of the maximum blasting vibration velocity of the particle. Using the xlsread function of MATLAB, the document is read under the specified path of the single-hole blasting vibration signal. The selection of an optimal single-hole blasting vibration signal involved the measurement of the vertical, radial, and tangential velocities of blasting vibrations, maximum number of blasting holes (stack section), and delay time Δt to determine the total waveform duration. In the FOR cycle, the superimposed group-hole blasting waveform with a set delay time is realized, and the maximum blasting particle vibration velocity is predicted.
Step 2: Fitting the relationship curve between different delay times and the maximum blasting particle vibration velocity. Here, we determine the sampling frequency, set the delay time associated with the vibration instrument in the range of 1–100 ms, measure the single-hole blasting vibration signal under different delay times for each superposition cycle, and define the maximum blasting vibration velocity to compute the delay time and obtain its relationship curve with the maximum blasting particle vibration velocity.
Step 3: Fitting the relationship curve between different delay times and vibration reduction rate.
BLASTING TEST
The blasting seismic wave interference is used to reduce the peak value of blasting vibration velocity and control secondary disasters (Wang et al., 2020). From the viewpoint of the signal superposition principle, the influence of a minor time difference on the blasting vibration velocity peak is analyzed. The flexibility and accuracy associated with the delay time of a high-precision digital electronic detonator (Agrawal and Mishra, 2018) are utilized to greatly improve the selectivity and stability of the delay in the blasting network.
Test Steps
The implementation steps are as follows:
1) Select an appropriate hole in the blasting area to collect single-hole blasting vibration data: To collect complete single-hole blasting data and eliminate the influence of seismic waves in the main blasting area on the vibration data of single-hole blasting, the waveform of the final blasting hole is considered the single-hole blasting vibration signal, and the delay interval between the final blasting hole and the penultimate one should exceed 500 ms.
2) Determine the radial distance of each measuring point from the explosion point of single-hole blasting: A number of vibrometers (not less than 3) are arranged. The vibrometers are arranged in the bedrock, or the vibrometer is wedged into the ground with the vibration oscillator.
3) Collect single-hole and group-hole blasting vibration data and record on-site blasting parameters, including the hole position, measuring point distance, hole depth, propagation medium, single hole charge, hole row spacing, and blasting network.
4) Select the appropriate single hole blasting vibration signal, analyze the collected single hole blasting vibration data with the MATLAB software, input the design delay time of group hole blasting under n segments, and predict the complete blasting vibration waveform at the measuring point as well as the maximum group-hole blasting vibration velocity.
5) Fit the relationship curve between different delay times and the maximum blasting particle vibration velocity, as well as the relationship curve between different micro-differences in time and vibration reduction rate (using MATLAB).
6) Based on the predicted results of the program, perform multiple on-site blasting vibration tests under the same geological conditions and the same blasting parameters to verify the optimal blasting network delay.
Obtaining Vibration Data of Single Hole Blasting
According to the test implementation steps, the final hole in group-hole blasting was selected for single-hole blasting, and the delay interval between the penultimate holes of single-hole blasting and group-hole blasting was set at 500 ms. The positions of holes and measuring points are shown in Figure 1.
[image: Figure 1]FIGURE 1 | Layout of boreholes and measuring points.
Figure 2 shows the vibration data of single-hole blasting at three measuring points. These monitoring points were arranged in the near and far radial directions of each vibration measurement area and denoted as M1, M2, and M3. Table 1 shows the parameters of single-hole blasting and the measured peak value of vibration velocity associated with single-hole blasting.
[image: Figure 2]FIGURE 2 | Vibration waveform of single-hole blasting at three measuring points.
TABLE 1 | Single hole blasting parameters and peak vibration velocity.
[image: Table 1]Prediction and Analysis of Blasting Vibration Waveform
Before group-hole blasting, based on existing blasting design parameters, the single-hole vibration waveform with the highest vibration speed in the three channels is selected. The prediction program in this study has been used to perform numerical simulation of the group-hole blasting vibration waveform for 10 cycles of superposition under a delay time of 22 ms; the simulated waveform is compared with the measured group-hole blasting vibration data. Waveform distortion is observed at measuring point 3. Simulated and measured vibration waveforms associated with group-hole blasting at measuring points 1 and 2 are shown in Figures 3 and 4.
[image: Figure 3]FIGURE 3 | Simulation and measurement of group-hole blasting vibration waveform at point M1.
[image: Figure 4]FIGURE 4 | Simulation and measurement of group-hole blasting vibration waveform at point M2.
Figures 3 and 4 show that the predicted blasting vibration waveforms at two different positions are basically consistent with the measured blasting vibration waveforms, and the periods of vibration enhancement and weakening last for similar durations. The predicted blasting vibration waveforms in this study basically reflect the variation trend of blasting vibration waveforms at each measuring point. Table 2 shows that the measured peak vibration velocity (VA) at the two vibrating measurement points is close to the predicted peak vibration velocity (VP); the error rate is less than 16%, which is significantly lower than that obtained with the regression prediction analysis method based on the Sadovsky formula (Lu et al., 2007). It can be proved that the prediction method used for blasting vibration velocity peak is effective and reliable.
TABLE 2 | Comparison of simulated and measured group-hole blasting vibration data.
[image: Table 2]Prediction of Time of Deviation
When the main vibration frequencies are similar, the intensity of blasting vibration is mainly reflected by the maximum blasting vibration velocity; consequently, the relationship curve between different delay times and the maximum blasting particle vibration velocity can be obtained (Figure 5).
[image: Figure 5]FIGURE 5 | Relationship curve between different delay times and maximum blasting particle vibration velocity.
The “vibration reduction rate” is used to describe the weakening degree of the maximum vibration velocity after the vibration signal of single-hole blasting is superimposed for n times. Subsequently, the difference in the maximum vibration velocity is calculated after the superposition of the homogeneous explosion (the delay time is 0 ms) and different delay times. Then, the ratio of the differential value to the velocity of the homogeneous explosion is used to measure the vibration reduction rate:
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where V0 is the maximum blasting particle vibration velocity associated with the homogeneous explosion, and Vi is the maximum blasting particle vibration velocity with different delay times in N segments. Eq. 3 can be programmed to obtain the change curve of the vibration reduction rate and delay time (Figure 6).
[image: Figure 6]FIGURE 6 | Relationship curve between delay time and vibration reduction rate.
During the entire period with micro-differences in time (0–100 ms), the peak value of the stacking signal associated with group-hole blasting increased and decreased to different degrees with the micro-differences in time. At 18 ms, the maximum vibration reduction rate was 92.5% when compared with that of the full-blown blasting; this is not in accordance with the interference damping theory of “Δt = T/2” (25 ms), with half the main wave period (Chen et al., 2011). This is because the blasting vibration signal is a typical nonstationary random signal with the characteristics of short time and quick mutation (Yi et al., 2011).
The variation rule of vibration signals of superimposed group-hole blasting with micro-differences in time is as follows: the peak value of the superimposed signal decreases rapidly with the generation of micro-differences in time. The vibration reduction rate of signals of group-hole blasting ranges from 16 to 20 ms, thereby exceeding 91.5%. The maximum rate of decline reached up to 18 ms, reaching 92.5%. When the reduction rate exceeds 60 ms, the delay time for blasting vibration signals exhibits a straight line, which is close to the single-hole blasting vibration signal peak. At this time, each vibration signal interference between the main vibration superposition effect is eliminated, and the group-hole vibration signal acts independently as a single-hole blasting vibration signal.
TEST VERIFICATION AND ANALYSIS
Four group-hole blasting tests were performed in a limestone stope in Hangzhou. The field experimental instruments included the Sichuan Tuopu NUBOX-8016 blasting vibration monitor and Zhonghaida GPS measuring instrument (Rao and Cai, 2016; Ling et al., 2018). The Nubox-8016 Blasting Vibration Monitor has three channels. It usually measures vibration components in three directions at a certain point, among which the largest component is selected; the largest component is generally found in the vertical channel after the tests. The accuracy of the predicted blasting vibration delay time was verified through the measured blasting vibration velocity peak at different delay times in the blasting test. The parameters of group-hole blasting and single-hole blasting are consistent along with four geological conditions. The diameter of blasting holes is 120 mm, hole depth is 10 m, hole network parameters are 5 m × 4 m, the single-hole charge is 49 kg, the number of holes is 10, and the total blasting charge is 490 kg. There is no interval coupling charge, and one digital electronic detonator is installed in each hole. Digital electronic detonators have been selected among the four experimental rows to form a micro-difference initiation network, with micro-differences in time being 18, 22, 27, and 50 ms. The measured peak value of group-hole blasting vibration velocity is shown in Table 3. The attenuation law of the blasting vibration velocity at measuring point M1 for the four monitoring times is shown in Figure 7.
TABLE 3 | Blasting vibration velocity data at each measuring point with different delay times.
[image: Table 3][image: Figure 7]FIGURE 7 | Blasting vibration waveform of M1 at different micro-differences in time.
Through the analysis of the vibration velocity peaks at 12 measuring points in four groups of test areas with different micro-differences in time, it is found that the main frequency associated with blasting vibration at each measuring point is basically maintained within 9–20 Hz, and the effect of micro-differences in time on the main vibration frequency is not evident. At 65 m, when the delay time is 18 ms, the maximum value of blasting vibration velocity measured at S1 is 0.701 cm/s. At 95 m, when the delay time is 18 ms, the maximum value of the minimum blasting vibration velocity measured at S1 is 0.477 cm/s. At 125 m, the minimum blasting vibration velocity peak is 0.305 cm/s at S1, and the delay time is 18 ms.
When the delay time is 18 ms, the blasting vibration velocity peak value at each measuring point is lower than that at delay times of 22, 27, and 50 ms; this proves that the proposed superposition prediction method based on single-hole blasting vibrations adopted is consistent with the practical results.
According to Figures 8 and 9, during blasting seismic wave propagation, the peak value of blasting vibration velocity decreases continuously with an increase in the distance from the blast center. The main frequency of blasting vibration basically continues to be in a fixed range, and only a few measuring points exhibit abrupt changes in the main frequency. With a change in the difference time at the same measuring point, the peak value of blasting vibration velocity decreases to different degrees, and the main vibration frequency of blasting vibration does not change significantly. In areas close to the blasting zone, the vibration can be reduced by 69.7% with a change in the micro-differences in time. In areas at intermediate and higher distances from the blasting zone, the vibration reduction effect remains comparable with a change in the micro-differences in time. For the optimal delay time of the vibration reduction effect (18 ms), the vibration reduction effect is not evident; however, the blasting vibration frequency is significantly increased, which plays a certain protective role for the structure (its own frequency is generally less than 10 Hz).
[image: Figure 8]FIGURE 8 | Peak vibration velocity at each measuring point with different delay times.
[image: Figure 9]FIGURE 9 | Main frequency of each measuring point at different delay times.
In a flat project in China, engineers and technicians performed blasting operations according to this method and selected several delay times to monitor vibrations in the project; they obtained the vibration reduction effect observed in this study, which proved that a delay time range of 16–20 ms is effective for vibration reduction.
CONCLUSION

1) This study uses MATLAB for performing numerical simulations to predict the group-hole blasting vibration waveform through the single-hole blasting vibration waveform, which in turn consistently follows the variation law of the measured blasting vibration waveform. The error rate of the peak velocity associated with group-hole blasting vibration is less than 16%, thereby rendering the proposed method more effective and reliable than the traditional prediction method.
2) From 0 to 100 ms, the reduction rate of blasting vibration intensity is evident in the range of 16–20 ms. When it reaches more than 60 ms, the group-hole vibration signal acts independently as a single-hole blasting vibration signal.
3) The interference superposition of blasting vibration signals can be realized using a high-precision digital electronic detonator to change the micro-differences in time. In areas close to the blasting zone, the micro-difference in time has a significant effect on vibration reduction, which can be reduced by up to 69.7%. In areas that are at intermediate and greater distances from the blasting zone, the effect of micro-differences in time on vibration reduction is similar. Before blasting construction, vibration intensity can be effectively controlled at different distances using a small delay time.
4) This study analyzes the influence of delay time on the blasting vibrations of an open-pit mine and achieves precise control of delay time to reduce the harmful effect of seismic waves. The proposed method can also be used for areas sensitive to blasting vibrations, such as salt mines and the upper rock mass of mined-out areas. However, it is also necessary to control the maximum single response charge and realize a reasonable charge structure to reduce the vibration hazard.
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During the operation period, disasters caused by the expansion of tunnel surrounding rock often occurs, but the understanding of this problem is still insufficient. This study investigated the disaster that occurred in the tunnel based on numerical simulation on a case in Dugongling, China. First, the main diseases, including lining cracks, pavement uplift and cable trench overturning and so on, of the tunnel were investigated in the field. According to the geological data, the expansion and softening of the surrounding rock was likely to be the main cause of lining cracking. Then, this paper proposed a formula for calculating the expansion force of expansive rock when the water content changes. Based on the expansion force calculation formula, the most severely damaged section was numerically analyzed, and the results were compared with the on-site monitoring data. According to the simulation results, the deformation of the surrounding rock and the stress of the supporting structure were studied. The research showed that the expansion and softening of the surrounding rock led to an increase in the load acting on the lining structure, which intensified the development of disasters. Finally, four reinforcement schemes were proposed and simulated, and the best reinforcement scheme was evaluated. The results of this study can provide a reference for the design and construction of this project and similar projects.
Keywords: tunnel engineering, swelling rock, treatment measures, lining deformation, expansion and softening
INTRODUCTION
In recent years, with the vigorous development of a large number of construction projects, there have been varying degrees of disasters, such as deformation, lining cracking or leakage, in tunnel engineering during the construction or operation period. Some tunnels may even cause damage that endangers personal safety in the process of construction (Bian et al., 2016; Li et al., 2018; Liu et al., 2018; Dong et al., 2021; Fan et al., 2021; Yu et al., 2021). Among them, tunnel engineering disasters caused by expansive surrounding rock have been very common.
Swelling rock is a special soft rock that expands and softens with water, shrinks and disintegrates after water loss which is different from other rocks (Fan et al., 2019,2020; Liu et al., 2020a, 2020b; He et al., 2021a, He et al., 2021b; Kang et al., 2021; Zhang et al., 2021a). It has special engineering characteristics and easily causes tunnel disasters, which has a great impact on project cost and safe operation (LiuShui et al., 2014; Tang and Tang, 2012; Selen et al., 2020; Vergara and Triantafyllidis, 2015).
Most laboratory tests and field observations have shown that considerable pressure can be generated when the expansion strain is prevented. For example, a large number of tunnels in Baden-Württemberg state (southwest Germany) expand, resulting in high uplift of the unreinforced tunnel floor and exerting strong expansion pressure in the tunnel with supports (Berdugo et al., 2009). The surrounding rock will be extruded into the tunnel or cause floor uplift with the passage of time. Great damage will be caused to the initial support or lining of the tunnel (Kovari et al., 1988; Oldecop and Alonso, 2012). Water is one of the important factors for the uplift of the bottom of the tunnel (Anagnostou G. and Kovári K. 1995; Butscher et al., 2011a; Butscher et al., 2011b).
In serious cases, an effort is made to prevent or impede the expansion strain through the stiff tunnel lining. The expansion pressure is often high enough to cause damage to the tunnel lining. Even a 30 cm thick concrete support was destroyed during construction along large tunnel sections due to shearing failure (Wittke-Gattermann and Wittke, 2004). However, for large-scale cases with diseases, it is necessary to conduct special research on the damage and propose corresponding treatment measures for these.
In view of the seriousness of tunnel accidents caused by such expansive rock diseases, many researchers have studied the mechanism and treatment measures of tunnels in recent decades (Ren et al., 2006; Cui et al., 2014; Isago N. et al., 2014; Liu et al., 2011a; Liu et al., 2011b; Liu et al., 2020c; Liu et al., 2020d). During the tunnel excavation of the Trasvasur tunnels (Canary Islands, Spain) (Pérez-Romero et al., 2007), found that it is advisable to seal off the excavation as soon as possible to prevent change due to the decompression of the swelling clay levels and the absorption of water from the tunnel itself. Researching the deformation mechanism of swelling rock (Zhang et al., 2021b; Isago et al., 2015; Oldecop and Alonso, 2012), it was found that these measures that was the implementation of bolts (Waldemar 2015; Jeong et al., 2015), reinforced linings (Li et al., 2019; Bilir and Sarıgül, 2021; Korzeniowski et al., 2015), allowable deformation to reduce expansion pressure measurement (Aksoy et al., 2012; Sun and Wang, 2011) and so on can greatly reduce the probability of large deformation of the tunnel. Currently, most of the research on the stability of the tunnel is focused on the deformation of the surrounding rock in the process of construction, while the research on secondary lining failure during tunnel operation is limited. Therefore, it is of great significance to conduct research on the disease during the tunnel operation period and then give proper reinforcement measures to ensure that the tunnel is restored to traffic as soon as possible.
According to the damage phenomenon of the Dugongling tunnel of the Changping Expressway in Shanxi Province, China, this study evaluated the disaster of the expansive rock tunnel during the operation period. According to the geological data, the expansion and softening of the surrounding rock was likely to be the main cause of lining cracking. Then, this paper proposed a formula for calculating the expansion force of expansive rock when the water content changes. Based on the expansion force calculation formula, the most severely damaged section was numerically analyzed, and the results were compared with the on-site monitoring data. Finally, the proposed reinforcement schemes were put forwards, and then the stress situation of the lining structure under each reinforcement treatment plan was studied to analyze. The results of this study can provide a reference for the design and construction of this project and similar projects.
GEOLOGICAL CONDITIONS AND TUNNEL DISEASES
Project Overview
The Dugongling Tunnel is a two-way four-lane highway tunnel. The total lengths of the left and right tunnels are 2,474 m and 2,515 m, respectively. The maximum depth of the left tunnel is 221 m. The maximum depth of the right tunnel is 231 m. Except for some imported sections, the distance between the left and right lines of the tunnel is more than 20 m. The tunnel was completed and started operation in 2013. During the construction period and after tunnel operation, the tunnel support structures were found to have varying degrees of disaster. The disaster characteristics were mainly represented by the uplift and cracking of the road surface in the tunnel, the overturning of cable trenches, and the cracking of the second line of the tunnel, which seriously affected the normal operation of the expressway.
Formation Lithology
Folds developed in the tunnel site, but the scale of folds is not large. The strata are locally deformed and are broad folds with small dip angles. The lithology of the tunnel site is mainly composed of Quaternary Holocene slope diluvial loess-like silty clay (Q4dl + pl), Quaternary Upper Pleistocene slope diluvial gravel (Q3dl + pl), and marlstone and limestone of the Middle Ordovician upper Majiagou Formation (O2S1 and O2S2). The longitudinal section of the engineering geology of the Dugongling left tunnel is shown in Figure 1. The tunneling site mainly includes gypsum, softening marlstone, abolished mining pits, karst, and other adverse hydrogeologies (Xu and Wang, 2019; Xu and Wang, 2020; Liu et al., 2020).
[image: Figure 1]FIGURE 1 | Geological profile.
Hydrographical Meteorology
The tunnel site has a temperate semiarid continental climate, with an average annual temperature of 9.2°C, of which January is the coldest with an average temperature of−5.8°C and July is the hottest with an average temperature of 22.6°C. In recent years, the average annual precipitation has been 592.33 mm. The maximum annual precipitation was 719.2 mm in 2013. The minimum annual precipitation was 491.8 mm in 2012. The main precipitation period is from July to September, accounting for 56–70% of the annual precipitation. The multiyear average evaporation is 1,699.5 mm, which is nearly three times the average precipitation over the years. The frost period is from early October to mid-April of the following year, with a frost-free period of 150 days, and the maximum frozen soil depth is approximately 1.0 m.
The inner wall of the tunnel has an upper layer of stagnant water, the aquifer lithology is limestone, and the lithology of the aquifer is marl or gypsum rock. The seasonal change in the upper layer of stagnant water is large. In the dry season, the maximum flow rate of water seepage at the bottom of the cable trench is only 60 L/d. Atmospheric precipitation is the only source of recharge for the upper layer. With the arrival of the rainy season, the amount of water seepage will gradually increase. In addition, the concentrated distribution of mining pits provides good access to surface water infiltration.
Failure Characteristics of the Representative Sections
From april to July 2014, the Institute of Highway Research of the Ministry of Transport launched special test and assessment work on the expanded rock tunnel. The detection results showed that the left hole of the tunnel ZK34 + 300 ∼ ZK34 + 390, ZK34 + 605 ∼ ZK35 + 550 section was within the range of approximately 1,035 m, the right hole K34 + 430 ∼ K35 + 260 section was within the range of approximately 830 m, having varying degrees of disease phenomena. The lining crack length of the left tunnel was 1,580 m, which accounted for 63.86% of the total length. The lining crack length of the right tunnel was 850 m, which accounted for 33.80% of the total length. The uplift and cracking lengths of the pavement of the left and right tunnels were 207 m and 60 m, respectively. Among them, there were six uplifts and twelve cracks on the left road surface. There were two uplifts and nine cracks on the right road surface. The lengths of cable trench damage of the left and right tunnels were 391 m and 238.5 m, respectively. Photos of the failure characteristics of the tunnel are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Photos of failure characteristics of the tunnel (A). Transverse crack (B). Vertical crack (C).Cavity (D). Overturning of the cable trench.
Based on the main diseases of the tunnel, section ZK35 + 045 of the left tunnel was selected as the research object. The lining of the ZK35 + 045 section was seriously damaged, and the cracks were densely distributed. Longitudinal cracks were mainly associated with several oblique cracks. The cracks were mainly distributed within 0 and 2 m of the sidewall, and the crack width was 0.1–5 mm. On the left side of the ZK35 + 045 section, there were longitudinal cracks with a length of 6 m. On the right sidewall, there were circumferential cracks with a length of 4.0 m, with a maximum of 6 cm on both sides of the arch waist and 13 cm on the road surface. The left and right pavements had different levels of voids.
Analysis of the Causes of Swelling Rock Tunnel Diseases
Through the analysis of the geological conditions of the diseased holes and the drilling exploration results, it was considered that the main causes of the disease in the expansion rock tunnel are the following:
1) groundwater
The inner wall of the tunnel had an upper layer of stagnant water, the aquifer lithology is limestone, and the lithology of the aquifer is marl or gypsum rock. The seasonal change in the upper layer of stagnant water is large. In the dry season, the maximum flow rate of water seepage at the bottom of the cable trench was only 60 L/d. Atmospheric precipitation was the only source of recharge for the upper layer. With the arrival of the rainy season, the amount of water seepage will gradually increase. In addition, the concentrated distribution of mining pits provided good access to surface water infiltration. It was estimated that the direct infiltration of atmospheric precipitation through the pit was 31 m3/d.
2) geological structure
The cracks occurred in the surrounding rock of the diseased section, which is a marlstone and a gypsum interlayer of the Shangma Majiagou Formation of the Ordovician. The oblique S1 and S3 water storage structures caused the upper layer of stagnant water to pool in the diseased section.
3) softening of marl
According to relevant data from geological survey reports, the softening coefficient of marl was approximately 0.20–0.65, and the softening characteristics of marl were more obvious.
4) softening and expansion of the gypsum and anhydrite
The process of gypsum hydration to gypsum was gypsum expansion. During this process, expansion force will be generated on the tunnel lining; at the same time, gypsum softening will reduce the strength of the surrounding rock (Tang and Tang, 2012; LiuShui et al., 2014; Vergara and Triantafyllidis, 2016; Selen et al., 2020).
In view of the geological origin, this study concluded that the excavation of tunnels will gradually expose gypsum, anhydrite and marlstones to the environment, increasing the empty surface and redistributing the surrounding rock pressure, leading to the original recharge, runoff, and discharge routes of groundwater. All have changed, and the basement of the tunnel has become the drainage surface of the groundwater and the gallery corridor. Groundwater and tectonic actions provide favourable conditions for the softening and swelling of gypsum and limestone in the diseased section. Under the long-term action of groundwater, softening of marl, softening and expansion of gypsum and anhydrite destroy the lining of the surrounding rock, which is the main cause of disease.
NUMERICAL SIMULATION OF TUNNEL DISEASES
The disasters of typical sections were simulated by using the software FINAL. The software has a unique function in geotechnical engineering. It has 32 types of units, which can simulate a variety of engineering problems, such as the dynamic and static problems of underground engineering, dam construction, slope engineering and foundation engineering. It has been used in many practical projects, such as the underground powerhouse of the Xiangjiaba Hydropower Station on the Jinsha River in China, the Heihe earth-rock dam in China and the left bank slope of Delsi Hydropower Station in the Republic of Ecuador.
Expansion Force Simulation Method
Based on the theory of thermal expansion, this paper proposes the expansion force of expansive rock when the water content changes. In other words, the expansion force caused by the change in water content is equivalent to the expansion force caused by the change in temperature.
For expansive rocks of length [image: image], when water is uniformly encountered and water is raised from [image: image] to [image: image] [image: image] the amount of expansion of the expansive rock is:
[image: image]
where [image: image] is the coefficient of linear expansion of expansive rock and its unit is percent sign.
If rigid consolidation at both ends of the swelling rock cannot extend freely and cannot be bent and deformed, the elongation [image: image] of the expansive rock will be completely limited when it meets water, and compressive stress will appear in the expansive rock. That in a sense, the expansive rock should be swelled to [image: image] before it meets water. It was assumed that the expansive rock was restrained and restricted. The volume of the expansive rock after water is still [image: image], which is equivalent to an axial pressure [image: image] after the expansive rock meets water. The expansive rock of [image: image] produces an axial compression set [image: image]. If the compression deformation is elastic deformation, then:
[image: image]
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where [image: image] is the compressive expansion stress caused by axial expansion when expansive rock is completely restricted, [image: image] is the free expansion rate of expansive rock and its unit is percent sign, [image: image] is the elastic modulus of the expansive rock and its unit is MPa, [image: image] [image: image] is the change in water content of the expansive rock, [image: image] is the length of the expansive rock, and [image: image] is the cross-sectional area of the expansive rock.
Then, expansion occurs, and the equivalent expansion load is:
[image: image]
where [image: image] is the expansion stress field and [image: image] is the transpose of the set matrix of element [image: image].
Numerical Model
According to the provided geological map and survey report provided, the distribution of surrounding rock strata was determined. The tunnel cross-section layout is shown in Figure 3. The key points of the lining and pavement structure are shown in Figure 4. The detailed model of the finite element model and detailed details are shown in Figure 5. In this series of analyses, the finite element model includes wall rock units (LST units), excavation units (LST units), shotcrete unit units (BEAM6 units), and crack units (COJO units) (Li et al., 2000). The rock masses (wall rock and the excavation section) adopt an elastoplastic constitutive model and the Mohr-Colunmb strength criterion, while a linear elastic constitutive model was used for the shotcrete layer. The grouting effect was simulated by activating the prearranged curved beam element to simulate the shotcrete layer and lining structure, the system bolt and random bolt were simulated by the bar element, the grouting effect was simulated by improving the deformation modulus and strength parameters of the local surrounding rock of grouting, and the reinforcement effect of the reinforcing steel mesh and steel arch was simulated by improving the modulus and strength of concrete. The displacement boundary conditions permitted were that normal constraint down left and right boundary, adopts full constraints down the bottom boundary and freedom to displace along the top boundary.
[image: Figure 3]FIGURE 3 | Arrangement diagram of the cross-section of the tunnel (unit: cm).
[image: Figure 4]FIGURE 4 | The key points of the lining and pavement structure.
[image: Figure 5]FIGURE 5 | Finite element model and detail.
Material Parameters
According to the relevant data and drawings of the tunnel disaster treatment, the main lithologies were marl and lime. According to the relevant geological drilling data and the relevant design manual of the tunnel, the basic physical and mechanical parameters of the surrounding rock are shown in Table 1.
TABLE 1 | Basic physical and mechanical parameters of surrounding rock.
[image: Table 1]According to the relevant data and the foregoing preliminaries, it was presumed that the disaster of the tunnel was caused by the softening and swelling of the marl. The disaster simulation needs to consider the softening and swelling characteristics of the marl. The main parameters include the softening coefficient, expansion coefficient, moisture content and softening expansion range. The parameters of marl softening expansion are selected as shown in Table 2. The material parameters of the supporting structure were mainly evaluated according to the design values of the code for the design of road tunnels (JTG D70-2004, 2004). The minimum reinforcement ratio of C25 reinforced concrete was calculated to be 0.2%, and its equivalent elastic modulus is 29.9 GPa. Other parameters were the same as C25 concrete. The elastic modulus of the sprayed concrete was calculated as per the actual steel arch frame and concrete area weight. The tensile strength of the anchor bolt was calculated according to the tensile strength of the HRB335 steel bar. The modulus of elasticity was measured by the longitudinal spacing equivalent. The values of the support materials and pavement structural parameters are shown in Table 3.
TABLE 2 | Softening and expansion parameters of Marlstone.
[image: Table 2]TABLE 3 | Material parameters for support and pavement structures.
[image: Table 3]The expansion coefficient [image: image] is the most important parameter for expansion and softening. According to the relevant references, [image: image] can be calculated according to the following formula.
[image: image]
where [image: image] is the expansion ratio, [image: image] is the saturated water content or expansion limit, and [image: image] is the initial moisture content.
The back analysis method has gradually become an important numerical calculation method in the process of survey, design and construction. Based on the above numerical model and initial parameters, the inversion analysis method is used to determine its parameters. The inversion analysis process was divided into three stages as follows:
1) Numerical simulation is carried out for the support structure of the tunnel and expansion softening process of the surrounding rock from geometric and mechanical aspects.
2) It tracks and analyses the stress field, deformation field and its distribution rule of surrounding rock when marlstone softens and expands, and the stress and deformation of the initial support and the secondary lining are analyzed.
3) The numerical simulation results are compared with the actual deformation and stress monitoring results. Then, the numerical model and parameters, forwards iteration and recursive analysis are fed back and adjusted. The value for the minimum difference between the numerical analysis result and the detection result is 5%.
Simulation Results of the Tunnel Diseases
In this section, the representative section of ZK35 + 045 was located in the ZK34 + 925∼ZK35 + 050 stretch of the left tunnel. The lining was seriously damaged, and the cracks are distributed densely. The failure of the lining was demonstrated by the back analysis method introduced above.
Taking the parameters in Tables 1–3 as the initial parameters of the simulation calculation, the deformation and cracking of the representative section lining and pavement were simulated by the established finite element analysis model. The simulated deformation and cracking of the lining and road surface are shown in Figure 6. Lining axial force and bending moment are shown in Figure 7.
[image: Figure 6]FIGURE 6 | Simulated lining deformation of the section of ZK35 + 045. (A) Axial force of the lining (unit: kN) (B) Bending moment of the lining (unit: kNm).
[image: Figure 7]FIGURE 7 | Lining axial force and bending moment.
In Figure 6, the road surface and the upside-down arches are uplifted, and the middle road surface uplift is relatively large. There were different levels of voids amongst the layers of the road surface. Cracks appear on both sides of the wall. Both the left and right sidewall and spandrel have converged deformation, and the sidewall deformation is relatively large. Both sides of the cable trench produce an inward tilt phenomenon. The simulated disaster law of the tunnel was basically consistent with the actual disaster characteristics on site.
To further verify the failure of the tunnel, according to the monitored deformation, the expansion coefficient and saturation of the surrounding rock were calculated. When the softening expansive range was 2 m, the softening coefficient was 0.20–0.54, the marl moisture content was 6.25% and the expansion coefficient was 0.125–0.138. The deformation and failure of the lining structure and road surface obtained by simulation are shown in Table 4.
TABLE 4 | Summary of stress and deformation of lining structure.
[image: Table 4]From Table 4, it can be seen that the maximum deformation is approximately 138.02 mm at the pavement midpoint, while the maximum deformation at the lining arch bottom was approximately 121.69 mm, reducing approximately 12% compared to the road surface. According to the measured deformation data at the site, the highest point of the road surface ridge was approximately 130 mm, which is in good agreement. Convergence deformations of approximately 41.41 and 72.03 mm were also produced in the left and right sidewalls (arch waist), respectively, which were basically consistent with the measured 6 cm. Tensile stresses appear on the arch feet, sidewalls and road surfaces, but the tensile stress at the pavement does not exceed 0.20 MPa. The tensile stress at the sidewalls and arches was as high as 6.20 MPa, far exceeding the ultimate tensile strength of C25 concrete, causing severe cracking damage at the sidewall. In addition, the tensile stress at the arch feet was the greatest. When reinforced, the enlargement leg of the bracket can be set at the arch feet.
From Table 4, it can be seen that the deformation of the road surface was approximately 38.7 mm from September 12, 2014, to May 31, 2015, and the convergence deformation of the sidewall was approximately 10.2 mm, which is approximately 25% of the road bump deformation. The left sidewall obtained by inversion was approximately 30% of the bump deformation of the road surfaces, which was caused by the late setting of convergence monitoring in the hole, resulting in the difference between the two values. In addition, the tunnel ridge deformation was approximately 130 mm, as measured by the tunnel laser cross-section detector, which was close to the 138.02 mm inversion value of the pavement midpoint. The actual convergent deformation at the arch shoulder was 60 mm, which was close to the inversion deformation of 46.84 mm. Therefore, the deformation simulation results were in good agreement with the actual deformation.
According to the results of the back analysis, the deformation and failure characteristics of the ZK35 + 045 section are extracted, and then the equivalent swelling and softening load of the surrounding rock on the lining structure when the lining was damaged was inverted by the integral method. When the disaster occurred, the maximum equivalent expansion softening load of the surrounding rock to the lining was located at the left wall and the right arch, which are 1.30–2.00 MPa. The rest were no more than 1.00 MPa, and the bottom of the arch is the minimum in Figure 8.
[image: Figure 8]FIGURE 8 | Expansion load of ZK35 + 045 (unit: MPa).
TREATMENT MEASURES OF TUNNEL DISEASES
Combined with the original support scheme and engineering experience and based on the failure and parameter inversion results, several treatment measures were proposed. A numerical method was used to study the feasibility of the treatment scheme for representative sections under the effect of surrounding rock swelling and softening. The force situation and the effect of each reinforcement plan were evaluated.
Disposal Schemes
Several treatment schemes are proposed, as shown in Table 5.
TABLE 5 | Treatment schemes.
[image: Table 5]Evaluation of the Disposal Measures
For tunnel defects, after the above four disposal schemes are adopted, the stress of the lining structure under the action of expansion force and surrounding rock softening is shown in Table 6.
TABLE 6 | Stresses at key points of the lining structure under different schemes.
[image: Table 6]Table 3 shows that when scheme A was adopted for the tunnel section, the stress of the lining structure undergoes a major change after arching, the tensile stress at various parts of the lining structure was significantly reduced during the later period of surrounding rock loads, and the most significant reduction was in the arch foot portion. Significantly (mainly due to the use of an enlarged bracket for the lining of the arch feet), after arching, the tensile stress at the left wall decreased from 5.35 to 3.47 MPa, nearly 35%; the tensile stress at the right wall was relatively small, and it decreased only 20%. The drop in the foot of both sides was up to 80%. However, the tensile stress at the left wall of the lining still exceeds the ultimate tensile strength of C25 concrete, and there was still the risk of cracking and destruction.
Compared with the tensile stresses of scheme A, when the section adopts scheme B, the reduction of the tensile stress at the left and right wall linings was most obvious, and the reduction was approximately 55%. The tensile stress at the left wall was approximately 1.59 MPa, and tensile stress at the right wall was approximately 0.58 MPa. The tensile stress at the arch feet was not significantly different from scheme A. Although the stress at the whole section was reduced to varying degrees after exchange and replacement, the tensile stress at the left wall and the arch feet were still greater than the ultimate tensile strength of the C25 concrete, and the tunnel safety was still insufficient.
Compared with the tensile stresses of scheme B, when the section adopts scheme C, the reduction of the tensile stress at the left and right wall linings was approximately 10%. The tensile stress at the left wall was approximately 1.42 MPa, and tensile stress at the right wall was approximately 0.58 MPa. The tensile stresses at the left and right arch feet were 1.34 and 1.20 MPa, respectively. Although the stress at the whole section has been reduced to varying degrees after exchange and replacement, the tensile stress at the left wall and the arch feet are still greater than the ultimate tensile strength of the C25 concrete, and the tunnel safety is still insufficient.
Compared with the tensile stresses of scheme C, when the section adopts scheme D, the reduction of the tensile stress of the lining at the left wall and the arch feet is approximately 10%, and the stress of the lining at the right wall slightly increased. After adding the prestressed bolts, the tensile stress at the left wall was approximately 1.28 MPa, and tensile stress at the right wall was approximately 0.76 MPa. The tensile stresses at the left and right arch feet were 1.26 and 1.02 MPa, respectively. In this reinforcement scheme, the tensile stress value of the full section of the lining structure was less than the design tensile strength of the C25 concrete, and the tunnel can operate safely under subsequent expansion and softening. The lining axial force and bending moment of scheme D are shown in Figure 9.
[image: Figure 9]FIGURE 9 | Lining axial force and bending moment of scheme D.
In summary, when section ZK35 + 045 adopts treatment plan D and steel reinforcement, the lining stress is less than the design tensile strength of C25 concrete, which meets the design requirements. Therefore, it is suggested that disposal scheme D be adopted as the final disposal scheme of this section.
CONCLUSION
Based on the investigation and analysis, the disaster of expansive rock tunnels in mountainous areas was studied by FINAL finite element software. The main conclusions were drawn.
1) Based on the theory of thermal expansion, a formula for calculating expansive force with water content of expansive rock was proposed.
2) As the marlstone expands and softens in water, the load on the lining structure increases and the tunnel disease intensifies. The simulated disaster confirmed this phenomenon. This tunnel’s disaster was mainly caused by the expansion and softening of the marlstone.
3) The inversed deformation is 130 mm at the pavement midpoint of ZK35 + 045, which was close to the measured value of 140 mm. The measured convergence deformation at the sidewall was 60 mm, which was consistent with the measured value of 70 mm.
4) According to the actual cracking situation, the progressive treatment scheme (A, B, C and D) was proposed. Scheme D (replacing the inverted arch and lining and installing prestressed bolts) met the design requirements and was recommended for practical disposal in Dugongling tunnel.
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The seepage calculation of unsaturated soil has always been an important subject in the field of geotechnical engineering, and it greatly influences the stability of geotechnical engineering. Currently, most of the unsaturated soil seepage calculation formulas consider only the saturation. In fact, the seepage of the soil is also affected by other factors, such as pore size. Therefore, considering the influence of void ratio in the seepage calculation of unsaturated soil is worthy of further investigation. In this study, a seepage function of unsaturated soil, which considers the influence of dry density and saturation, was constructed and introduced into ABAQUS program. An engineering case was calculated, and the difference between the results considering two variables and that only considering saturation was compared and analyzed. The analysis of the results indicates that this function can better characterize unsaturated seepage, and its subprogram is applicable.
Keywords: bivariate, unsaturated soil, seepage equation, finite element, ABAQUS
1 INTRODUCTION
The study on seepage calculation of unsaturation soil is important in geotechnical engineering. Many projects need to conduct unsaturated soil seepage calculation, such as foundation excavation, hydropower dam engineering, and slope stability engineering. (Jennings and Burland, 1961;Fredrond and Laharzo, 1997; Xie and Zhiyan, 2006; Han et al., 2016; Fan et al., 2019; Jiang et al., 2021). Many researchers (Wang et al., 2013; Chen, 2014; Zhou et al., 2018; Shao et al., 2019; Xie et al., 2019; Liu et al., 2020; Liu et al., 2020; Han et al., 2021; Huang et al., 2021; Kang et al., 2021; Lu et al., 2021; Sun et al., 2021; Wang et al., 2021) have studied unsaturated seepage from different aspects. (Yu et al., 2008; Han et al., 2018: Zhang et al., 2021) studied the stability of unsaturated soil slope under unsteady seepage condition. Tang et al. (2002) and Xiong et al. (2005) explored the influence of seepage on slope stability. Liu and others (Mao, 2003; Liu et al., 2005; Han et al., 2019; Liu et al., 2020; Yao et al., 2021) examined the mechanism of slope instability when water level rises. Neuman (1973) proposed a unified consideration of saturated and unsaturated seepage state, which has been recognized by academia in seepage calculation. Fu and Jin (2008) and Fan et al. (2020) proposed a saturated–unsaturated seepage model with the total head of porous media and seepage field. Tao et al. (Han et al., 2018; Tao et al., 2019; Liu et al., 2020; Wang et al., 2021) analyzed the influence of initial void ratio on permeability coefficient of unsaturated soil through experiments and model calculation. Wu and Zhang, (2009) proposed a numerical analysis method for one-dimensional coupling of seepage and deformation of elastic soil. Jia et al. (2007) and Liu et al. (2021) derived the basic equation of unsteady seepage in unsaturated soil. Zhang et al. (2006, 2020) calculated the influence of water level decline on slope safety factor under different slopes of soil–water characteristic curves. Wu et al. (2009) proposed a general finite element method for solving Richards equation of unsaturated seepage. Ma et al. (2018) and Sheng et al. (2008) analyzed the influence of dry density on permeability coefficient.
The aforementioned analysis shows that the existing seepage calculation methods of unsaturated soil only consider the variable of saturation. However, in the process of permeability deformation of actual soil, unsaturated permeability coefficient will be influenced by many factors, such as the size of soil particles, the density, the pressure, and the void ratio. Therefore, the factors should be considered comprehensively to better calculate and simulate the actual state of unsaturated seepage Liu et al. (2010). In this study, a permeability function for unsaturated soil considering bivariate of dry density and saturation was proposed. It was introduced into the ABAQUS finite element program by subprogram development. One engineering case was calculated, and the difference between the results considering two variables and that only considering saturation was compared and analyzed. The analysis of the results indicates that this function can better characterize unsaturated seepage, and its subprogram is applicable.
2 BIVARIATE PERMEABILITY MODEL OF UNSATURATION SOIL
2.1 Permeability Function of Unsaturated Soil With Bivariate of Dry Density and Saturation
The relationship between seepage coefficient and saturation of samples under different wetting cycles is measured using an improved water-gas motion measuring instrument developed by institute of Geotechnical Engineering, Xi’an University of Technology. The dry density of the samples ρd = 1.40–1.67 g/cm3. The variation in relative permeability coefficient ratio (kr = kw/ks) with saturation under different dry densities is comprehensively analyzed by selecting a set of test data with most humidifying cycles. The permeability function of unsaturated soil considering bivariate of dry density and saturation is derived, as shown in Equations 1–3:
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where a and b and b1 and b2 and α and β are all parameters of loess used in the test, and a = 4 × 10−5, b = 9.8385, b1 = 1182.2, b2 = −4.8569, α = 109, β = −12.757; [image: image] is dry density (g/cm3); [image: image] is saturation of soil samples; kr is the ratio of permeability coefficient; ks is the permeability coefficient of saturated soil (×10−7 cm/s); kw is the seepage coefficient of unsaturated soil (×10−7 cm/s, independent variables are density and saturation).
The model considers the influence of the change in both saturation and dry density on the permeability coefficient in seepage process. This calculation process is considered to be more consistent with the stress state in seepage engineering.
2.2 Soil–Water Characteristic Curve
Zhang (2009) tested the soil–water characteristic curves of unsaturated loess under different axial stress and lateral confinement. The soil–water characteristic curves of measured under no pressure are compared with that under a certain consolidation pressure. The influence of initial density and stress on the soil–water characteristic curve is qualitatively analyzed. Through the verification of the test data in Huang et al. (1994) and Huang et al. (1998) paper, a new model considering the density change caused by stress is proposed, namely the modified van-Genuchten model, as shown in Equation 4:
[image: image]
where a is a parameter related to intake value; n is a soil parameter related to the soil dehydration rate after the matric suction is greater than the intake value; m is a parameter related to the residual water content.
3 PROGRAM DEVELOPMENT OF BIVARIATE MODEL
USDFLD is a subroutine module in ABAQUS. Its main function is to change the field variable (FV) value at the material point through the subroutine for altering the parameter value of the material. The subroutine is based on the calculation principle of Newton iterative method. Stress increment and state variables are updated by the strain increment introduced by ABAQUS main program, and the Jacobian matrix əΔσ/əΔε of the material is given for calculation.
The USDFLD subroutine can define the custom field variable as a function of time or of other available material point. The material property is defined as a function of the field variable related to the calculation solution (SDV). When USDFLD is called, it must be defined by initial conditions, predefined field variables, or initial field variables. In the process of calculation, although the field variable has been defined by the initial conditions, the one at the integral point is obtained by field variable interpolation at the corresponding node, that is, the field variable value of the node is interpolated to calculate the value at the integral point. USDFLD only redefines the field variables at the integration point. Therefore, we first deform the unsaturated permeability function of two variables, namely, Equations 1, 3, and obtain Equations 5, 6.
[image: image]
We define [image: image], and then Equation 6 can be derived:
[image: image]
where ks’ is equivalent saturated permeability coefficient, kr′ is equivalent unsaturated soil relative permeability coefficient, and S is saturation.
The equivalent saturated permeability coefficient ks′ is expressed as a function of dry density and suction by converting the aforementioned formulas. The equivalent relative permeability coefficient kr’ is expressed as a function of saturation. Given that the dry density ρd can be expressed by the void ratio, the saturated permeability coefficient is also the function of void ratio and saturation. In ABAQUS, only a custom field variable is needed to realize the aforementioned function because the saturated permeability coefficient can be directly defined as a function of void ratio.
In Equation 5, the value of kw is not equal to the saturated permeability coefficient when the saturation is 1. Therefore, the function cannot be directly used to calculate the permeability coefficient in the saturated region. The saturated permeability coefficient should be calculated according to Equation 2 ([image: image]) in the DATE LINE step of ABAQUS when the saturation S = 1.
The field variable FV1 to S should be updated through the USDFLD subroutine in the calculation process to realize the variation in permeability coefficient with dry density and saturation in the program. The redefinition of permeability coefficient is realized.
The development of the bivariate model is realized by programming in FORTRAN language. The bivariate permeability function model of unsaturated soil is successfully introduced into ABAQUS. The USDFLD subroutine is as follows:
[image: FX 1]
4 VERIFICATION BY AN ENGINEERING EXAMPLE
4.1 Introduction of the Example
A homogeneous earth dam project in Xi’an is selected for modeling calculation, and a two-dimensional model is established. The Cambridge model is used for calculation. This earth dam is shown in Figure 1.
[image: Figure 1]FIGURE 1 | The schematic diagram of the homogeneous earth dam model.
The bottom of the dam is taken as the elevation of 0. The height of the dam crest is 12.0 m, the width of the dam crest is 4.0 m, and the width of the dam bottom is 52.0 m. The upstream slope and downstream slope are both 1:2.0.
The water level on upstream slope is 10 m, and the downstream slope is considered without water. The seepage boundaries are the bottom of the dam and the downstream. The saturated permeability coefficient of the dam soil is 1.3E−5 m/s. The applicable range of dry density in Equation 5 is ρd = 1.40–1.67 g/cm3, which is converted to void ratio as e = 0.56–0.89. The initial void ratio value of this example is in this range.
The FV can be updated at Gaussian integral points in USDFLD. Thus, the unsaturated permeability function with bivariate of saturation and dry density can be realized in ABAQUS by assigning corresponding permeability coefficients to different void ratios in this example.
The permeability coefficient of the dam is shown in Table 1. The effect of temperature field is not considered in this paper, so the values of temperature field all are 0 (can also be omitted).
TABLE 1 | The definition data of equivalent saturated permeability coefficient ks′ and unsaturated soil relative permeability coefficient kr′
[image: Table 1]The data in the original example (2009) is shown in Table 2, and the soil–water characteristic curve is shown in Figure 2.
TABLE 2 | Pore pressure and saturation of the soil–water characteristic curve
[image: Table 2][image: Figure 2]FIGURE 2 | Soil–water characteristic curve.
4.2 Calculation Schemes
The earth dam model is calculated under two schemes, under constant permeability coefficient and permeability coefficient varying with void ratio (dry density) and saturation.
Considering the change in the void ratio and saturation, the influence of non-constant permeability coefficient on seepage calculation is compared and analyzed. The results of FV are further extracted for analysis to verify the introduced of the bivariate function model subroutine for seepage calculation.
4.3 Results and Analysis
The seepage paths are the same under the two calculation schemes. The pore water pressure, saturation, and flow velocity in the unsaturated region will be different in the seepage process. Due to the different seepage calculation model, the differences in pore water pressure and saturation under two calculation schemes are emphatically compared.
4.3.1 Results and Analysis of Pore Water Pressure
Figure 3 shows the cloud pictures of pore water pressure extracted after simulation calculation under the two schemes. The maximum value of pore water pressure is located in the upstream slope angle, and the minimum is located in the downstream slope top. These findings reflect that the downstream slope is unsaturated zone.
[image: Figure 3]FIGURE 3 | The pore water pressure cloud picture calculated under two schemes. (A) The pore water pressure cloud picture calculated under Scheme 1. (B) The pore water pressure cloud picture calculated under Scheme 2.
Figure 3 shows the approximate distribution trend of pore water pressure, but the specific variation cannot be known. Therefore, the pore water pressure data of each section node are extracted for analysis, as shown in Figures 4, 5.
[image: Figure 4]FIGURE 4 | The curve of pore pressure with Y coordinate. (A) The curve of pore water pressure with Y coordinate in the middle of earth dam. (B) The curve of pore water pressure with Y coordinate on downstream slope of earth dam. (C) The curve of pore pressure with Y coordinate on upstream slope of earth dam.
[image: Figure 5]FIGURE 5 | The curve of pore pressure with X coordinate. (A) The curve of pore water pressure with X coordinate at Y = 8 m. (B) The curve of pore water pressure with X coordinate at Y = 4 m.
The Y coordinate in the figure represents the height direction of the dam, and the X coordinate represents the width direction of the dam.
Figure 4A presents the variation in pore water pressure with Y coordinate in the middle of the earth dam. Figure 4B shows the variation in pore water pressure with Y coordinate in the downstream slope. Figure 4C displays the variation in pore water pressure with Y coordinate in the upstream slope.
Figure 4A shows that the pore water pressure in the middle position of the dam varies linearly with the coordinate under the two schemes. These pressures transit from saturation to unsaturated zone at Y = 8 m. The pore water pressure calculated by considering the change in void ratio is larger than that calculated by constant void ratio. This feature is more pronounced in unsaturated zone. In the unsaturated region, the matrix suction calculated by Scheme 1 is smaller than that calculated by Scheme 2. In addition, the zero pore pressure position calculated by Scheme 2 is higher than that of Scheme 1.
Figure 4B shows that the downstream of the dam is completely unsaturated zone, and the pore water pressure calculated considering the change in void ratio is greater than that when the void ratio is constant in the region of 4–12 m. However, the opposite situation is observed in the region of 0–4 m. This result is due to that the permeability coefficient will reduce when considering the void ratio change.
As shown in Figure 4C, the pore water pressure variation of the two schemes is the same in the saturated region on the upstream slope of the dam. However, the pore pressure calculated considering the change in void ratio in the unsaturated region is significantly greater than that considering it is constant. Analysis shows that this finding is mainly due to that the permeability coefficient in the unsaturated zone is smaller. This condition results in that the infiltration line of the former is higher than that of the latter. Thus, the pore water pressure increases significantly in the unsaturated zone.
Figure 5 presents the curves of pore water pressure of dam cross section with X and Y coordinates of 4 m and 8 m, respectively. The curves show that the calculated pore water pressure considering the change in void ratio is larger than that of constant void ratio. At the downstream slope (i.e., X > 24 m), the calculated pore pressure considering the change in void ratio is smaller than that when the void ratio is constant when Y = 4 m.
The comprehensive analysis of the aforementioned figures shows that the saturation line for seepage will change when the influence of the change in void ratio on unsaturated permeability coefficient is considered. Specifically, the calculation result of saturation line shifts to the left as a whole compared with that of Scheme 1 in the region of Y = 0–4 m. The saturation line will be lower than that of Scheme 1 in the region of Y = 4–12 m. These feature are more in line with the actual seepage process.
4.3.2 Results and Analysis of Saturation
Saturation is also an important index in the calculation and analysis of unsaturated seepage. The saturation under different schemes of the same section is extracted for comparative analysis by referring to the section selected in pore water pressure. Figure 6 shows the saturation cloud pictures under the two schemes.
[image: Figure 6]FIGURE 6 | The saturation calculated under two schemes. (A) The saturation calculated without considering the change of void ratio. (B) The saturation calculated considering void ratio change.
As shown in Figure 6, the wetting surface of the downstream slope in Scheme 1 is obviously shifted to the left compared with that in Scheme 2. The minimum saturation of Scheme 2 is on the upper right side of the unsaturated zone, while it is at the foot of the downstream slope of Scheme 1. The reason is that the void ratio is linearly distributed along the dam height. Therefore, the unsaturated permeability coefficient of Scheme 1 will be greatly reduced at the bottom of the slope. The saturation line shifts to the left accordingly. As a result, the saturation at the foot of the downstream slope is smaller than that at the left and upper parts of the downstream slope.
Figure 7 shows the curves of the saturation at the middle of the dam and the downstream slope and the upstream slope under the two schemes. Figure 8 presents the curves of the saturation of the sections with Y = 4 m and Y = 8 m under the two schemes.
[image: Figure 7]FIGURE 7 | The curve of saturation with Y coordinate. (A) The curve of saturation with Y coordinate in the middle of earth dam. (B) The curve of saturation with Y coordinate on the slope downstream of earth dam. (C) The curve of saturation with Y coordinate on upstream slope of earth dam.
[image: Figure 8]FIGURE 8 | The curve of calculated saturation with X coordinate. (A) The curve of calculated saturation with X coordinate at Y=8 m. (B) The curve of calculated saturation with X coordinate at Y=4 m.
Figures 7, 8 show the comparison of saturation at each section. The figures indicate that the saturation values under the two schemes are equal in the saturated region, but a lag in the transition is observed between the saturated and unsaturated regions. The feature is most obvious in the downstream slope of the unsaturated region. The change in saturation is similar to the change trend of pore water pressure in Section 4.2.1. The saturation calculated by Scheme 1 is larger than that of Scheme 2 in the unsaturated zone in the upper part of the dam. The saturation of Scheme 2 is larger than that of Scheme 1 in the unsaturated zone in the lower part of the dam downstream. Analysis shows that this finding is due to that the permeability coefficient will decrease considering the influence of dry density (void ratio) on unsaturated permeability coefficient.
4.3.3 Results and Analysis of Seepage Velocity
The cloud pictures of seepage velocity under the two schemes are shown in Figure 9.
[image: Figure 9]FIGURE 9 | The flow velocity cloud picture calculated under two schemes. (A) The flow velocity cloud picture calculated under Scheme 1. (B) The flow velocity cloud picture calculated under Scheme 2.
The data are extracted to draw the curves of the seepage velocity and Y at the middle position of the dam X = 0, the downstream slope and the upstream slope, and the relationship between the seepage velocity and X at Y = 4 m and 8 m sections. They are shown in Figures 10, 11.
[image: Figure 10]FIGURE 10 | The curve of seepage velocity with Y coordinate. (A) The curve of seepage velocity with Y coordinate in the middle of dam body. (B) The curve of seepage velocity with Y coordinate on the slope downstream of earth dam. (C) The curve of seepage velocity with Y coordinate on upstream slope of earth dam.
[image: Figure 11]FIGURE 11 | The curve of seepage velocity with X coordinate. (A) The curve of seepage velocity with X coordinate at Y=4 m. (B) The curve of seepage velocity with X coordinate at Y=8 m.
Figure 10 shows that the seepage velocity considering the void ratio’s change is significantly smaller than that under constant void ratio. Figure 10A shows that the middle and lower parts of the earth dam are saturated regions, and the upper part is unsaturated regions. Therefore, a slight difference in unsaturated seepage velocity is observed between the two schemes when Y < 8 m.
Figure 11 reveals a large difference in the seepage velocity under the two schemes, and the maximum value reaches more than one order of magnitude.
As shown in Figure 10B, the velocity is the same when Y < 10.0 m. However, the difference in permeability coefficient between the two schemes increases sharply when Y > 10.0 m. Figure 11A shows similar laws. Specifically, the difference in seepage velocity is not large when Y < 35 m, but the permeability coefficients of the two are also quite different when Y is greater than 35. As shown in Figure 11B, the difference is also small when Y < 24 m, while the difference is large when Y > 24 m.
These results show that the seepage velocity of the two schemes is quite different. This finding also verifies the change rule of pore water pressure caused by the aforementioned change in void ratio. In particular, the permeability coefficient of Scheme 1 is reduced compared with that of Scheme 2 due to the decrease in seepage velocity, and the infiltration line will shift to the left lower part in the process of seepage.
4.4 Verification of the Introduction of Subroutines
The value of custom field variables can be extracted in the post-processing module of ABAQUS. The FV and saturation values at the integral point are extracted to verify whether the USDFLD subroutine is used in seepage calculation. Figure 12 shows the FV cloud picture and saturation cloud picture of this example model.
[image: Figure 12]FIGURE 12 | The cloud picture of FV and saturation. (A) The FV cloud picture. (B) The saturation cloud picture.
As shown in Figure 12, the cloud pictures of the field variable FV1 and saturation are nearly the same in term of the distribution law and order of magnitude. This finding means that the USDFLD subroutine updates the saturation in the calculation process, which also verifies that the subroutine is successfully called in ABAQUS calculation. Therefore, the seepage calculation can be conducted in finite element by using the seepage model considering bivariate of void ratio (dry density) and saturation.
The void ratio is assumed to be linearly distributed along the dam height, but the coupling between stress and seepage is not fundamentally considered. In practical engineering, the void ratio changes with stress, and the permeability coefficient of soil decreases with the decrement in void ratio. Therefore, the calculation results considering the change in void ratio in Scheme 2 are more consistent with the actual situation.
5 CONCLUSION
In this study, the bivariate permeability function of unsaturated soil is derived and introduced into ABAQUS program by subroutine development. A homogeneous earth dam is calculated for the verification of the model. The calculation results are compared and analyzed. The unsaturated seepage model considering bivariate of dry density and saturation can be introduced into the finite element method.
1) After considering bivariate of dry density and saturation, the calculated saturation is different from those without this consideration with the decrease in permeability coefficient of unsaturated soil.
2) The calculated saturation line considering bivariate of dry density and saturation has a tendency to move left lower than that without considering the influence of density on permeability coefficient.
3) When considering bivariate of dry density and saturation, the calculated pore water pressure in unsaturated region is smaller than that of the unsaturated seepage calculated by the traditional method.
4) The FV cloud picture is compared with the saturation cloud picture by using the custom field variable function in ABAQUS to verify that the subroutine is successfully called during the ABAQUS calculation.
5) The unsaturated seepage model considering bivariate of dry density and saturation can be introduced into the material model of ABAQUS Finite Element.
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In this study, a multi-physics coal and gas outburst experimental apparatus is developed to allow investigating the gas-driven mechanism behind the disaster caused by coal and gas outbursts in tectonic regions. The apparatus can simulate the coal and gas outbursts under different initial geo-stresses, gas pressures and temperatures. By integrating acoustic emission sensors in the holes on axial platens, acoustic signals from coal samples during the whole test can be monitored. A series of testability experiments were conducted on the developed apparatus to verify its performance. The damage characteristics and outburst occurrence of raw coal under different gas pressures were experimentally studied and that provided a more complete theoretical basis for coal and gas outburst. The degree of fragmentation of coal samples and the mass proportion distributions of the outburst pulverized coal after outbursts under different gas pressures were analyzed, as a reference for exploring the evolutionary characteristics of coal and gas outburst with gas-driven action.
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INTRODUCTION
Coal and gas outburst (CGB) is one of the biggest threats to mine safety and coal production. In the past years, CGB disasters have cause thousands of casualties in Australia (Li and Saghafi, 2014; Black, 2019), China (Zhou et al., 2014; Wang et al., 2019), Ukraine and Poland (Skoczylas, 2012). There were 230 cases of fatal coal mine CGB accidents that killed 1,611 people from 2001 to 2010 in China (Chen et al., 2012). It is reported officially that coal as the most important primary energy source in China, will maintain a huge production of more than 3 billion tones in the next 30 years. Along with the ongoing exploitation, coal resources have gradually dried up in China and coal mines have been going deeper by 10–30 m every year (Fan et al., 2018; Fan et al., 2019a; Fan et al., 2020). Hargraves (Hargraves, 1983) showed that the chance of CGBs would increase with the depth and the mining progress. Deep coal explorations are always accompanied with complex geological environments, like high geo-stress and high gas pressure. A high geo-stress can destroys the coal seam easily, which will make coal fragmentation easier and even lead to a CGB accident under the action of high-pressure gas accumulated within the coal mass (Liu et al., 2014; Li et al., 2018; Zhou et al., 2019a). Aside from the mechanical properties of coal, a sufficient amount of “free” high-pressure gas is considered to be a primary initial condition for CGBs occurrence (Cao et al., 2019).
Since the first recorded coal and gas outburst in France in 1834, many efforts have been made to develop an experimental apparatus for investigating the mechanism behind CGBs. By using them, a number of critical results have been obtained. The most existing models fall into three categories: pocket theory, dynamic theory, and multiple-factor theory (Lama and Bodziony, 1998; Guan et al., 2009). According to the pocket theory (Shepherd et al., 1981), fractured/crushed fine coal with a larger amount of high pressure gas is wrapped in intact coal with low permeability. When the crushed coal is exposed due to failure and the surrounding intact coal is broken as a result of mining activities, an outburst would occur with a high gas pressure and a rapid coal ejection. The dynamic theory (Yang et al., 2019) states that the mining-induced stress reduces the strength of the gas-filled coal, forming a tendency for coal and gas outburst. The multiple-factor theory (Beamish and Crosdale, 1998) considers the occurrence of the outburst as the result of the combined effects of several factors: gas, stress, coal property and tectonic environment.
Because of the complex conditions during the outburst process, there is not a complete theory that can accurately explain this complex phenomenon (Xue et al., 2011; Fisne and Esen, 2014). However it is generally accepted that the most important factors influencing the occurrence of coal and gas outbursts are geological structures, gas-related properties of coal seams (composition, pressure, content, sorption capacity, desorption rate), the mining-induced stress state in the coal seam, the properties and structures of coal seams (strength, porosity, and permeability) (Cao et al., 2001; Wang et al., 2013; Wang et al., 2015; Zhao et al., 2016). Geologic structures play a very critical role in the occurrence of the CGB formation. It is known that CGBs usually occur around tectonic regions (Fisne and Esen, 2014; Zhai et al., 2016; Liu et al., 2020a; Ma et al., 2021), where coal is crushed under tectonic stress, and the gas undergoes desorption and enrichment. It has been proved that the tectonic stress/geo-stress plays a role in the process of breaking the coal body, but whether it has any influence in the process of outburst is unknown. Shepherd et al. (Shepherd et al., 1981) reported that probably over 90% of disastrous coal and gas outbursts almost always occurred in narrow strongly deformed zones such as asymmetrical anticlines, hinge zones of recumbent folds and the intensely deformed zones due to strike-slip faults. Cao et al. (Cao et al., 2001) investigated four coal mines in China and found that the footwalls of the reverse fault are the most prone to trigger a coal and gas outburst. Guan (Guan et al., 2009) considered the occurrence of CGBs as one type of gas-driven eruption. In the frame of this conjecture, outbursts are caused by high gas pressure inside coal and low ambient outside pressure. The conjecture is verified in a shock-tube apparatus, where the coal is broken into pieces and pushed into the open space due to a rapid drop in gas pressure within a shock wave. This hypothesis provides a significative prospect to the research of outburst in tectonic regions.
However, the shock-tube apparatus has some deficiencies, such as the absence of both the triaxial stress acting on coal samples and the measurements of critical parameters, limiting further investigation on the gas-driven hypothesis. These deficiencies may deprive of much useful information for outbursts. For instance, the stress state of the coal seam is three-dimensional. Major CGB disasters occur frequently in tectonic regions, and eject much more coal and gas than that in other areas. The size of outburst orifice is closely related to the intensity of coal and gas outbursts. In addition, many parameters may vary in the process of outbursts (Yang et al., 2018; Liu et al., 2020b). It is necessary to accurately detect the parameters for outbursts.
With this in mind, researchers at Chongqing University have developed a gas-driven multi-physics coal and gas outburst experimental apparatus for avoiding the above-mentioned deficiencies. This apparatus can accommodate different sizes of raw coal samples instead of molded coal (which has a totally different structure, but is used in most of the existing CGB laboratory equipment), and simulate outbursts under various triaxial stresses and gas pressures. This paper describes the designing principles, structures, and key technologies of the apparatus. A series of exemplary experiments were conducted to check the capability, reliability, and accuracy of the apparatus.
MAIN STRUCTURE AND CHARACTERISTICS OF THE APPARATUS
The multi-physics coal and gas outburst experimental apparatus consists of a loading system, a triaxial pressure chamber, a rapid pressure relief system, a temperature control system, a data acquisition system and an auxiliary system (Figure 1). The apparatus can measure temperature, stress, gas pressure, deformation, outburst intensity and monitor acoustic emission signals of the coal sample before and during the outburst. These parameters provide quantitative data for understanding the mechanism of coal and gas outburst in tectonic regions.
[image: Figure 1]FIGURE 1 | Structure chart (A), schematic diagram (B) and practical picture (C) of the multi-physics coal and gas outburst experimental apparatus, whose components is indicated in the structure chart. The details of the opened triaxial pressure chamber (D) and its inside (E) are enlarged (Diameter of the shown schematic sample: 50 mm).
Loading System
Axial loading is powered by a hydraulic cylinder, which is connected to a high pressure oil pump. The confining pressure in the triaxial pressure chamber is provided by the filling hydraulic oil from another high pressure oil pump. The loading procedure is controlled by a hydraulic servo system, which can perform displacement loading, force loading and other complicated/combined loading (like cyclic loading). The largest axial force can reach 500 KN, while the confining pressure has a maximum pressure of 60 MPa.
Pressure Chamber
Pressure chamber (Figure 1D) is the place where the geo-stress and gas atmospheres for the tested briquette samples are simulated before triggering outbursts. Three mold sizes—ϕ25 mm × 50 mm, ϕ50 mm × 100 mm, and ϕ100 mm × 200 mm—can be used in the experiment, and the size of the mold is changeable according to other factors/requirements. The pressure chamber can ascend and descend when installing/uninstalling the samples and is connected to a flange base via 18 bolts after finishing the preparation for tests. The center of the flange base is a pedestal seat supporting the samples and transferring the load from the lower oil cylinder. The size of the pedestal seat can be adjusted according to the sample’s dimension. To facilitate samples installation, a fixing plate is attached via three steel bars to the flange base. The fixing plate will connect with the chamber’s roof when the chamber descends and get close. Between them, two homocentric rubber sealing rings (Figure 1E) are placed in grooves to ensure pressure maintaining. Similarly, at the vicinity of the flange base edge, rubber sealing rings are arranged.
The outburst orifice is located at the top of the pressure chamber and is covered by a wafer of toughened glass. The orifice has different diameters matching different size of samples. When the dimensions of the samples are ϕ100 mm × 200 mm, the orifice diameter is 50 or 40 mm. The samples of size ϕ50 mm × 100 mm correspond to the orifice of 30 or 20 mm.
Rapid Pressure Relief System
The rapid pressure relief system (Figure 2) is used to quickly release the gas within the coal, and thus induce the CGB phenomenon. The system includes multistage gas cells, a piston, an annular prick knife and an oil cylinder. The gas cells are located on the pressure chamber and are connected with bolts. The annular prick knife (Figure 2C1) is located at the bottom of the gas cell and above the outburst orifice. Normally the annular prick knife remains out of touch with the toughened glass wafer. When triggering outbursts, the prick knife will move down and break the toughened glass wafer, and then release the gas. Since the toughened glass is very brittle and its rupture is instantaneous, the gas release therefore can be considered rapid.
[image: Figure 2]FIGURE 2 | Rapid pressure relief system. Structure diagram (A) and practical picture (B) of the first-stage gas cell; the prick knife (C1) is installed in the outburst orifice of the triaxial pressure chamber above the toughened glass (D). The bottom of the prick knife is shown in (C2), which will hit and break the toughened glass driven by the pressing plate and the oil cylinder.
On the premise of security, a transparent window made of toughened glass (the yellow box in Figure 2B) is open on the lateral wall for the observation of outbursts (there are two transparent windows in the lateral wall. One to shine light into the cell, and one to observe). The largest gas pressure that the pressure cell can bear is 4 MPa. The multistage pressure cells (Figures 1B,C) are set up as required and different volumes of pressure chamber can be installed to change the outburst intensity. The experiment may fails at times because only a few narrow cracks/slits will be created on the toughened glass wafer, keeping it basically intact and leading to slow pressure relief.
The prick knife has a variety of sizes to adapt to different outburst orifices. When the outburst orifice diameter is 50 mm, the inside diameter of the prick knife at the bottom of the pressure chamber is 50 mm, and the orifice diameter of the fixing plate on the pressure chamber is also 50 mm. When the diameter of the outburst orifice changes, the sizes of the two others change accordingly.
Data Acquisition System
The data acquisition system includes all types of sensors (pressure, temperature and displacement, acoustic emission sensors, et al.), data acquisition cards, an acquisition-control servo software and a computer. A pressure sensor is installed on the piston rod end of the axial loading cylinder. Using the areas of the sensor and the piston, the applied axial load can be calculated. The accurate measuring range and resolution are 0–500 KN and ± 0.01 KN, respectively. The confining stress is measured by a pressure sensor installed on the pressure chamber inner wall, and its accurate range and resolution are 0–70 MPa and ± 0.001 MPa. The axial displacement is measured by a linear variable differential transformer that detects the movement of the axial piston in real time. The radial strain is measured by extensometers which are fixed on the samples using chains rolled around the sample surface. Three extensometers measure the radial expansion of coal samples at the upper, middle and lower parts, respectively. The maximum elongation of the extensometers is 16 mm, and the resolution is ± 0.001 mm. The temperature inside the triaxial pressure chamber is monitored by a platinum rhodium thermocouple with the accuracy range of 0–150°C and the resolution of ± 0.01°C. Gas pressure sensors are installed in grooves on the outburst orifice wall. All the real-time data collected by sensors will be converted into electrical signals by acquisition cards, sent to the test servo control software and translated into the monitored physical information. These data would be displayed on the screen and stored in the computer or managed differently according to the monitored information. This software can store data automatically with an adjustable frequency from a small value (like 0.01) to thousands of Hz, according to the experimental duration and data density requirement.
The acoustic emission (AE) monitoring system is mainly composed of AE detectors, miniature AE sensors, preamplifiers and some connecting electric wires. A mounting hole and a groove are arranged at the center of the upper and lower loading compression bars (Figure 3). Specialized miniature AE sensors are placed in the mounting hole and stick to one kind of coupling agent (butter) on the lower end surface of the sample. A thin electric wire passes through the groove approach and connects AE sensors to preamplifiers. The AE system can be used during the test for real-time acoustic signal detection with a frequency between 1 KHz and 1 MHz to analyze the outburst phenomenon and describe the evolution process of the sample fracture propagation.
[image: Figure 3]FIGURE 3 | Structure diagram for the installation of acoustic emission sensors.
Auxiliary System
This part mainly provides some auxiliary service before or after experiments (preparation phase or sample’s disassembling/installing phase). A cantilever crane is fixed between the floor and the ceiling and helps lifting the multistage gas cells, which are too heavy for manpower. A vacuum pump plays a role in vacuuming the specimen before the coal gas absorption. A dismountable heating furnace that is tightly wrapped on the triaxial pressure chamber is used to provide uniform heating on the oil and coal sample inside the chamber. The heating furnace has a thermal insulation layer on its external surface to improve the thermal efficiency and reduce the impact on the room environment. The temperature can remain constant at a preset value through the control of a temperature detect switch. The maximum temperature that the heating furnace can reach is 120°C.
PERFORMANCE CHECK ON THE APPARATUS
Checking on the Loading System
The accuracy of the loading system is checked by comparing the MaxTest-Load software with the real output of the loading system.
The axial force checker is a standard dynamometer of grade 0.3, model EHB-600B. The maximum axial force of the apparatus is 500 KN. The dynamometer was fixed between the compression bar and the axial piston, and axial forces were set at nine different stress levels (50, 80, 100, 150, 200, 250, 300, 400, and 500 KN) in the hydraulic servo controlling software (MaxTest Load software). Each measure is read three times and the average is taken. The relative errors (shown in Figure 4A) were calculated by comparing the display from the MaxTest Load software with the values obtained from the dynamometer. It can be seen that the maximum relative error is 0.23% and the average is 0.016%.
[image: Figure 4]FIGURE 4 | Relative errors of the axial force and the confining pressure shown in MaxTest Load software against standard dynamometers.
The confining pressure checker is a pressure sensor of grade 0.1, model HM22. The maximum confining stress of the apparatus is 60 MPa. The sensor was fixed at the inner wall of the triaxial pressure chamber, and the confining stress was set at seven levels (6, 10, 20, 30, 40, 50, and 60 MPa) in the MaxTest Load software. The output of the confining stress at each level was checked by the pressure sensor. The relative error for the confining pressure (shown in Figure 4B) was calculated with the same method as in the case of the axial stress. The relative errors (the maximum relative error is 0.25% and the average is 0.05%) fall in an acceptable range, that is, these accuracies can meet the requirements of the experimental loadings (Jiang et al., 2009).
Checking on the Gas Airtightness
The outburst orifice, the multistage gas cells and the two ends of heating shrinkable tubes (that wraps the coal sample to isolate it from hydraulic oil) should have enough airtightness during preparation and experiment. A cylindrical steel (A3 steel) column with 50 mm diameter and 100 mm length is used as “sample” in the airtightness test. The column is hollow to allow the gas to pass through the “sample” to fill/empty the outburst orifice. The airtightness test has two parts: the negative pressure test and the positive pressure test. The former is for the process of vacuuming, while the latter is for the coal absorption phase before outburst. During the test, the applied confining pressure is 1 MPa higher than the gas pressure.
In the negative pressure test, when the gas pressure reaches 2E1 Pa, the valve should be closed and the vacuum pump stopped. The gas pressure showed a slight return, at 6E1 Pa, 24 h later. For safety purposes, the CO2 is used to fill the “sample” during the positive pressure test. The gas pressure reaches 5 MPa under a constant axial force of 11.78 KN (equal to 6 MPa) and a confining pressure of 6 MPa. It was observed that the gas pressure remained unchanged during the 24 h. It is suggested that the gas tightness of the apparatus can meet the requirements of the test equipment (Zhou et al., 2019b).
Checking on the AE System
Acoustic emission as transient elastic waves generated within the material due to sudden localized structure changes would be a suitable approach to track the behavior of the material without causing damage. The system accuracy for AE detection is related to its appropriate denoising threshold, which should avoid noise and also allow as much desired signals as possible. After connecting the AE sensors, the amplifiers and the data acquisition system altogether, we start to receive AE signals with the experimental equipment working as the background noises. The threshold increases gradually. When the background noise just cannot be received, the appropriate denoising threshold is obtained. The same steel column “sample” is used in simulating a uniaxial compression test (force loading method, 4 kN/min speed, to 58.91 KN and equivalent to 30 MPa) to test the AE system performance.
Figure 5 shows the curves of AE count rate, axial pressure as a function of time during the test. The number and accumulation of AE events both are limited. The steel strength is relatively large, the stress of 30 MPa is far less than the yield strength of the steel sample (A3 steel’s yield stress is 235 MPa). In the process of loading, the steel was in the elastic phase and acoustic emission mainly resulted from the tiny rub moves between the steel sample and platens. Test results show that the AE subsystem has enough sensitivity and a good performance.
[image: Figure 5]FIGURE 5 | Axial pressure and count rate of acoustic emission events as a function of time during the acoustic emission monitoring with a steel column sample.
GAS-DRIVEN CGB EXPERIMENTS
Sample Preparation
The experiments used raw coal core from a tectonic region (fault) of a coal mine in Chongqing China (Fengchun Coal Mine), where the CGB occurs frequently (Dai et al., 2010). Under a high tectonic stress, the coal seam in the vicinity of a tectonic (fault) region is crushed and has an unmeasurable strength. Its hardness was evaluated at f = 0.78 with the HS method (Shore Scleroscope). The elemental analysis and firmness coefficient for the coal are shown in Table 1. Since the coal is too weak to take out samples with standard shapes (whose diameter and height are: ϕ50 mm × 100 mm), only six samples are used to verified the performance of the apparatus. All the coal samples meet the experiment operation requirements (Fan et al., 2017; Fan et al., 2019b).
TABLE 1 | Elemental analyses and firmness coefficient of coal samples.
[image: Table 1]Experimental Method
The CGB experiment was carried out under different gas pressures of 1.2, 1.6, 1.8, 2.0, 2.2 and 2.4 MPa, respectively. Carbon dioxide with a purity of 99.99 % was used instead of methane for safety. To eliminate the effect of stress and verify the gas effect, a same and constant effective stress (1 MPa) is maintained during all the tests. The experiments use a first-stage gas cell which communicates with the atmosphere and whose exit was covered by a piece of fabric to prevent the braize outflow. The inner diameter of the matched prick knife is 30 mm.
The experiments were conducted based on the following steps. 1) After the installation of the coal sample, all the sealing parts were prepared and then the sample was vacuumed for at least 12 h to clean the air completely. 2) After 12 h, all the valves were closed and the vacuum pump stopped. If the gas pressure remains constant and below 8 Pa within 2 h, the next step (gas absorption) can start. 3) To avoid the effect of aeration on the sample, CO2, CH4 or N2 was injected slowly with a velocity of 0.2 MPa/h. When the gas pressure increased to the preset value, it was kept constant for 12 h. Then the valve was turned off. When the pressure remained unchanged for 2 h, then the adsorption equilibrium was achieved. 4) All the preparation and stuff evacuation around the equipment were completed before triggering the outburst. The prick knife was then used to break the toughened glass and the experiment started.
Results and Analyses
Effect of Gas Pressure on the Coal Destruction
Most of experimental simulation apparatuses for CGBs have a horizontal layout (Yin et al., 2016; Ding and Yue, 2018; Wang et al., 2018; Zhou et al., 2019b), since the roadways where the CGB disasters happen frequently are always arranged along the strike direction of the coal seam, normally horizontal/near-horizontal. The horizontal layout enables the observation of the CGB process and the spatial morphology of the outburst coal. Identical phenomena were captured for both field observations and experimental tests (Jiang et al., 2009; Zhou et al., 2018):
(1) The outbursted pulverized coal has obvious sorting properties. The coal particles near the outburst exit are larger than those far from the outburst exit.
(2) The slope angle of the outburst coal is less than its natural resting angle.
(3) The larger the aeration pressure, the greater the outburst strength, and the bigger the quantity of coal particles thrown out.
Considering that the post-outburst has been well studied, the new-developed apparatus is focused on the gas-driven effect on the CGBs and thus designed with a vertical layout, which means that the outburst will propagate upwards (the effect of pressure on outburst is much greater than the effect of gravity on outburst).
When triggering the outburst, the prick knife moves down to break the toughened glass and the sensors record various physical information. Figure 6 presents the decrease of gas pressure in the first-stage gas cell under different gas pressures, which demonstrates the processes of a rapid gas pressure relief. From the presented results, it can be seen that the impact of gas pressure on the coal pulverization is significant. The characteristics of coal samples after outbursts under different gas pressures are shown in Figure 7. At a small gas pressure (≤1.6 MPa), the coal remained almost intact and no pulverized coal was ejected during the rapid gas pressure relief. When the gas pressure reached 1.8 MPa, a small amount of coal was destroyed and stripped from the sample with a small cavity being formed at the upper end face of the coal sample (Figure 7A). As the gas pressure increases, more coal was destroyed and a larger cavity was formed at the upper end face of the coal sample (Figure 7B). When the gas pressure was higher than 2.0 MPa, the whole upper part of the samples was destroyed and ejected (Figures 7C–E).
[image: Figure 6]FIGURE 6 | Variation of the gas pressure in the first-stage gas cell after outbursts were triggered under different gas pressures from 1.6 to 2.6 MPa.
[image: Figure 7]FIGURE 7 | Part of coal samples maintaining a relatively complete shape after outburst under different gas pressures from 1.8 to 2.6 MPa. Coal samples for 1.2 and 1.6 MPa were basically unchanged and are not presented here.
As for the ejection phenomenon, coal samples behaved differently under different gas pressures. At a small pressure (≤1.6 MPa), the coal remains intact and no ejection was observed. When the gas pressure was between 1.8 and 2.0 MPa, the upper end face of the coal sample was damaged, but there was no pulverized coal in the first-stage gas cell and the coal fragments were coarser (Figure 8A). The coarser coal particles provide broad channels for gas pressure relief, which is the reason why gas is released fast. With the increase in gas pressure, the destruction degree of the coal sample increased obviously. When the gas pressure reached 2.2 MPa, a large part of the coal sample was crushed into pulverized coal, part of which remained in the heating shrinkable tube and the outburst orifice (Figure 8B), and the other was ejected into the first-stage gas cell (Figure 8C). Only a small portion of the coal sample maintained a relatively complete shape (Figure 7C). At a gas pressure in the range of 2.4–2.6 MPa, the portion of coal sample that had a relatively complete shape after outburst decreased (Figures 7D,E), and there were more (fine) pulverized coal congested at the outburst orifice and the gas cell as shown in Figures 8B,C. The fine coal powder sediment had a smaller porosity, thus decreasing the permeability and slowing down the speed of gas pressure relief as in Figure 6.
[image: Figure 8]FIGURE 8 | Fractured coal after outburst. (A) Fractured coal sample from the experiment under a 1.8 MPa gas pressure; (B) pulverized coal at the outburst orifice of samples from the experiment under a high gas pressure; (C) ejected pulverized coal in the first-stage gas cell of samples from the experiment under a high gas pressure.
Figure 9 shows temperature variation of the fractured/pulverized coal at the outburst orifice. It remained constant at the room temperature during the first 20 s, then dropped sharply, and finally went back to the normal level again. With the increase in gas pressure, the temperature drop shows a minor growth. The detected temperature decrease of 3–4°C is significantly smaller than its theoretical value (20–30°C) calculated with an adsorption heat and an expansion work during outbursts (Liu et al., 2019a; Shu et al., 2019). That discrepancy is attributed to the long response time of the temperature sensor (however, which is inevitable for most existing temperature sensors), Pt-1000, but also to the heat dissipation from coal to the metal wall of the equipment.
[image: Figure 9]FIGURE 9 | Temperature variation of coal at the outburst orifice after outbursts with different gas pressures from 1.8 to 2.6 MPa. Since there is no fractured coal fragments around the orifice with the gas pressure at 1.2–1.6 MPa, the results is not presented.
Effect of Gas Pressure on Outburst Intensity
In order to quantitatively describe the fragmentation degree of the coal sample undergoing rapid gas pressure relief, the fragmentation percentage F is defined as Eq. 1; (Guan et al., 2009).
[image: image]
Where, m1 is the coal sample mass before experiment, m2 is the mass of the remaining coal piece that maintain a relatively complete shape after experiment. Figure 10 shows the percentage of fragmentation of coal samples under different gas pressures. When the gas pressure is 1.8 MPa or 2.0 MPa, the fragmentation percentage of the coal sample is low, F < 5.1%. As the gas pressure increases from 2.2 to 2.6 MPa, the coal fragmentation grows rapidly from 79.3 to 95.2%. Under the condition of “low” pressure (1.8–2.0 MPa), no outburst features are observed, and the fragmentation degree of the coal sample is small. With the action of high pressure (2.2–2.6 MPa), strong outbursts occurred and a large amount of pulverized coal was ejected. In addition, the fragmentation percentage of coal samples in a high gas pressure environment grows faster than that in a low pressure environment.
[image: Figure 10]FIGURE 10 | Relative outburst intensity of the experimental coal and gas outburst under different gas pressures from 1.6 to 2.6 MPa.
CGB is a kind of strong mine dynamic phenomenon, which always comes with massive pulverized coal (or fine coal powder) ejected (Yin et al., 2016). In the present experiments, although some coal samples were destroyed under the effect of a “low” gas pressure, no pulverized coal was injected into the first-stage gas cell. Therefore, the outburst intensity was defined to indicate the CGB, including the absolute outburst intensity (the mass of ejected pulverized coal during outburst) and the relative outburst intensity (the portion of the ejected pulverized coal powder).
At a “low” gas pressure (≤2.0 MPa), the outburst intensity is almost zero. The absolute and relative outburst intensities for the gas pressure of 2.2 MPa are 87.6 g and 35.3%, respectively. While they are 110.5 g, 126.1 g and 41.1%, 50.2% with 2.4 and 2.6 MPa gas pressure. The results demonstrate that for the tectonic coal from the Fengchun Coal Mine, a rapid release of a gas pressure higher than 1.6 MPa, can damage the coal mass; with the gas pressure above 2.0 MPa, the CGB may occur. Those values are much lower than that obtained with the same effective stress on raw hard/primary coal (Shu et al., 2019).
We collected the ejected pulverized coal in the first-stage gas cell, and made statistical analysis on the particle size of the outburst pulverized coal. Figure 11 shows the distinct mass proportion distributions of the outburst pulverized coal under different gas pressures. With the increase in gas pressure, the mass proportion of the outburst pulverized coal with large particles (size >0.85 mm) declines and remains at a low level, accounting for about 19–27%. Medium particles with size between 0.25 and 0.85 mm in the pulverized coal do not show a clear dependency on the gas pressure. However the percentage of smaller particles (0.25–0.1 mm and <0.1 mm) goes up with the increasing gas pressure. The pulverization effect of gas refers to the effect of coal sample being pulverized into medium and small size particles under gas action. Above analysis shows that the proportion of large particles in pulverized coal under different gas pressures keep reducing, which implies that the pulverization effect is enhanced by higher gas pressures.
[image: Figure 11]FIGURE 11 | Mass proportion distribution of the ejected pulverized coal under different gas pressures from 2.2 to 2.6 MPa. Since there is no coal ejected at a gas pressure from 1.6 to 2.0 MPa, the results is no presented.
During experiments, once the toughened glass is broken, the gas pressure balance is lost, a lot of gas desorbs and expands rapidly together with free gas, leading to tensile stress inside the coal mass. If the gas pressure is high enough, the caused tensile stress would damage the coal samples. That is the reason why a gas pressure higher than 1.6 MPa can destroy/fracture coal samples and create large coal particles. As the gas pressure is higher than 2.0 MPa, the collision and friction during ejection will damage the coal particles further, creating massive medium and small particles. That is called the pulverization effect. The mass proportion of small particles (<0.10 mm) increases with the increase in gas pressure, suggesting that the micronization effect is enhanced. The literature states that the micronization effect is related to the complexity of coal-gas two-phase flow (Khatri et al., 2019). The increase in the mass proportion of small particles means that a higher gas pressure during CGB not only causes more damage, but also a more complicated two-phase flow that results in more collision and friction between coal fragments during ejection.
Effect of Gas Pressure Under Different Effective Stresses
Among the experimental results, a critical state (coal sample is damaged as in Figure 8A, with no real outburst) is obtained on the coal under a 3.0 MPa hydraulic pressure and a 2.0 MPa gas pressure. Two extra experiments were conducted with the same gas pressure but a larger external stress, one under a 5 MPa axial pressure and a 3 MPa confining pressure, the other one under a 3 MPa axial stress and a 5 MPa confining pressure. The results still did not display any real outburst during the whole tests and smaller cavities at the end face were observed. A group of CT (Computed Tomography) scanning images for the samples from extra tests and the original 2.0 MPa gas pressure test is shown in Figure 12. It illustrates less fractures inside the sample under higher confining pressure or axial pressure, which is out of most expectations in the literature (Liu et al., 2019b; Li et al., 2019) considering that geo-stress plays the most important role in CGB disasters.
[image: Figure 12]FIGURE 12 | CT (Computed Tomography) scanning images for the samples from the extra tests where the gas pressure is the same at 2.0 MPa, but the axial pressure and the confining pressure acting on the sample are different.
Based on all the experimental results, the gas action plays a leading role in CGBs. A larger axial pressure and a confining pressure (lower than the strength of the coal material) will make the coal more compact, thus inhibiting the gas expansion and slowing down the gas seepage and desorption. It therefore can be concluded that under the conditions of constant air pressure and no strong outburst of pulverized coal ejected from the coal sample, the destruction level of the coal sample outburst decreases with the increase of axial pressure and confining pressure. In-situ stress, the greater the outburst risk, the greater the risk of this is the consensus of the critical state of coal and gas outburst. It is considered that the confining pressure will hinder the occurrence of outburst accident before the stress reaches to destroy the coal body. This is just like the phenomenon that soft coal is produced by hard coal in the process of repeated tectonic evolution. The outburst risk of soft coal is greater than that of hard coal, but after soft coal is changed into briquette with certain damage resistance through loading (extrusion) or bonding, the outburst risk of coal body will be reduced, or even less than that of hard coal. Therefore, the solidity of coal sample will be increased before the stress reaches the point of destroying coal body, which will hinder the outburst.
CONCLUSION
To confirm the gas action during CGB disasters and facilitate the use of raw tectonic coal samples, this paper developed a coal-gas outburst experimental apparatus. The design, working principle, equipment structure and basic performance parameters were introduced in this work. A series of CGB experiments under different effective stresses and gas pressures were conducted in the laboratory to verify the apparatus performance and the gas-driven effect. The results were analyzed and some conclusions were drawn.
The novelty of the test system can be summarized as follows: 1) the system can simulate the CGB process in a triaxial stress condition under gas-driven conditions, compared to Guan’s shock-tube apparatus. 2) The apparatus can accommodate various size of raw coal samples. 3) Multi-stage gas cells used on the apparatus can reproduce multi-outbursts to allow the observation of the outburst process. 4) Multi physical information (including the stress, strain, temperature, gas pressure and AE) during outburst can be determined with this system.
A series of tests were conducted to verify the gas-driven effect. It was noted that the rapid gas pressure relief plays a leading role during CGBs. For the tectonic raw coal from the Fengchun Coal Mine, a rapid release of a gas pressure higher than 1.6 MPa, can damage the coal mass. With a gas pressure above 2.0 MPa, the CGB may occur. A larger axial pressure and a confining pressure (but lower than the strength of the coal material) will make the coal more compact, thus inhibiting the occurrence of CGBs.
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Effective filtering of the infrasound signal generated by coal samples is the basis for realizing the prediction of the infrasound of coal sample damage. Based on the infrasonic signal test of the coal samples during the loading process, a simulation method was used to construct a mixed signal containing noise signals and infrasound signals. Three methods are used to filter the mixed signal, including wavelet filtering, EMD filtering, and EMD-wavelet joint filtering. The filtering effect was compared by correlation coefficient, signal-to-noise ratio, and frequency domain waveform graph. The comparison results showed that the EMD-wavelet joint filtering method had the highest correlation coefficient and signal-to-noise ratio after noise filtering, and the noise signal in the frequency domain waveform diagram was the most thorough. It provides a new method for filtering infrasound signals in the process of coal sample loading, which is greatly significant for improving the accuracy of infrasound prediction of coal sample damage.
Keywords: coal sample failure, infrasound, filtering, signal-to-noise ratio, analogue simulation
INTRODUCTION
Infrasound mainly refers to sound waves with a frequency between 0.01 and 20 Hz. As a low-frequency wave, it has the characteristics of low frequency and long wavelength. Compared with conventional acoustic wave prediction methods, it has the advantages of long propagation distance and small attenuation, and has a better application prospect in coal and rock failure prediction (Jia et al., 2017a; Marchetti et al., 2019; Jia et al., 2021). In the process of coal and rock deformation and failure, sound waves of different frequencies and amplitudes are generated due to the coupling of internal deformation and air in the coal and rock. Based on the establishment of the relationship between coal sample deformation and acoustic response, the internal deformation law of coal and rock samples can be inverted by monitoring the changes of acoustic waves. Therefore, the effective acquisition and processing of sound waves has an important impact on the accuracy of coal samples damage prediction. However, in the actual monitoring process, noise signals are inevitably included in the collected sound waves, which cause serious interference to the monitoring results and affect the accuracy of prediction. In order to effectively filter out noise signals, previous scholars have carried out a lot of researches. Some scholars have improved the signal acquisition instrument to control the signal frequency acquisition range, reducing the interference of unnecessary signals on the acquisition results (Fiala et al., 1965; Park and Robertson, 2009; Chen et al., 2020a; Zhou et al., 2020). Some scholars filtered the collected signals by constructing FIR filters, Butterworth filters, Kalman filters, and other band-pass filters to filter out the noise signals in the test results (Flandrin et al., 2004; Christov et al., 2017; Jianping et al., 2017; Jia et al., 2017b; Shibendu et al., 2020; Fang et al., 2021). Regardless of whether it is transforming a signal acquisition instrument or constructing a band-pass filter, it can only filter the noise signal in the non-target frequency band. When the frequency of the noise signal is close to that of the target signal, it is difficult to filter out using conventional filtering methods. Hence, some scholars have proposed wavelet filtering methods that think noise signals mainly contain high-frequency components (Daubechies, 2015; Patidar et al., 2015; Thirumala et al., 2015; DomínguezNavarro José et al., 2021; Gnutti et al., 2021; Zhao, 2021). Firstly, the collected signal was decomposed into the high-frequency part and low-frequency part, then the high-frequency signal was thresholded using the threshold method, and finally the processed signals were combined. The wavelet filtering method has a good filtering effect, but the choice of wavelet basis function and threshold processing method is required. Different selection results have very different processing effects, which increases the difficulty of choosing the basis function and threshold method (Zongchun et al., 2011; Zhu et al., 2015; Chen et al., 2017; Li et al., 2020; Wang et al., 2021; Yun et al., 2021). In order to solve the problem of basis function selection, some scholars proposed the empirical mode decomposition (EMD) method (Jiang et al., 2015; Kang et al., 2020; Sun et al., 2020; Bouchair et al., 2021; Chen et al., 2021; Qi et al., 2021; Vishnu et al., 2021), which could decompose the signal according to its own time scale without the need for basis function selection. The signal is decomposed into different eigenmode functions (IMF). The changing characteristics of sound waves at different frequencies are represented by different IMF components. According to the analysis needs, the IMF components of different frequencies are combined to effectively filter the non-target frequency bands. Because the filtering method effectively retains the abrupt characteristics of the signal, it has a better processing effect for abrupt and discontinuous signals, especially for coal and rock failure signals with stable environmental noise (Zhang et al., 2017; Chen et al., 2020b). However, the EMD filtering method does not process the decomposed signal, and there may be noise signals in the IMF components. In order to make full use of the advantages of EMD filtering and wavelet filtering and effectively filter out the noise signal in the collected signal, this paper proposed an EMD-wavelet joint filtering method. First, the EMD filter method was used to decompose the signal; then, the wavelet filter was used to threshold the IMF components. Finally, the signal was reorganized to effectively filter out the noise signal interference and improve the accuracy of coal and rock damage prediction.
CHARACTERISTICS OF THE INFRASOUND SIGNAL OF COAL SAMPLES
Infrasound Test Experiment of Coal Sample Failure

1) Experimental principle
During the stress loading process, due to the size effect and the way of stress, the internal skeleton of the coal samples is not uniformly stressed, and there is a stress concentration phenomenon in a local area. At the same time, due to the difference in the distribution of pores and cracks in the coal samples and the strong heterogeneity of the internal structure, the distribution of weak surfaces in the coal samples is uneven. Therefore, as the increase of stress on the internal coal matrix skeleton during the process of stress loading, firstly, the release of local stress is caused by partial stress concentration area or the local coal samples failure in the weak surface development area, and then the stress concentration, weak surface failure and stress release of the next level weak surface are occurred again. The process is repeated as the loading progresses until the overall resistance of the coal samples is insufficient and the overall damage occurs. Different failure characteristics of coal samples at different deformation stages lead to different frequencies, and amplitudes of sound waves are generated by the coupling between coal samples and air. The difference in the characteristics of acoustic events is mainly controlled by the internal deformation of the coal sample, which is the external manifestation of the internal deformation of the coal sample.
2) Experimental device
The experimental device used in the test are from the coal and rock stress loading device of Henan Polytechnic University, the CASI-ISM-2013 high-precision capacitive infrasound acquisition system developed by the Institute of Acousti, Chinese Academy of Sciences, and the multi-channel fully digital PCI-2 acoustic emission acquisition system of the American Physical Acoustics Corporation. The device mainly includes an axial compression loading system, a stress-strain acquisition system, an infrasound acquisition/analysis system, and an acoustic emission acquisition/analysis system. The experimental principle diagram is shown in Figure 1.
3) Coal sample preparation
[image: Figure 1]FIGURE 1 | Schematic diagram of experimental apparatus.
According to the purpose of the test, coal samples were collected at Jincheng Sihe Mine, Jiaozuo Jiulishan Mine, Jiaozuo Guhanshan Mine, Anyang Main Coking Mine, and Yima Gengcun Mine. Each mine was divided into one group and each group had six samples. A total of 30 coal samples were taken for experimental testing. By analyzing the results, it was found that the test results were similar, and the infrasound response law was similar. In order to avoid the repetition of the discussion, Jincheng Sihe Mine was taken to the collection, test, and analysis of the coal sample as an example to make a detailed discussion. According to the test requirements, coal samples were collected at Sihe Mine in Jincheng Mining Area. The coal sample was 3# coal seam anthracite. The coal sample collection was carried out on the fresh coal wall of the working face. The site was sealed and then brought back to the laboratory. According to the requirements of rock mechanics experiment sample preparation, the coal sample was processed into a standard column sample with a diameter of 50 mm × 100 mm, and the flatness of the upper and lower surfaces of the coal sample met the requirements of the rock mechanics experiment test. A total of eight coal samples were prepared, of which two were standby samples. The prepared coal samples were sealed, stored, and put on standby.
4) Testing procedure
During the test, the specific test steps were as follows:
1) The acoustic emission sensor was fixed, then the coal sample was put into the sample cylinder, and the infrasonic sensor was fixed.
2) The infrasound acquisition parameters were set and the environmental noise test was carried out. When the ambient noise was stable, the next operation could be carried out. When there were many abnormal fluctuations in environmental noise, other time periods were chosen for the test.
3) The loading parameters were set, the load control was selected, and the loading speed was 200 N/s. The acquisition parameters were set at the same time. Acoustic emission threshold was adjusted according to the actual environment. The sampling frequency of infrasound was 0.1 kHz.
4) The stress loading device, the acoustic emission collection device, and the infrasound collection device were activated at the same time. The sonic test of the coal sample loading process was started.
5) Loading was continuous until the coal sample was destroyed.
Infrasound Test results of Coal Sample Failure
According to the experimental purpose and experimental plan, the infrasound test of the coal samples was carried out during the loading process. Though the analysis of the characteristics of infrasound changed during the loading process of coal samples, the change rules were similar. In order to avoid the repetition of the discussion, 1# coal sample and 2# coal sample were selected for detailed analysis (Figure 2).
[image: Figure 2]FIGURE 2 | Test results of infrasound signal during coal sample loading process.
According to the test results, it could be seen that the infrasound signal of the coal sample showed abrupt characteristics during the loading process. Especially before and after the peak was destroyed, the sudden change of the infrasonic signal was obvious. Therefore, when the signal filtering method was optimized, the filtering method should be able to better adapt to the abrupt infrasound signal.
ESTABLISHMENT OF A FILTERING EFFECT EVALUATION INDEX
In order to visually and quantitatively evaluate the denoising effect, an evaluation index has been established. By comparing the changes of evaluation indexes before and after denoising, the denoising effects of different denoising methods were quantitatively evaluated. A reasonable denoising method could not only completely remove the noise but also ensure the accuracy of the signal after denoising and avoid serious signal distortion caused by denoising. Therefore, the denoising effect could be evaluated in terms of the degree of denoising of the signal and the accuracy of the signal after denoising. Two parameters, signal-to-noise ratio and correlation coefficient, were used as evaluation indicators.
The signal-to-noise ratio refers to the ratio of the effective signal to the noise signal in the signal, which can be expressed as (Reninger et al., 2011; Ding et al., 2021; XinXin et al., 2021):
[image: image]
where SNR is the signal-to-noise ratio, dB. Ps is the effective power of the signal, W. Pn is the effective power of noise, W.
The correlation coefficient refers to the correlation between the two sets of data before and after denoising, which can be expressed as:
[image: image]
where r is the correlation coefficient. xi is the signal function before denoising, yi is the signal function after denoising, and n is the number of samples.
The rationality of the denoising method was quantitatively evaluated by comparing the signal-to-noise ratio and correlation coefficient before and after processing.
FILTERING METHOD OPTIMIZATION
During the infrasonic signal test, due to the influence of the surrounding environment, mechanical equipment, human activities and other factors, the test signal contained part of the noise signal. Since the test result analysis is affected by the noise signal, the test result needs to be filtered and denoised.
The purpose of filtering and denoising the signal is to reduce the noise part of the test signal and remove the non-analyzed frequency band signal in the test signal. At present, the commonly used signal filtering methods include wavelet analysis, wavelet packet analysis, EMD analysis, and so on. Among them, wavelet analysis and EMD are the most widely used (Dragomiretskiy and Zosso, 2014; Tang and Wang, 2015; Liu et al., 2019; Wang et al., 2020). A large number of environmental noise signals were included in the test signals of this study, and it was difficult to achieve better filtering effects using band-pass filtering methods. Therefore, the adaptability and accuracy of the test results were compared using wavelet analysis and EMD analysis methods to optimize the signal filtering method.
Wavelet Filtering
Due to the influence of the environment and test equipment, real signal and noise signal are included by the test signal. It can be expressed as:
[image: image]
where y(t) is the test signal, x(t) is the real signal, and e(t) is the noise signal.
The purpose of denoising using the wavelet method is to remove the noise signal and extract the real signal. The principle of wavelet denoising is to perform wavelet decomposition on the original signal, which is decomposed into the high-frequency coefficient and low-frequency coefficient, where noise usually exists in the high-frequency part. Then, the high-frequency coefficients are thresholded using the threshold method, and the processed wavelet is reconstructed to obtain the denoised acoustic signal. The whole process includes wavelet decomposition, threshold processing, and reconstruction.
1) Wavelet decomposition
There are many wavelet bases to choose, which need to be selected according to the characteristics of waveform and wavelet. The selection principle is as follows: (1) Tight support. Tight support is related to the time–frequency locality. The narrower the tight support is, the better the locality is. (2) Symmetry. The distortion problem is affected. It is related to whether the wavelet filtering characteristic has a linear phase. (3) Orthogonality. The differentiability of wavelets is expressed. (4) Smoothness, which has a greater impact on frequency resolution. (5) The order of the vanishing matrix. The larger the order is, the stronger the ability to reflect the high-frequency details of the signal is.
The determination of the number of decomposition layers is also a key factor affecting the denoising effect. The more the decomposition layer is, the more thorough the filtering of the noise signal is. It is conducive to completely remove the noise signal. However, too many decomposition layers can easily cause the distortion of the signal, resulting in the lack of effective information contained in the signal, which affects the analysis of the later signal. The number of decomposition layers is too small to effectively remove the noise signal. Therefore, the decomposition effect under different decomposition levels is compared with the signal characteristics to determine the optimal decomposition level.
2) Threshold processing
Threshold processing is processing high-frequency coefficients through the obtained threshold to achieve filtering. The threshold processing process mainly includes the acquisition of the threshold and the selection of the threshold processing method. Threshold acquisition is based on the analysis of the original signal and noise signal, and the threshold is selected based on the signal-to-noise ratio. The commonly used threshold optimization methods include fixed threshold, minimum maximum variance threshold, heuristic threshold, unbiased likelihood estimation threshold, etc. The denoising effect of fixed threshold and heuristic threshold is more thorough, while the minimum maximum variance threshold and unbiased likelihood estimation threshold are relatively few. When the high-frequency part of the signal crosses more with the noise signal, the effective signal can be effectively distinguished from the noise signal and it has a better denoising effect. In the actual application process, the signal characteristics of the noise signal and the test signal should be analyzed and compared, and then an appropriate threshold acquisition method should be established according to the analysis result.
At present, the commonly used threshold processing methods are the soft threshold method and hard threshold method. Soft threshold processing is a relatively smooth processing method. The graphics are relatively smooth after noise reduction processing. Hard threshold processing is a “one size fits all” processing principle, which can better retain some of the abrupt characteristics in the original signal. Therefore, in the signal processing process, the threshold value processing method is optimized for purposes according to the signal characteristics and analysis methods.
3) Reconstruction
The purpose of reconstruction is to reconstruct the processed signal, perform signal processing, and analyze according to the characteristics of the reconstructed signal.
EMD Filtering
The EMD denoising method is based on the signal decomposition method, which decomposes the signal into multiple IMF components and residuals. IMF components represent sound waves in different frequency ranges. According to the needs, the sound waves in different frequency bands are combined to remove the sound waves in the non-analyzed frequency band. Therefore, the EMD denoising method can filter non-stationary signals.
According to the denoising principle and denoising method of EMD, filters such as band pass, low pass, and high pass are gradually formed. Several commonly used filters are as follows:
1) Low pass filter
The filter achieves filtering by filtering out high-frequency signals and removes the high-frequency components in the IMF component, which can be expressed as:
[image: image]
where [image: image] is the sound wave signal after filtering out the high-frequency part. [image: image] is the acoustic signal of the ith layer. k is the kth layer. n is the total number of layers.
2) High pass filter
The filter is to filter out low-frequency signals to achieve filtering. The low-frequency components in the IMF layer are filtered out, which can be expressed as:
[image: image]
where [image: image] is the sound wave signal after filtering out the low-frequency part.
3) Band pass filter
The filter achieves filtering by filtering high-frequency signals and low-frequency signals outside the pass band. The low-frequency and high-frequency components in the IMF layer are filtered out, which can be expressed as
[image: image]
where [image: image] is the sound wave signal after filtering out the high- and low-frequency signals.
The filtering method can retain the abrupt characteristics of the signal, especially for signal testing under environmental conditions with known background noise, or for low-frequency signal testing in high-frequency environmental noise, which has a good filtering effect. Therefore, the method can be used to filter the test signal of the coal sample destruction process.
EMD-Wavelet Joint Filtering
Both EMD denoising method and wavelet denoising have good denoising effects, but the denoising principles are different. In order to make full use of the advantages of wavelet denoising and EMD denoising, a filtering method combining wavelet filtering and EMD filtering is proposed. On the basis of decomposing the signal, thresholding is performed on each IMF layer, and finally the signal in the analysis frequency band is reorganized to achieve filtering.
The specific denoising process of the denoising method is as follows:
1) The test signal is decomposed by EMD, and the IMF components of each layer are obtained;
2) The threshold value of each layer is calculated based on the threshold value acquisition method;
3) The threshold processing method is preferred, and each layer is thresholded, respectively;
4) The denoised IMF component is reorganized to obtain the processed signal.
COMPARISON OF FILTERING EFFECTS
Original Waveform Construction
In order to evaluate the rationality of wavelet denoising, EMD denoising, and EMD-wavelet joint filtering methods, the 10- and 25-Hz signal are taken as an example, as shown in .
[image: image]
Artificial noise is added to the signal, the addition of 6dB white noise is taken as an example. The original signal waveform is shown in Figure 3. The noise signal waveform is shown in Figure 4. The signal waveform after adding noise is shown in Figure 5.
[image: Figure 3]FIGURE 3 | Waveform of the original signal.
[image: Figure 4]FIGURE 4 | Waveform of the noise signal.
[image: Figure 5]FIGURE 5 | Waveform after adding the noise signal.
Waveform Comparison

1) Wavelet denoising waveform
The wavelet denoising method is used to combine the characteristics of the original signal and the noise signal to perform the optimization of the wavelet base, the determination of the number of decomposition layers, the acquisition of the threshold, and the determination of the threshold processing method. MATLAB software is used to denoise the noisy signal through self-programming. The signal-to-noise ratio of the denoised signal and the correlation coefficient between the denoised signal and the original signal is calculated. The signal waveform after denoising is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Waveform after denoising by wavelet.
From the waveform diagram after wavelet denoising, it can be seen that the noise signal contained in the infrasound signal is significantly reduced after denoising. However, there are still some noise signals in the processed signal, compared with the original signal, which cannot be completely removed. To a certain extent, it can be explained that wavelet denoising has a certain denoising effect.
In order to further understand the change characteristics of the signal in the frequency domain after denoising, the signal is analyzed in the frequency domain, and the analysis result is shown in Figure 7.
2) EMD denoising waveform
[image: Figure 7]FIGURE 7 | Spectrum of the signal after denoising by wavelet.
The EMD analysis method is used to empirically decompose the original signal to obtain a series of IMF components, as shown in Figure 8. The correlation coefficient of each IMF component and the original signal and the energy ratio of each IMF component are calculated. The calculation results are shown in Figures 9, 10.
[image: Figure 8]FIGURE 8 | Different IMF components decomposed by EMD.
[image: Figure 9]FIGURE 9 | Correlation coefficients between IMF and the original signal.
[image: Figure 10]FIGURE 10 | Energy proportion of different IMF components.
According to the calculation results, it can be concluded that the acoustic energy of the original signal is mainly distributed on the first seven IMF components, especially the IMF4, IMF5, and IMF6 components, and the other components are less. At the same time, according to the calculation results of the correlation coefficient, the correlation between the IMF4, IMF5, and IMF6 components is good with the original signal. The correlation coefficients of other IMF components are much less than 0.03, which is poor. Therefore, the signal is reconstructed according to the IMF4, IMF5, and IMF6 components. The signal-to-noise ratio of the reconstructed signal and the correlation coefficient between the reconstructed signal and the original signal are calculated. The signal waveform after denoising is shown in Figure 11. The frequency domain analysis result is shown in Figure 12.
[image: Figure 11]FIGURE 11 | Waveform after denoising by EMD.
[image: Figure 12]FIGURE 12 | Spectrum of the signal after denoising by EMD.
From the waveform diagram after denoising, it can be seen that the noise signal in the infrasound signal is obviously reduced after EMD denoising processing, but there is still a certain amount of noise signal, indicating that the EMD denoising method has a certain denoising effect.
The signal-to-noise ratio of the signal was 8.7 dB after EMD denoising. The correlation coefficient between the denoised signal and the original signal was 0.94. It showed that the signal-to-noise ratio of the signal after EMD denoising had been improved, and had a strong correlation with the original signal. At the same time, the spectrum of the denoised signal was analyzed with 10 and 25 Hz as the main frequency. The results showed that it was consistent with the initial signal as a whole and fluctuates slightly near 5 Hz, which showed the rationality of the denoising method.
3) EMD-wavelet joint denoising waveform
Although the EMD denoising method can denoise the signal, the signal denoising is not thorough enough. Therefore, the EMD-wavelet joint denoising method is proposed on the basis of the EMD denoising method. The processed IMF components are reconstructed through the soft threshold processing of different IMF components, and then the signal denoising is realized. The denoising results of EMD wavelet joint denoising method are shown in Figure 13. The spectrum of the denoised signal is shown in Figure 14.
[image: Figure 13]FIGURE 13 | Waveform after denoising by improved EMD.
[image: Figure 14]FIGURE 14 | Spectrum of the signal after denoising by improved EMD.
Parameter comparison
The signal-to-noise ratio, correlation coefficient, and frequency domain characteristics of the three denoising methods after denoising are compared, as shown in Table 1. The signal-to-noise ratio of the signal is the highest after the EMD-wavelet joint denoising method denoises. The signal after denoising has the strongest correlation with the original signal, and the frequency domain analysis result is consistent with the original signal. It is concluded that the EMD-wavelet joint denoising method has better denoising effect.
TABLE 1 | Comparison table of denoising effect by different denoising methods
[image: Table 1]CONCLUSION
Based on the analysis of the existing denoising methods, the EMD-wavelet joint denoising method is proposed, combined with the change characteristics of the abrupt infrasound signal. Using the method of combining theoretical analysis and simulation calculation, different denoising methods and time-frequency analysis methods are compared and analyzed with MATLAB software to compile a program, and the denoising and time-frequency analysis methods are optimized. The conclusions are as follows.
1) The infrasonic signal is generated during the loading process of the coal sample, and the signal is dominated by abrupt signals. When the peak value of the coal sample is destroyed, the infrasonic signal has obvious mutation characteristics.
2) Different denoising methods are analyzed theoretically. According to the characteristics of abrupt infrasonic signal and the shortcomings of existing denoising methods, an EMD wavelet joint denoising method is proposed.
3) An evaluation system with SNR, correlation coefficient, and frequency domain characteristics as evaluation indicators is established with the MATLAB software. The denoising effects of different denoising methods are evaluated by simulation. Finally, an EMD-wavelet joint denoising that is more suitable for the denoising of abrupt infrasonic signals is selected.
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Safety control of large-scale underground utility tunnels is vital for engineering management units. The establishment of early warning indicator systems and standards is critical for safety control. However, there is limited related research for engineering construction, operation, and maintenance management. Numerical analysis results of the mechanical response of the underground utility tunnel of the Xi’an Xingfu LinDai project (the largest underground urban complex in Asia) at different intersection angles and ground fissure displacements were obtained. The vertical surface settlement, structural stress, fissure displacement, and contact pressure are proposed as early warning indicators of the structure of the underground utility tunnel during the active period of a ground fissure. The safety control values and early warning standards are given based on the analysis of the results. The safety warning indicator system and standards proposed in this article are concise, practical, and easy to implement. The data sample required by this warning indicator system is small and can be obtained using conventional monitoring sensors, which can be referenced for similar projects.
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INTRODUCTION
The Xi’an Xingfu LinDai Project is in Xi’an, Shaanxi Province, which is one of China’s “four ancient capitals.” It is the largest underground urban complex in Asia and the largest urban forest belt project in China. However, because the project crosses a ground fissure, which is a special geological hazard in Xi’an, the current construction faces severe technical challenges, which seriously affects the engineering construction, operation, and maintenance safety in underground utility tunnels. Several studies have revealed the genesis mechanism, distribution characteristics, and active states of ground fissures through different methods (Peng et al., 2013; Peng J. B. et al., 2016; Liu et al., 2018; Peng et al., 2018a; Peng et al., 2018b; Lu et al., 2019; Wang et al., 2019; Xu et al., 2019; Peng et al., 2020; Jia et al., 2021). At the same time, the characteristics of different soil strata also have an important influence on the activity of ground fissures (Jiang et al., 2016; Fan et al., 2019; Fan et al., 2020; Wang et al., 2020; Li et al., 2021; Wang et al., 2021a; Wang et al., 2021b; Wang et al., 2022). With the construction of an increasing number of urban underground space projects, the current research results on the prediction of the deformation law of the underground space structure during the active period of the ground fissure have been significant; however, they are mainly focused on subway tunnels (Men et al., 2011; Peng J. et al., 2016; Wang et al., 2016; Liu et al., 2017; Peng et al., 2017). Because the underground utility tunnel is part of an underground shallowly buried structure, it is different from a subway tunnel in terms of the stress field and characteristics. Therefore, it is impossible to predict the risk situation entirely based on the deformation law of the subway tunnel. Moreover, current research on underground utility tunnels is mainly focused on the response of shallowly buried structures under seismic excitation (Gomes et al., 2015; Dashti et al., 2016; Sharafi and Parsafar, 2016; Yan et al., 2021). The research on early warning management of the underground utility tunnels in the active period of a ground fissure is limited, and there is a lack of reference standards.
Standardization is a common and effective way of early warning management. Therefore, this article considers the underground utility tunnel of Xi’an Xingfu LinDai project as the research carrier. Based on the analysis results of the deformation trend of the underground utility tunnel at different intersection angles and ground fissure displacements, an early warning standard that can show the safety situation of the underground utility tunnel during the active period of ground fissures is established, so that early warning of underground utility construction in the ground fissure zone can have a “standardized” functions for the timely resolution of failures or reduced risk to disaster.
RESEARCH CARRIER
Background Engineering
The Xi’an Xingfu LinDai underground utility tunnel project is the longest underground utility tunnel in China, which contains water mains, gas, rainwater, electricity, telecommunications, heat pipes, and other pipes. The underground utility tunnel project is an underground cast-in-situ reinforced concrete structure. The design uses a multi-chamber structure. The standard section is divided into a comprehensive cabin, a power cabin, and a natural gas cabin. The standard soil cover depth of the utility tunnel is approximately 4.8 m, and the standard section of the utility tunnel is 8.96 m high and 10.1 m wide.
Description of Crossing the Ground Fissure
According to the monitoring data of the surveying team of the China Earthquake Administration, there are 14 structural surface fissures in the urban area and suburbs of Xi’an. Among these, the f5 and f7 ground fissures in xi’ an pass through the Xi’an Xingfu LinDai underground utility tunnel project, and the intersection is shown in Figure 1. The eastern segment of the f5 ground fissure in Xi’an has the strongest ground fissure activity, with a maximum activity rate of up to 35 mm/a. The maximum activity rate of the ground fissure in Xi’an f7 is up to 30 mm/a, which is still active today. According to the analysis, it is believed that the vertical displacement generated by f5 and f7 fissure activities has the characteristics of long-term creep and unidirectional accumulation with time. Such long-term creep is equivalent to cumulative deformation, and it is a continuous power source for the soil around the ground fissure, which generates local stress and strain fields, eventually leading to surface soil fractures, and may have a significant impact on the underground utility tunnel.
[image: Figure 1]FIGURE 1 | Intersection of integrated Underground utility tunnel and ground fissure.
Risk Analysis
The safety risks of the construction and operation of large underground utility tunnels in the active period of the ground fracture are mainly reflected in the following aspects:
1) Structural damage.
The vertical displacement of Xi’an ground fissures has the characteristics of long-term creep and one-way accumulation over time; therefore, as the ground fissure activity accumulates, the utility tunnel structure develops internal accumulation from the elastic stage to the plastic deformation recovery phase. When the structure is damaged, it cannot be repaired.
2) Void at the bottom of the underground utility tunnel.
Under the active environment of ground fractures, the formation pressure on the roof of the underground utility tunnel structure is relatively small and uniform, and the overall contact pressure of the upper disk increases, while the supporting effect of the surrounding rock soil at the bottom of the underground utility tunnel in the upper disk is weakened, which may lead to partial emptying.
3) Differential settlement.
When excavation or hidden excavation passes through the ground fissure zone, the working face is below the water level; concentrated water seeps along the fissure zone, thereby softening and deforming the foundation, thus causing uneven settlement of the basement. (Kang et al., 2020; Wang et al., 2021a; Wang et al., 2021b). The infiltration of water along the ground fissures may also cause local movement of the ground fissures.
4) Secondary disasters.
Because of the several pipelines inside the utility tunnel, when the local fissures are staggered to the utility tunnel through the concrete shell of the utility tunnel, the pipeline inside the utility tunnel is subjected to a certain torsion force, resulting in deformation and damage to the pipeline facilities inside the utility tunnel, causing serious secondary disasters.
RISK PREDICTION OF UNDERGROUND UTILITY TUNNEL IN THE GROUND FISSURE ACTIVE PERIOD
Risk prediction is the basis of early warning management, which refers to determining the short-term change trend of the early warning indicators of a project by adopting certain prediction methods (Parolai et al., 2017; Finazzi, 2020; Wang et al., 2021a; Wang et al., 2021b). In this study, a numerical simulation experiment is carried out to predict the warning trend of a large underground utility tunnel in the active period of ground fractures by taking two ground fissures at oblique crossings of the Xi’an Xingfu LinDai underground utility tunnel project, and simultaneously simulating the orthogonal crossing ground fissures.
Numerical Model Test
Parts and Meshing
The analysis uses the finite element software ABAQUS to establish a three-dimensional element model to simulate the underground utility tunnel structure under different ground fissure displacements. Because of the need to consider the displacement between the hanging wall soil and the footwall soil, and the emptiness of the utility tunnel structure and the soil, the finite element model must consider these three parts as independent, and the subsequent contact action to establish the relationship between the three parts.
In the analysis, the soil was considered as a solid element, and shell elements were used for the underground utility tunnel modeling. The type of solid element was selected as C3D8R, and the type of shell element was selected as S4R. The soil was considered as a solid element, and the hexahedron mesh was divided. The inclination angle of the ground fissure was 60°, 64°, and 90°. A schematic of the FE numerical calculation model is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Schematic of FE numerical calculation model.
Input Parameters
The strata within the burial depth range of 50.0 m at the proposed site are from top to bottom in the following order: Miscellaneous fill, loess, paleosols, old loess, and silty clay. Because the soil in Xi’an is mainly collapsible loess, the numerical simulation parameters in this article are based on the research parameters of the soil characteristics by relevant scholars (Mei et al., 2016; Mei et al., 2019).The underground utility tunnel structure adopted C40 concrete. The specific parameters of the numerical simulation are listed in Table 1. The simulation of ground fissures in this study was realized by setting the contact between the hanging wall and the footwall soil contact surfaces. Hard contact is normally set on the soil contact surface of the hanging wall and footwall soil. The Coulomb friction model was used tangentially, a reasonable friction coefficient was set, and a limited slip between the contact surfaces was considered. The calculation model was divided into three contact bodies: 1) frictional contact between the hanging wall soil and the footwall soil; 2) friction contact between the hanging wall soil and the utility tunnel structure; 3) frictional contact between the footwall soil and the utility tunnel structure. The friction coefficient between the hanging wall soil and the footwall soil was the tangent value of the inner friction angle(φ)of loess in Table 1. The friction coefficient between the soil and the structure is the average value of the friction angle(φ) of loess and underground utility tunnel in Table 1.
TABLE 1 | Specific parameters of numerical simulation.
[image: Table 1]Numerical Analysis Conditions
The simulation of ground fissures in this paper is realized by setting the contact action between the soil contact surfaces of the upper and lower walls of the ground fissures. Hard contact is set in the normal direction of the soil contact surface of the upper and lower discs of the ground fissure, the Coulomb friction model is used in the tangent direction, a reasonable friction coefficient is set, and the limited slip between the contact surfaces is considered. The calculation model is divided into three contact bodies: 1) The frictional contact between the ground fissure hanging wall soil and the bottom wall soil, and the friction coefficient is 0.3; 2) the friction contact between the ground fissure hanging wall soil and the Underground utility tunnel, The friction coefficient is taken as 0.7; 3) The frictional contact between the bottom wall of the ground fissure and the Underground utility tunnel, the friction coefficient is taken as 0.7. The friction coefficient between the upper and lower plates is the tangent value of the internal friction angle φ of the loess in Table 1, and the friction coefficient between the soil and the structure is the average value of the tangent value of the internal friction angle φ of the loess and the Underground utility tunnel. The design life of the underground utility tunnel is 100 years, while the recommended maximum vertical dislocation quantity of Xi’an ground fissure within 100 years is 500 mm. Therefore, according to the actual situation of background engineering, this study established six kinds of analysis models for numerical calculation and analyzed deformation law of the vertical displacement of the surface, vertical displacement of the utility tunnel, the structural maximum principal stress, and the contact pressure. The numerical analysis conditions are listed in Table 2.
TABLE 2 | Numerical analysis condition.
[image: Table 2]Analysis of Numerical Results
Deformation Law of Vertical Displacement of Surface
From Figures 3–5, the vertical displacement of the surface curve of the underground utility tunnel obliquely crossing the ground fissure (inclination 60°, 64°, and 90°). Figures 3–5, the ground fissures at three intersecting angles caused subsidence on the ground surface. The vertical displacement of the ground surface increased with an increase in ground fissure displacement. Moreover, the amount of ground surface deformation on the ground fissure was much larger than that on the ground fissure, and the uneven settlement of the ground surface near the position of the ground fissure was significant. The reason for this analysis is that the footwall remains stable, and the hanging wall continues to decline during the active period of the ground fissure. Therefore, the closer the hanging wall is to the ground fissure, the greater the rate of change of the vertical displacement of the ground surface; the farther the hanging wall is to the ground fissure, the smaller the rate of change of vertical displacement.
[image: Figure 3]FIGURE 3 | Vertical displacement of surface curve of underground utility tunnel obliquely crossing the ground fissure (inclination 60°).
[image: Figure 4]FIGURE 4 | Vertical displacement of surface curve of underground utility tunnel obliquely crossing the ground fissure (inclination 64°).
[image: Figure 5]FIGURE 5 | Vertical displacement of surface curve of underground utility tunnel obliquely crossing the ground fissure (inclination 90°).
Deformation Law of Vertical Displacement of Utility Tunnel
From Figures 6–7, the structural deformation curve of the underground utility tunnel obliquely crossing the ground fissure (inclination 60°,64°,90°). As can be seen from Figures 6–8, at the three intersecting angles, the vertical deformation of the underground utility tunnel structure is consistent with the trend of the vertical displacement of the surface, and the whole structure is characterized by an inverse “S” curve. Moreover, the larger the amount of ground fissure displacement, the more obvious the change of the “S” curve. When the ground fissure displacement is less than 10 cm, the underground utility tunnel structure is still continuous under the three kinds of intersection angles. When the displacement is increased to 20 cm, the underground utility tunnel structure on both sides of the ground fissure begins to produce displacement. The ground fissure displacement increases to 50 cm, and the maximum displacement of the underground utility tunnel ranges from 20 to 35 cm. When the underground utility tunnel obliquely crosses to the ground fissure at 60° and 64°, the deformation gradient is more significant within the range of 20 m from the ground fissure on the hanging wall and footwall. The orthogonal ground fissure deformation gradient of the underground utility tunnel is more apparent in the range of 30 m above and 15 m below the ground fissure.
[image: Figure 6]FIGURE 6 | Structural deformation curve of underground utility tunnel obliquely crossing the ground fissure (inclination 60°).
[image: Figure 7]FIGURE 7 | Structural deformation curve of underground utility tunnel obliquely crossing the ground fissure (inclination 64°).
[image: Figure 8]FIGURE 8 | Structural deformation curve of underground utility tunnel obliquely crossing the ground fissure (inclination 90°).
Deformation Law of Maximum Principal Stress
From Figures 9–11, the maximum principal stress curve of the underground utility tunnel obliquely crossed the ground fissure (inclination 60°,64°, and 90°). As can be seen from Figure 9–11, under the three intersecting angles, the positions of the maximum principal stress appeared near the ground fissures, and the maximum principal stresses were 5.346, 3.981, and 3.305 MPa, respectively. The maximum principal stress of the underground utility tunnel with an increase in the ground fissure displacement and the stress of the footwall was all greater than 0 MPa. Therefore, it was determined that when the underground utility tunnel intersects with the ground fissure, the utility tunnel structure is mainly subjected to tensile stress at the upper part and compressive stress at the lower part. Comparing Figures 9, 11, the tensile stress in the oblique condition is generally greater than the tensile stress in the orthogonal condition for the oblique condition at the same position compared with the orthogonal condition, because of the additional torsional deformation in the oblique condition.
[image: Figure 9]FIGURE 9 | Maximum principal stress curve of underground utility tunnel obliquely crossing the ground fissure (inclination 60°).
[image: Figure 10]FIGURE 10 | Maximum principal stress curve of underground utility tunnel obliquely crossing the ground fissure (inclination 64°).
[image: Figure 11]FIGURE 11 | Maximum principal stress curve of underground utility tunnel obliquely crossing the ground fissure (inclination 90°).
EARLY WARNING STANDARD OF UNDERGROUND UTILITY TUNNEL IN GROUND FISCAL ACTIVE PERIOD
Early Warning Indicator
Real-time monitoring and early warning have great significance in reducing/avoiding the consequences caused by ground fissure (Chen et al., 2021; Hoshiba, 2021; Wang and Zhao, 2021). Early warning indicator systems are generally divided into qualitative and quantitative indicators. Qualitative indicators refer to indicators that cannot be evaluated by data calculation and need to be described and analyzed objectively to reflect the evaluation results. Quantitative indicators refer to indicators that can directly obtain data, such as monitoring data. Under the environment of ground fissure activity, the underground utility tunnel structure is deformed and damaged. However, because of complex reasons for the changes in the structure of the Underground utility tunnel, it is still insufficient to formulate a single early-warning indicator as a basis for judging the safety of the underground utility tunnel structure. Moreover, quantitative early warning indicators can be directly obtained by using conventional monitoring sensors to help managers take timely control measures, which can greatly improve the early warning efficiency of operation and maintenance units. Therefore, based on the experience and knowledge of relevant experts, this article summarizes the risks in the construction of underground utility tunnels in cities, such as Xi’an, Beijing, and Zhengzhou, and lists the common risks in the early warning unit (Ding and Zhou, 2013). The following are quantitative early warning indicators, as shown in Table 3.
TABLE 3 | Reference Early warning indicator.
[image: Table 3]Early Warning Control Value
As mentioned in the previous article, when the ground fissure is active, the main structure of the underground utility tunnel is mainly the upper tensile stress and the lower compressive stress. When the structural stress of the underground utility tunnel reaches the concrete design strength, the concrete cracks. Therefore, it is suggested that the design value of the concrete tensile strength (ft) should be used as the stress control value of the upper part of the structure, and the design value of concrete compressive strength (fc) should be used as the stress control value of the lower part of the structure. Because different underground utility tunnel heights have a certain effect on the displacement of the underground utility tunnel structure under the environment of ground fissure activity, the underground utility tunnel height of this background project is 8.96 m. When the length of the ground fracture dislocations in the three intersecting conditions reached 20 cm, the underground utility tunnel reached a height of 2.23%. The structure of the Underground utility tunnel began to shift up and down; therefore, 2.23% of the height of the underground utility tunnel was taken as the early warning control value. Because the underground utility tunnel is a shallow buried structure, the depth of soil in the underground utility tunnel has a certain effect on the amount of vertical displacement of the underground utility tunnel. According to the numerical simulation data of background engineering, when the displacement of the ground fissure is 20 cm, the utility tunnel begins to shift up and down. Therefore, it is recommended to use the maximum settlement of the ground fissure crossing position as the ground settlement early warning control value when the ground fissure displacement is 20 cm. When the ground fissure displacement is 20 cm, the maximum vertical displacements at the three angles of crossing the ground fissure are 1.931, 1.929, and 1.863 cm, respectively. Because the soil depth of the underground utility tunnel is 480 cm, it is recommended that the soil depth of the Underground utility tunnel be 0.388–0.422% as the vertical displacement of the surface value for early warning control. When the contact pressure is 0 MPa, it is used as the early warning control value when the utility tunnel structure is emptied.
Early Warning Level
The early warning control value is quantified and divided into early warning levels and corresponding intervals. The severity of the warning situation is reflected in a scientific and intuitive way, which can effectively help the decision-makers to determine reasonable decisions. Due to the different engineering geological conditions and construction environment conditions in different regions, the classification standards for early warning levels are also different (Ding and Zhou, 2013). According to relevant technical regulations, the early warning levels are divided by combining the proposed underground utility tunnel early warning indicators and control values for crossing the ground fissures, as shown in Table 4.
TABLE 4 | Early warning control value.
[image: Table 4]Early Warning Response
When an early warning alarm is issued, all parties concerned should respond within the specified time. Generally, the first warning should respond within 3 h, the second warning within 6 h, and the third warning within 9 h. The response time can be appropriately extended; however, it must not exceed 24 h at the latest. The measures taken at different warning levels are as follows:
1) Primary warning response.
When the primary warning is reached, the construction unit, the third-party monitoring unit, and the supervision unit should strengthen the monitoring frequency of the early-warning part. The construction unit should slow down the construction speed appropriately, determine the reason for the abnormal data according to the monitoring data, and immediately formulate corresponding measures with the design unit to curb the development of risk.
2) Secondary warning response.
When the secondary warning is reached, the construction unit, the third-party monitoring unit, and the supervision unit should strengthen the monitoring frequency and on-site inspection of the warning site, and at the same time, increase the monitoring points. The construction unit shall control the construction speed, analyze the reasons according to the monitoring data, and work out corresponding measures together with the design unit to deal with it, to prevent the further development of the alarm situation and eliminate the alarm source as soon as possible.
3) Three-level warning response.
When a three-level warning is reached, the construction unit shall immediately stop the construction and report to all the units participating in the project. The construction unit shall put forward a preliminary treatment plan. Then all the parties involved in the project shall jointly hold a special early-warning meeting to formulate the early-warning disposal plan and urge the construction unit to organize and implement it immediately to eliminate potential safety risks.
CONCLUSION
Based on the finite element numerical simulation of the oblique crossing and orthogonal crossing of ground fissures in an underground utility tunnel, the deformation trend of the underground utility tunnel structure under the action of the ground fissures is analyzed, and an early warning standard for a large-scale underground utility tunnel during the ground fissure active period is proposed. The following conclusions can be drawn:
1) Under the three intersecting angles, the vertical deformation of the underground utility tunnel structure is basically consistent with the trend of the vertical displacement of the surface, and the entire structure is characterized by an inverse “S” curve.
2) Compared with the orthogonal condition, because of the additional torsional deformation in the diagonal condition, the tensile stress is generally greater than the orthogonal condition. When the underground utility tunnel is obliquely crossing the ground fissure, and the displacement of the ground fissure is greater than or equal to 30 cm, voids occur at the bottom of the utility tunnel structure. When the underground utility tunnel is orthogonal to the ground fissure displacement is greater than or equal to 40 cm; voids will occur at the bottom of the utility tunnel structure.
3) It is suggested that the design value of the concrete tensile strength (ft) should be used as the stress control value of the upper part of the structure, and the design value of concrete compressive strength (fc) should be used as the stress control value of the lower part of the structure; 2.23% of the height of the underground utility tunnel was taken as the early warning control value. When the contact pressure was 0 MPa, it was used as the early warning control value when the utility tunnel structure was emptied. 0.388–0.422% as the vertical displacement of surface value for early warning control.
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It is commonly accepted that wetting–drying cycles have an effect on the soil strength behavior. Crack development in soil is observed by many engineers during wetting–drying cycles, which may give a good explanation for the change in soil strength. A series of laboratory tests were conducted in this study to investigate the desiccation crack development and the strength change law for silty clay subjected to different numbers of wetting–drying cycles. The results show that the desiccation cracks at the end of drying process developed in two stages: the stage of rapid growth and the stage of steady state. The change law of soil strength is similar to the cracking that decreases quickly in the former stage and slowly in the latter stage, which indicates that the cracking in the soil is the main reason for strength reduction. Based on the assumption of an isotropic and linear elastic soil mass at rest earth pressure conditions, an equation for the depth of desiccation cracking after different numbers of wetting–drying cycles was obtained with soil mechanics for unsaturated soils. Finally, the applicability of the equation was verified compared with the experiment results.
Keywords: wetting–drying cycles, strength behavior, crack development, silty clay, underground
INTRODUCTION
Wetting–drying cycles are common in nature (Gao et al., 2019; Gao et al., 2020; Gao et al., 2021; Martin et al., 2021). The water content of soil changes during the process of repeated fluctuation of the groundwater level, which leads to the generation of wetting–drying cycles (Kilsby et al., 2009; Shi et al., 2014a). Influenced by wetting–drying cycles, the soil strength behavior will change, which may have negative effects on the safety of structures such as the underground storage (Shi et al., 2014b; Liu et al., 2018, Liu et al., 2020, Liu and Gao, 2020). It is reported that some structures were damaged by such cycles (Mshana et al., 1993; Leroueil, 2001; Chen et al., 2017; Chen et al., 2020). Therefore, it is significant to investigate the effect of wetting–drying cycles on the soil strength behavior.
Over the past decades, a number of experiments have been conducted to research the relationship between the soil strength behavior and wetting–drying cycles. The shear strength of clay affected by wetting–drying cycles was investigated by Rajiaram and Erbach et al. (1999) in the laboratory. The results showed that the soil strength of clay changes significantly with the wetting–drying cycles. In addition to clay, wetting–drying cycles have a negative effect on the strength of other kinds of soil. Goh et al. (2014) conducted a series of consolidated drained triaxial tests by using three different sand–kaolin mixtures which experienced multiple cycles of wetting–drying. The test results indicated that the samples on the wetting paths have lower shear strengths than those on the drying paths. In addition, to ascertain the performance of silty clay in pavement applications, Kampala et al. (2014) studied the durability of the calcium carbide residue and fly ash-stabilized silty clay against wetting–drying cycles. In general, soil strength will decrease when affected by wetting–drying cycles. It is because the soil structure is damaged during the cycles (Pires et al., 2007; Pires et al., 2008; Aldaood et al., 2014; Fan et al., 2019; Fan et al., 2020).
The desiccation cracks break the structure and integrality of soil and further reduce its strength during wetting–drying cycles (Shi et al., 2014a; Cao et al., 2016). The dynamic development of desiccation cracks in the expansive soil during wetting–drying cycles have been tested by Li et al. (2009), Li and Zhang et al. (2010), Li and Zhang et al. (2011), and Cao et al. (2016). The results showed that desiccation cracks developed in three stages: initial, primary, and steady state stages. In the initial stage, few cracks developed with the gradually decreasing water content. When the water content reached a critical value for crack initiation, cracks developed quickly and this was the beginning of the primary stage. As the water content approached the shrinkage limit of the soil, cracks developed slowly and reached a steady state. The cracks were found to be repeatable during three cycles of wetting–drying (Bronswijk, 1991; Kodikara and Choi, 2006). Yessiler et al. (2000) and Rayhani et al. (2008) investigated the surficial dimensions of cracks using the crack intensity factor, that is, the ratio of the surface area of cracks to the total surface area of the soil, in three compacted liner samples during wetting–drying cycles. Large amounts of cracking appeared in specimens with high fines content, and less cracking in soil with low fines content. The rules of crack development during wetting–drying cycles have been reported in the previous literature (Jiang et al., 2016; Liu et al., 2016; Lagroix and Guyodo, 2017; Kang et al., 2021). However, the mechanism behind the desiccation crack development during wetting–drying cycles rarely attracted the attention of engineers.
The objective of this study is to establish a mechanical model of the desiccation crack development, thereby to further explain the decrease of soil strength experienced wetting–drying cycles. The cracking in silty clay at the end of the drying process after different number of wetting–drying cycles was measured, and then, the strength of the samples was investigated with a series of consolidated undrain (CU) triaxial tests. Finally, the mechanism behind the desiccation crack development during wetting–drying cycles was analyzed.
MATERIALS AND METHODS
Soil
The experiment was performed on undisturbed silty clay. The silty clay selected in the tests was taken from a slope in the Three Gorges Reservoir, located in the southwest of China. The mineralogical composition of the soil was determined by X-ray diffraction (XRD) using a D8 Advance X-ray diffractometer. The silty clay contained 28.39% quartz, 23.63% muscovite, 18.15% albite, 14.08% nontronite, 9.32% microcline, and 6.43% clinochlore. A series of basic geotechnical tests were performed to determine the natural density, natural water content, specific gravity, liquid limits, plastic limit, and void ratio for the soil, in accordance with the American Standard Test Method (ASTM Standard D4318-17, 2017). The physical properties of the soil are shown in Table 1.
TABLE 1 | Physical properties of soil.
[image: Table 1]Sample Preparation
More than twelve cylindrical samples with 39.1 mm in diameter and 80 mm in height were prepared by special tools, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Sample preparation.
Wetting–Drying Cycle Test
Soil samples were saturated and dried in a self-made apparatus including test-bed, saturators, dryers, and sample cylinders, as shown in Figure 2. Wetting process was to soak the samples in sample cylinders with the water level exceeding the top of the samples. It was found that 24 h of soaking was enough to reach saturation and to minimize entrapped air bubbles in the samples. The samples were dried by the dryer, which can heat soil to a temperature of 45°C. After 12.75 h of drying, the weight of the samples was not reduced.
[image: Figure 2]FIGURE 2 | Self-made test apparatus of wetting–drying cycles.
A wetting–drying cycle consisted of the following processes: 1) first, the samples were saturated by using the saturators as described previously; 2) the water inside the saturators was drained through drainpipes, and the samples were dried by using the dryer for 12.75 h until their weight reached to a constant; and 3) finally, the samples were saturated once again.
Twelve samples were divided into four groups (groups I, II, III, and IV) which were subjected to 0, 2, 4, and 8 consecutive wetting–drying cycles, respectively. There were three samples in each group.
Consolidated Undrained Triaxial Test
After the wetting–drying tests, a series of consolidated undrained (CU) triaxial tests were conducted to investigate the strength behavior of the four groups of samples which were at the saturated state, as shown in Figure 3. The type of the apparatus used in the CU triaxial tests was SJ-1A, made in China (Wang S. et al., 2020; Chen et al., 2021). The three samples in each group were consolidated for 24 h and then sheared under confining pressures of 50, 100, and 200 kPa, respectively. The shear test was performed until the axial strain [image: image] reached 15% or the sample was destroyed completely (Wang J. et al., 2020; Tang et al., 2021; Wang et al., 2022).
[image: Figure 3]FIGURE 3 | Apparatus of consolidated undrained triaxial tests.
RESULTS AND ANALYSIS
Crack Development
Figures 4A–D show the development of desiccation cracks on the soil surface at the end of each drying process. There were few cracks developed on the surface of the soil before wetting–drying cycles. After the first drying process, the length and width of the cracks increased. After the second drying process, the cracks developed continually, and a broad main crack appeared in the middle of the specimen surface. Within 3–8 cycles, the number of cracks did not change, and the width of the cracks developed very slowly. Therefore, it can be inferred that the desiccation cracks developed in two stages: the stage of rapid growth and stage of the steady state, in parallel with the increasing number of wetting–drying cycles. In the rapid growth stage, cracks developed quickly after the first and second cycles. As the cycle number approached more than two, cracks developed slowly and approached a steady state. Yessiler et al. (2000) also found that the development of cracks was not significant after the second wetting–drying cycle.
[image: Figure 4]FIGURE 4 | Crack development at the end of each drying process: (A) initial state, (B) after the first drying process, (C) after the second drying process, and (D) after the eighth drying process.
Stress–Strain Curves
Figures 5A–C illustrate the stress–strain curves for the twelve specimens in the CU triaxial shear test after different numbers of wetting–drying cycles. It should be noted that the curves of the three specimens in the group subjected to zero cycles were all strain-softening damage models, which is similar to the shearing behavior of over-consolidated soil (Ou et al., 2019; Wang et al., 2021a; Wang et al., 2021b). This is due to the fact that the structure and integrality of the specimens are not damaged before experiencing the wetting–drying cycles. When the axial strain approached approximately 7%, the deviator stress reached a peak value. In contrast, the strain-hardening damage model was observed for the nine specimens in groups II, III, and IV, which were subjected to 2, 4, and 8 wetting–drying cycles, respectively. This could be attributed to the structure and integrality of the specimens directly influenced by the cracks which were developed during wetting–drying cycles. Similar test results were reported by Pires et al. (2007), Pires et al. (2008). The experimental results show that the peak deviator stress of those three specimens of the group subjected to eight cycles is similar to the residual strength of the specimens of the group subjected to zero cycles, indicating that the soil structure of the group subjected to eight wetting–drying cycles was completely damaged.
[image: Figure 5]FIGURE 5 | Stress-strain curves in the triaxial shear test: (A) σ3 = 50 kPa, (B) σ3 = 100 kPa, and (C) σ3 = 200 kPa.
Peak Deviator Stress
The peak deviator stress of the twelve specimens after different number of cycles of wetting–drying could be obtained from Figure 5. When there is an obvious peak point in the stress strain curves in Figure 6, the peak value is taken as the peak deviator stress of the sample. However, when there is no obvious peak value in the curves, the deviator stress when the axial strain is 15% is taken as the peak deviator stress (ASTM Standard D7181, 2011). The peak deviator stress of the twelve specimens after different numbers of wetting–drying cycles was used in the comparison. Figure 6 presents the curves of the peak deviator stress and number of cycles. It is noticed that the larger the confining pressure is, the higher the peak deviator stress will be. This might be attributed to the bite force among the soil particle which becomes larger during the shear test with higher confining pressure. The bite force could contribute to the peak deviator stress. With an increasing number of wetting–drying cycles, the peak deviator stress decreases constantly. In detail, it decreases quickly in the first two cycles and markedly slowly in the subsequent cycles. The change rule is in line with the crack development in Figure 4, which indicates that the development of cracks is the main reason for the decrease of soil strength. The structure of specimens was terribly damaged in the first two cycles of wetting–drying by the cracks, and the peak deviator stress decreased notably accordingly. After two cycles, the cracks developed slowly, which caused the peak deviator stress to decrease slowly.
[image: Figure 6]FIGURE 6 | Curves of the peak deviator stress and number of wetting–drying cycles.
MECHANISM BEHIND THE DESICCATION CRACK DEVELOPMENT DURING WETTING–DRYING CYCLES
Generally, cracks mainly develop during the drying process, and do not develop during the wetting period (Li, 2009; Li and Zhang, 2010; Li and Zhang, 2011; Cao et al., 2016). Prior to discussing the mechanism behind the desiccation crack development during wetting–drying cycles, it is of value to discuss the development during the first drying process. This topic is discussed at rest earth pressure conditions (at K0 state) as shown in Figure 7. Assume the underground water level decreases from the ground surface to somewhere underground of L meters depth, and the soil above the water level is dried.
[image: Figure 7]FIGURE 7 | Model of crack development in soil during the drying process.
The total vertical stress [image: image] in a leveled soil mass is calculated in the same way for both saturated and unsaturated soils (Figure 8). The total vertical stress [image: image] is called the overburden pressure, which is calculated as follows:
[image: image]
where [image: image] is the total density of soil, [image: image] is the gravitational acceleration, y is the vertical distance from the ground surface, and D is the depth of soil under consideration.
[image: Figure 8]FIGURE 8 | Distribution of the matric suction during the drying process.
For a homogeneous soil mass, the total vertical stress can be expressed as follows:
[image: image]
Generally, the pore air pressure [image: image] is equal to the atmospheric pressure. The pore water pressure [image: image] above the groundwater table can either be estimated or measured. In some cases, the estimate can be based on hydrostatic conditions.
The horizontal pressure [image: image] at any depth below ground surface can be written as a ratio of the vertical pressure [image: image]. Each of the pressures can be referenced to the pore air pressure [image: image] (or the atmospheric pressure). The coefficient of earth pressure at rest, [image: image], can be defined as follows:
[image: image]
When [image: image], [image: image], that is, the coefficient of earth pressure at rest for the saturated soil.
In saturated soil mechanics, the constitutive relations for the soil structure can be formulated in accordance with the generalized Hooke’s law using the effective stress variable [image: image]. For an isotropic and linearly elastic soil structure, the constitutive relations in the x, y, and z directions can be described as follows:
[image: image]
where [image: image], [image: image], and [image: image] are the normal strains in x, y and z directions, respectively; [image: image], [image: image], and [image: image] are the total normal stresses in x, y, and z directions, respectively; and E and u are the modulus of elasticity and Poisson’s ratio, respectively.
Fredlund et al. (Fredlund, 1976; Fredlund, 1979; Fredlund and Rahardjo, 1993) introduced the constitutive relations between saturated and unsaturated soil, using the appropriate stress state variables. The assumption is made that soil behaves as an isotropic and linear elastic material. The following constitutive relations are expressed in terms of stress state variables: [image: image] and [image: image]. The soil structure constitutive relations associated with the normal strains [image: image] in the x, y, and z directions are as follows:
[image: image]
where H is the modulus of elasticity of the soil structure with respect to a change in matric suction, [image: image]. Thus, the stress [image: image] versus strain [image: image] equation in the horizontal direction for a homogeneous, isotropic, unsaturated soil is given by the following equation:
[image: image]
Eq. 6 applies to both horizontal directions.
For the at rest or [image: image] condition in intact, homogeneous, unsaturated soil mass, the strain in the horizontal directions can be set to zero (i.e., [image: image]). Introducing [image: image] into (6), the net horizontal stress can be written in terms of the vertical stress.
[image: image]
Eq. 7 can be normalized to the net vertical stress, and the equation takes the form for the coefficient of earth pressure at rest as follows:
[image: image]
When the matric suction, [image: image], goes to zero, Eq. 8 reverts to the form for a saturated soil (i.e., [image: image]). When matric suction is present in the soil, the horizontal stress is reduced. The reduction is also a function of the depth under consideration. At the shallow depths of the crack, a relatively small matric suction will cause the net horizontal stress to be zero and tend to be negative. If the soil cannot sustain any tensile strain, cracking of the soil will occur, commencing at the ground surface [22].
The depth of cracking in drying soil can be estimated using the coefficient of earth pressure at rest. The assumption is made that the at rest coefficient of earth pressure, [image: image], is zero at the bottom of a crack. The above analysis assumes that the soil cannot sustain any tensile strain prior to failing. The depth of desiccation cracks, [image: image], in the soil after the first drying process is taken into consideration as shown in Figure 8. At the bottom of the crack, the net horizontal stress is zero (i.e., [image: image]). Accordingly, (7) becomes
[image: image]
where subscript, 1, represents the crack at the bottom after the first drying process. The net vertical stress, [image: image], changes with the depth of the soil under consideration, as well as the matric suction, [image: image].
The assumptions could be made concerning the matric suction variation with respect to depth. One typical matric suction profile is illustrated in Figure 8, which shows the negative pore water pressure as a linear function of the distance above the groundwater table (Fredlund and Rahardjo, 1993). The variable, [image: image], is used to permit the pore water pressure to be represented as a percentage of the hydrostatic profile where a value greater than 1.0 signifies pore water pressures which are more negative than the hydrostatic profile. The matric suction [image: image] at any depth, y, in the soil can be written as
[image: image]
where [image: image] is the density of water and L is the distance from ground surface to the water table. For a homogeneous soil, the net vertical stress [image: image] at any depth, y, is written as
[image: image]
Introduce (10) and (11) into (9), the depth of desiccation crack, [image: image], after the first drying process is obtained as follows:
[image: image]
Eq. 12 indicates that the depth of a desiccation crack depends on the matric suction and the elastic parameters of the soil.
Through the cracking test results of Li et al. (2009), Li and Zhang et al. (2010), Li and Zhang et al. (2011), Ahmadi et al. (2012), Cao et al. (2016), and this study, it is found that the cracks cannot be recovered once they occur. After a wetting–drying cycle, the cracks will change the distribution of matric suction in the next drying process.
The soil at the cracks was exposed to the air, and thus, it can be considered that the matric suction in the depth of cracks equals to the matric suction on the ground surface (i.e., [image: image]), while the matric suction under the bottom of cracks distributes linearly with the soil depth, as shown in Figure 8. Then the matric suction of the soil at any depth, y, is given as follows:
[image: image]
For a homogeneous soil, the net vertical stress at any depth, y, is written as Eq. 11. Substituting (11) and (13) into (9) gives an equation for the depth of cracking, [image: image], at the end of drying process after the second wetting–drying cycle as follows:
[image: image]
where [image: image] indicates [image: image]. Compare (14) with (12), and it can be known that [image: image], suggesting that the crack development is deeper after the second wetting–drying cycle. Similarly, the crack depth, [image: image], at the end of drying after “n” cycles of wetting–drying can be expressed as follows:
[image: image]
An equation for the depth of cracking, [image: image], can be deduced from (12) and (15):
[image: image]
To illustrate the form of Eq. 16, the assumption is made that the total density of the soil is 1886 kg/m3 and the matric suction profile is equivalent to hydrostatic conditions. Lau et al. (1987) showed that E/H ratios are typically in the range of 0.15–0.20 for initially saturated clay.
For an E/H ratio of 0.18 and a Poisson’s ratio of 0.35 of the soil, the anticipated depth of cracking at the end of drying process after “n” cycles of wetting–drying is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Variations of [image: image] with the number of wetting–drying cycles.
Figure 9 shows that the cracks develop quickly during the first wetting–drying cycle, then slow down with the increasing number of wetting–drying cycles, and finally approach a constant value. Moreover, the cracks occur mainly during the first two wetting–drying cycles, which is in line with the test results of this article, Cao et al. (2016), and Ahmadi et al. (2012). Generally, [image: image] is related to the clay mineral content in the soil. [image: image] increases with an increase in the clay mineral content, and accordingly, the crack becomes deeper. Thus, it is easy to explain why the cracks of silty clay in this study are smaller than that of expansive soil used in the experiment by Cao et al. (2016). To be specific, the clay mineral content of silty clay is smaller than that of the expansive soil. Hence, the law of crack development keeps accordance with the test results in this study. This indicates that Eq. 16 can be used to describe the crack development at the end of drying processes after different numbers of wetting–drying cycles.
CONCLUSION
In this study, a series of wetting–drying cycle tests and CU triaxial tests were first conducted to investigate the strength behavior and desiccation crack development of silty clay subjected to wetting–drying cycles. The results showed that the desiccation cracks developed rapidly in the first two cycles but slowly after two cycles, with the increasing number of wetting–drying cycles. The structure of silty clay was damaged by wetting–drying cycles. The peak deviator stress decreased quickly in the first two cycles and markedly slowly in the subsequent cycles, which is consistent with the development law of desiccation cracks. The main reason for the decrease of soil strength is the development of desiccation cracks. A new mechanics model of the desiccation crack development after different numbers of wetting–drying cycles was established with soil mechanics for unsaturated soils. In order to verify the applicability of the new model, charts with regard to the depth of desiccation cracking based on the equation were developed. Finally, the mechanism behind the desiccation crack development during wetting–drying cycles was analyzed.
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The transfer section between the cross passage and the main tunnel is the part that needs to be paid attention to during the underground excavation construction of the subway. Due to complex stress, the collapse of the horsehead gate and excessive surface settlement often occur. In order to determine the construction scheme of the transfer section between the cross passage and the main tunnel of Guanshui Road Station of Metro Line two in Guiyang, China, the numerical simulation method was used to analyze the “double-holes interval pillar method,” “sector expansion method,” and “gate climbing method,”, respectively. The mechanical response of the surrounding rock and supporting structure under each method was compared. The comparisons showed that the surface settlement, the displacement of the cave, and the plastic zone caused by the double-holes interval pillar method were the smallest, and the method can reduce the construction risk, shorten the construction period, and reduce the project cost. Therefore, it was recommended to use the double-holes interval pillar method to construct the transfer section. The comparison between the measured data and the numerical simulation results of the double-holes interval pillar method showed that the numerical simulation results were smaller than the measured data at each point, and the surface settlement and horizontal displacement in the tunnel both met the safety control standard.
Keywords: subway tunnel, transfer section, double-holes interval pillar method, sector expansion method, gate climbing method, numerical simulation, construction monitoring
1 INTRODUCTION
With the increase of underground tunnel construction, underground caverns are often used for energy storage. To ensure the safety of energy storage, builders must first ensure the construction safety of underground caverns (Comodromos et al., 2014; Ramos et al., 2018; Fan et al., 2019; Kang et al., 2021). However, the construction of an underground tunnel is complex (Janda et al., 2018; Wang et al., 2020; Fan JY. et al., 2020; Lv et al., 2020; Li et al., 2021), especially at the junction of a variable section. In order to reduce the impact on ground traffic, the undercutting method is usually used in the construction of an urban Metro with dense buildings (Bobet, 2001; Khademian et al., 2017; Cao et al., 2018; Moosavi et al., 2018; Li et al., 2019; Wang et al., 2021b). The cross passage near the Metro station is used as the connection part between the shaft and the main tunnel, and this transfer section between the shaft and the main tunnel is the key section of Metro station construction. The construction method of this transfer section is complex, and the stress of the supporting structure changes frequently during the construction process, which causes a more complex deformation and stress distribution of the surrounding rock-supporting system than conventional tunnels (Jiang et al., 2016; Djelloul et al., 2018; Sommer et al., 2018; Fan S.-y. et al., 2020; Wang et al., 2021a; Dong et al., 2021). Therefore, the selection of an appropriate construction method is of great significance to ensure the construction safety of the transfer section and even the entire Metro station.
In order to ensure the construction safety of the transfer section, scholars from all over the world have studied its construction mechanical effects. Hsiao et al. (2004) adopted numerical simulation to carry out feedback analysis on the complex stress in the crossing area of seven tunnels. The results showed that a tunnel should be in a stable state due to the small tunnel impact area and loose rock mass area, and real-time monitoring should be maintained to measure the displacement of the tunnel during excavation. Li et al. (2016) studied the deformation, stress, and plastic zone response of the surrounding rock at a tunnel intersection and the influence range of the lining failure mode by using the numerical simulation method. The numerical results showed that the deformation in a section close to the tunnel intersection was larger than the deformation in distant sections. Gaspari et al. (2010) used the numerical simulation method to study the lining structure scheme of the Metro intersection and determined the optimization measures of the lining structure. Hsiao et al. (2009) studied the mechanical effect of the rock mass in the transfer section with numerical simulation. They established the criteria for evaluating the influence of intersection angle on tunnel behavior, and determined three types of support design schemes for different geological conditions. Lin et al. (2013) studied the stability of the long-span tailrace bifurcation tunnel with complex three-dimensional geometry by using a theoretical calculation, and determined a non-linear reinforcement analysis method that could be used for the reinforced concrete lining and rock bolt design. Song Z. et al. (2018) studied the stress and deformation in the transfer section between the shaft and cross passage with numerical simulation, and determined a scheme that could effectively control the surface settlement and deformation of the shaft. Liu and Wang (2010) used numerical simulation to simulate the actual project according to the mechanical characteristics and stability of the bifurcated tunnel. By comparing the results from four conditions, they put forward the safest and most reliable scheme. Li et al. (2015) studied the influence of soil stiffness, structural components, and other key deformation mechanisms on the integrity of the cross structure in the cross passage with numerical simulation, and found that the lintel could transfer the load above the cross structure to the adjacent lining. In addition, relevant scholars also carried out a lot of research on the stress changes of the surrounding rock-supporting system during the cross structure construction (Daraei and Zare, 2018; Galli et al., 2004; Song ZP. et al., 2018). The research on specific projects had important guiding significance for the construction deformation and safety control of the transfer part between the main tunnel and the cross passage. However, most scholars have only discussed those projects with little difference in the section size between the cross passage and the main tunnel, while the research on the construction of the transfer section between the cross passage and the main tunnel with a large difference in section size is relatively less.
This paper studied the mechanical response of the transfer section between the cross passage and the main tunnel in the construction of Guanshui Metro station on Guiyang Metro line 2 in China. In order to determine the construction scheme of the transfer section, the numerical simulation method was used to simulate the construction process through three methods, namely, the “double-holes interval pillar method,” “sector expansion method,” and “gate climbing method”. The stress and displacement of the surrounding rock-supporting system and the distribution of the plastic zone of the surrounding rock caused by the three methods were analyzed. By comparing the calculation results of the three methods, it is suggested that the double-holes interval pillar method should be adopted in the construction. The comparison between the numerical simulation results and the monitoring data showed that the numerical simulation results were in good agreement with the measured results. The double-holes interval pillar method could better control the deformation of the tunnel-supporting structure and surrounding rock. The results can provide a reference for the design and construction of similar projects in the future.
2 PROJECT OVERVIEW
Metro line 2 is an important transportation line of Guiyang City, Guizhou Province, China. The line starts from Qijilukou Station, passes through Longdongbao International Airport and Nanming District Administrative Center, and finally ends at the East Passenger Station. The first phase of line 2 is underground construction, with a length of 27.4 km including 24 stations. The 14th bid project of Guiyang Metro line 2 is located in the Nanming district, mainly including two stations and two sections: Provincial Medical Station, Guanshui Road Station, Provincial Medical Station-Guanshui Road Station section, and Guanshui Road Station-Youzhajie Station section. Its length is about 1,107.46 m, the cost is 407 million yuan, and the planned construction period is 28 months.
The studied Guanshui Station is located under the intersection of Baoshan South Road and Guanshui Road. The station is oriented from north to south. The mileage is ZDK35 + 945.357–ZDK36 + 125.357, with a total length of 180 m. The end of this distance is adjacent to the Nanming River. Affected by the Nanming River, the rail surface of this station is buried at the depth of 33.3–42 m underground. The station tunnel adopts a five-center circular horseshoe-shaped cross section with a curved wall and inverted arch, and the structural type is a single arch and double layers. The vault of the tunnel is covered with about 17.5–20.5 m thick soil, in which the thickness of the rock is 3.5–12.5 m. Two airshafts were used as the construction shafts to enter the cross passage of Guanshui Road Station. Then it switched from the cross passage to the main tunnel to form a working face for underground excavation. The maximum excavation section of the station tunnel is 22.16 m wide and 19.21 m high. Figure 1 for the location of Guanshui Road Station.
[image: Figure 1]FIGURE 1 | Schematic diagram of the location of Guanshui Road Station
According to the geological survey data, the upper covering layers of the transfer section are moderately weathered dolomite (T1a), highly weathered dolomite (T1a), plastic red clay (Q4el+dl), and miscellaneous fill (Q4ml) from bottom to top, respectively. The transfer section is mainly located in moderately weathered dolomite with surrounding rock of grade V, and part of the vault is located in highly weathered dolomite. The thickness of the strata above the vault varies greatly, ranging from 4 to 14 m. The rock mass is mostly of a block and layered structure, some are of a gravel and breccia structure.
3 NUMERICAL MODEL OF THE EXCAVATION SCHEME IN THE TRANSFER SECTION
Due to the complexity of the transfer section construction, it is very difficult to analyze its mechanical effect theoretically (Gan et al., 2014; Klotoé and Bourgeois, 2019; Oh et al., 2019; Wang et al., 2022). In order to determine the construction scheme of the transfer section, this paper adopted the numerical simulation method and used MIDAS NX finite element software to establish a three-dimensional numerical model to analyze the stress, displacement, and plastic zone distribution of the surrounding rock-supporting system during the excavation, so as to provide guidance for the construction.
3.1 3D Geological Model and Boundary Conditions
According to the geological conditions of the project, the strata were simplified as homogeneous and horizontal. Figure 2A is the three-dimensional geological model of the transfer section, and Figure 2B is a model of the cross passage and the main tunnel. The negative direction of the X axis is the tunneling direction of the cross passage, the positive direction of the Y axis is the large mileage direction of the main tunnel, and the positive direction of Z axis is vertical upward.
[image: Figure 2]FIGURE 2 | Finite element model and construction steps (A) Finite element model, (B) model of the cross passage and the main tunnel (C) steps of the double-holes interval pillar method, (D) steps of the sector expansion method, and (E) steps of the gate climbing method.
The distance from the left and right boundary of the model to the left and right side wall of the main tunnel is 69 m (about three times the width of the tunnel). The distance from the bottom boundary to the inverted arch of the main tunnel is 58 m (about three times the height of the tunnel), and the distance from the upper boundary to the tunnel vault is 23 m. The model takes the dimensions of 160 m × 80 m×100 m in the three directions of X, Y, and Z, with a total of 110,515 units and 20,846 nodes. The soil and rock are simulated by the solid element. The primary support, which is applied around the tunnel boundary permanently, is simulated by the plate element with a thickness of 300 mm. The temporary support, which is applied around each heading hole and will be removed after the temporary support is closed into a ring, is simulated by the plate element with a thickness of 200 mm.
The upper surface of the model is the free surface, the vertical displacement constraint is adopted for the bottom boundary, and the horizontal displacement constraint is adopted for the other four boundaries.
3.2 3D Constitutive Model and Calculation Parameters
According to the survey data of Guanshui Road subway station provided by the exploration department, the physical and mechanical parameters of the soil are shown in Table 1. The constitutive model of soil is simulated through the Mohr-Column model (Lee et al., 2012; Singh and Singh, 2012; Singh and Mandal, 2019; Zhang et al., 2019). The physical and mechanical parameters of the supporting structure are also shown in Table 1, the elastic modulus can be calculated according to Eq. 1.
[image: image]
where E is the equivalent elastic modulus of the primary support, E0 is the elastic modulus of the sprayed concrete, Eg is the elastic modulus of steel, Sg is the cross-sectional area of the steel bar, and S0 is the cross-sectional area of the concrete.
TABLE 1 | Physical and mechanical parameters of each stratum and support.
[image: Table 1]3.3 Construction Methods and Steps
In order to determine the construction scheme for the transfer section between the cross passage and the main tunnel of Guanshui Road Station, three different construction methods, namely, the double-holes interval pillar method, sector expansion method, and gate climbing method were simulated. And the optimal construction method was determined based on the comparisons, including the stress and displacement of the surrounding rock and the supporting system, and the distribution of the plastic zone of the surrounding rock caused by different methods.
In the double-holes interval pillar method, the cross passage and main tunnel are excavated by step method and double side heading method, respectively. The main construction steps of this method are shown in Figure 2C.
1) The upper and middle heading holes of the main tunnel’s right side are excavated towards the large mileage and the support after finishing the excavation of the upper steps of the cross passage is created. As shown in Figure 2C, step ①;
2) After the upper heading hole of the main tunnel is excavated to 4D (D is the width of the cross passage), the upper and middle heading holes of the central core soil are excavated to the left of the main tunnel and an internal passage connecting the left and right heading holes of the main tunnel is formed and supported. As shown in Figure 2C, step ②;
3) The upper and middle heading holes of the main tunnel’s right side near the transfer section towards the large mileage are excavated. At the same time, the upper and middle heading holes of the main tunnel’s left side near the internal passage towards the small mileage are excavated and supported. As shown in Figure 2C, step ③;
4) From the internal passage, the upper and middle heading holes of the main tunnel’s left side towards the small mileage and right side towards the large mileage are excavated and supported. As shown in Figure 2C, step ④;
5) When the excavation distance of step ④ reaches 12 m, the lower heading holes of the cross passage and the double sides of main tunnel are excavated and supported. As is shown in Figure 2C, steps ⑤→⑥→⑦→⑧;
6) The central core soil from the internal passage to the large and small mileage is excavated and supported. As shown in Figure 2C, steps ⑨→⑩.
In the sector expansion excavation method, the rock of the transfer section is excavated by multiple sector-shaped excavation bodies, as is shown in Figure 2D. The detailed steps are as follows: 1) When the upper step of the cross passage is excavated to the junction between the cross passage and main tunnel, a portal arch is erected in the cross passage. 2) The transfer section is excavated, and the upper step of the transfer section is divided into three sector-shaped excavation bodies. The excavation width is equal to the width of the cross passage, and the portal arch and primary support are erected immediately after excavation. 3) The lower step of the cross passage and the main tunnel are excavated by the sequence mentioned above. 4) The annular steel support is erected along the main tunnel and the upper arch of the station is closed into a ring through multiple expansion excavation, then construction of the transfer section is completed.
The gate climbing method is a method to excavate the main tunnel at a gradient of 12% along the excavation direction of the cross passage during the construction of the transfer section. Then the reverse excavation method is used to excavate the rock of the transfer section as shown in Figure 2€. The specific steps are as follows: 1) The cross passage section is excavated in full. When it is excavated to the junction part, three portal arches are erected at the junction between the cross passage and the main tunnel. 2) The transfer section is excavated upwards along the excavation direction of the cross passage with the gradient of 12%, the width of excavation part is the same as that of the cross passage and is excavated to the contour line on the other side of the main tunnel. 3) The transfer section is totally divided into eight parts for excavation. Then the portal arch and primary support are erected immediately. 4) The annular steel supports along the contour line of the top of the main tunnel are erected after every step of excavation. Finally, the steel support is closed into a ring and the construction of the transfer section is complete.
In order to compare the influence of different methods on the supporting structure and surrounding rock of the cross passage-main tunnel, the stress, displacement of the surrounding rock-supporting system, and the distribution of the plastic zone of surrounding rock were analyzed by selecting three sections, namely section 1 (the center of the transfer section) and sections 2 and 3 (from the position of 20 and 30 m away from the transfer section, respectively). The positions of the three selected sections are shown in Figure 2B.
4 NUMERICAL SIMULATION RESULTS
4.1 Displacement of Supporting Structure
Figure 3 shows the vertical and horizontal displacement nephograms of the supporting structures of the cross passage and the main tunnel after the construction of the double-holes interval pillar method, sector expansion method, and gate climbing method, respectively. In the figure, the vertical displacement is positive in the upward and negative in the downward direction. The horizontal displacement is negative in the heading direction of the cross passage. The maximum vertical displacements of the three methods are all located at the arch bottom of the main tunnel with the small mileage boundary, which are 5.84, 5.66, and 5.78 mm, respectively. The minimum vertical displacements are all located at the vaults of the main tunnel with the small mileage boundary, which are −5.71, −5.82, and −5.86 mm, respectively. The maximum horizontal displacements are located at the arches on both sides of the main tunnel with the small mileage boundary, which are 3.21 and −3.45 mm, 3.14 and −2.86 mm, and 2.92 and −2.75 mm, respectively.
[image: Figure 3]FIGURE 3 | Displacement nephogram after construction (A) The double-holes interval pillar method, (B) the sector expansion method, and (C) the gate climbing method.
Figure 4A shows that the settlements vary with the construction steps for three sections under the double-holes interval pillar method. As shown in Figure 2B and section 1 is at the right side of the cross passage, section 3 is the cross section of the internal passage, and section 2 is at the middle between section 1 and section 3. In section 3, the construction of upper, medium, and lower heading holes of the internal passage are completed in steps 23, 61, and 85, respectively.
[image: Figure 4]FIGURE 4 | Deformation curve of the supporting structure under each method (A) The double-holes interval pillar method, (B) the sector expansion method, and (C) the gate climbing method
Figure 4A shows that before the excavation of the central core soil, the vault settlements of sections 1, 2 were −0.89 and −1.21 mm, respectively. With the excavation of the left and right heading holes, the vault settlements increase gradually. When the construction steps reach 116 (section 1) and 112 (section 2), respectively, the upper step of the central core soil can be excavated, then the vault settlements increase sharply and finally reach −5.49 and −5.44 mm, respectively. The upper heading hole of the internal passage can be excavated at step 23, causing the vault settlement of the internal passage to increase to −1.11 mm rapidly. With the excavation of the left and right heading holes, the vault settlement of the internal passage gradually increases. The central core soil can be excavated at step 106, resulting in a sharp increase in the vault settlement of the internal passage, which finally stabilizes at −5.13 mm and is less than the vault settlement of section 1 (−5.49 mm).
In Figure 4A, the hance deformation of section 1 slowly increases with the excavation of the left and right upper heading holes and the upper steps of the internal passage. The middle heading hole on the left side is excavated at step 65, causing the hance deformation to rapidly increase to 1.61 mm. When the construction steps reach 100 and 120, the left lower heading hole and the lower step of the central core soil are excavated, respectively, causing the deformation to increase again, and finally stabilize at 2.49 mm. The law of hance horizontal deformation in section 2 is very similar to that in section 1, with three obvious changes, corresponding to the excavation of the middle heading hole on left side, the lower heading hole on left side, and the lower step of the central core soil, and finally stabilizes at 1.86 mm. The hance deformation of section 3 firstly occurs during the excavation of the middle step of the internal passage, then changes significantly during the excavation of the left and right heading holes, and finally stabilizes at 1.66 mm.
Figure 4B shows the settlement curve of the three sections with the construction step after the construction of the sector expansion method is completed. The vault settlement of section 1 reaches −0.91 mm after the construction of the transfer section. When the construction step reaches 46, the central core soil in the middle of the transfer section is excavated, the vault settlement of section 1 increases sharply, and finally stabilizes at −5.09 mm. The vault settlement of sections 2, 3 increases slowly during the construction of the transfer section, which indicates that the construction of the transfer section has little influence on the vault settlement of sections 2, 3. With the excavation of the main tunnel, the vault settlements of sections 2, 3 are similar to those of section 1, and finally stabilizing at −5.01 and −4.81 mm, respectively.
Figure 4B also shows the curve of the hance horizontal displacement of the three sections with the construction step after the completion with the sector expansion method. The upper three sector expanding excavated bodies are excavated at step 10, and the hance deformation of section 1 rapidly increases to 0.36 mm. The middle heading holes on the left and right side of the main tunnel are excavated at step 30, and the value deformation of section 1 increases sharply. Finally, with the completion of the secondary lining construction, the deformation reaches a stable level of about 0.55 mm. The laws of the horizontal hance deformation of sections 2, 3 are similar, which all increase obviously at the excavation stage of left and right heading holes of the main tunnel, and finally stabilize at 0.57 and 0.62 mm, respectively, with the completion of secondary lining construction.
Figure 4C shows the settlement variation of the three sections with construction steps after the completion under the gate climbing method. The variation of the three sections is similar to that of the sector expansion method, and the final vault settlement is stable at −5.21, −4.99, and −4.91 mm, respectively.
Figure 4C also shows the curve of the hance horizontal displacement of the three sections with the construction step after the completion with the gate climbing method. With the excavation of the upper “climbing body,” the hance horizontal deformation of section 1 rapidly increases to 0.58 mm. After completing the construction of the transfer section, it is transferred to the construction of the main tunnel. Affected by this, the deformation of the surrounding rock continues to increase and finally stabilizes at 1.26 mm. The laws of the hance deformation of section 2 and section 3 are basically the same, and both increase obviously when excavating the heading holes and the central core soil of the main tunnel. After the secondary lining, the final deformation reaches 1.37 and 1.46 mm, respectively.
4.2 Stress of Supporting Structure
Maximum and minimum primary stress have an important influence on the stability of the tunnel supporting structure. Figure 5 shows the maximum and minimum primary stress vector diagrams of the supporting structure of the transfer passage-main tunnel after the construction under each method.
[image: Figure 5]FIGURE 5 | Primary stress of supporting structure under each method (unit: kPa) (A) The double-holes interval pillar, (B) the sector expansion method, and (C) the gate climbing method.
Figure 5A shows that after the construction of the double-holes interval pillar method, the direction of the maximum primary stress is distributed along the axis of the main tunnel in most areas, but the direction of the large primary stress becomes disordered near the horsehead gate arch bottom in the transfer section. The maximum primary stress is 4,452.26 kPa, which indicates that the supporting structure at the bottom of the horsehead gate arch bottom is in tension. The small primary stress of the supporting structure is distributed annularly along the tunnel in most areas, stress concentration occurs at the sidewall on both sides of the horsehead gate, and the small primary stress direction near the horsehead gate and the main tunnel becomes disordered. The minimum primary stress is −11,734.92 kPa, which indicates that the supporting structure at the spandrel and sidewall on both sides of the horsehead gate are under pressure.
It can be seen from Figures 5B,C that with the construction of the sector expansion method and gate climbing method, the large primary stress of the supporting structure is distributed along the axial of the main tunnel. Different from the double-holes interval pillar method, the large primary stress of the supporting structures of sector expansion excavation method and gate climbing method are distributed alternately in positive and negative directions at the arch bottom of the transfer section, and the stress concentration occurs at the arch bottom of the main tunnel and horsehead gate. The maximum primary stresses of the two methods are 3,946.15 and 3,786.34 kPa, respectively, indicating that the arch bottom supporting structure of the transfer section is in tension.
In addition, it can be seen from Figures 5B,C that after completing the construction under the sector expansion method and gate climbing method, the small primary stress of the supporting structure is distributed annularly along the tunnel. Stress concentration occurs at the positions of the transfer section between the cross passage and the main tunnel. The minimum primary stresses of the two methods are −10,101.22 and −11,495.45 kPa, respectively, which indicates that the spandrel and sidewall supporting structure on both sides of the horsehead gate are under pressure.
4.3 Plastic Zone of Surrounding Rock
The plastic zone has an important influence over the stability of the tunnel surrounding rock and the supporting system. Figure 6A shows the distribution of the surrounding rock plastic zone after the application of the double-holes interval pillar method in construction. It can be seen that the surrounding rock plastic zone of the main tunnel is mainly distributed at the hance and arch foot on both sides of the main tunnel with a maximum plastic zone radius of 3.11 m. However, the plastic zone of the side wall of the horsehead gate in the transfer section is much wider with a radius of 6.38 m. It also shows that the plastic zone distribution of surrounding rock plastic strain is above 300 με after construction with the double-holes interval pillar method. It can be seen that the maximum plastic strain of the surrounding rock appears at the spandrel on both sides of the horsehead gate where the cross passage connects with the main tunnel (see the circular area in the figure), and the maximum equivalent plastic strain value is 0.001189.
[image: Figure 6]FIGURE 6 | Distribution of the surrounding rock plastic zone under each method (A) The double-holes interval pillar, (B) the sector expansion method, and (C) the gate climbing method
Figures 6B,C give the distribution of the plastic zone of the surrounding rock after the construction under the sector expansion method and the gate climbing method, respectively. It can be seen that the plastic zone distribution of these two methods is similar to the double-holes interval pillar method, but the distribution range is slightly larger. The radii of the maximum plastic zone of the main tunnel are 3.40 and 3.21 m, respectively. The radii of the maximum plastic zone of the side walls of the cross passage are 7.08 and 6.84 m, respectively. The plastic zone distribution of the surrounding rock with plastic strain above 300 με after the construction under the sector expansion method and the gate climbing method are also shown in Figures 6B,C, respectively. It can be seen that the maximum plastic strain of the two methods occurs in the position of the side wall on both sides of the horsehead gate where the cross passage connects with the main tunnel, which is different from the double-holes interval pillar method. The maximum equivalent plastic strain values are 0.001425 and 0.001229, respectively.
4.4 Comparison of Different Construction Methods
4.4.1 Comparison of the Ground Settlement
Figure 7 shows the ground settlement curves corresponding to the position of section 1 after the construction under the three methods. Three points can be seen from the figure that: 1) the width of the settlement trough caused by the three methods is relatively similar, all around 60 m, 2) the maximum ground settlement caused by the three methods did not occur above the vault of the main tunnel, but appears at the position corresponding to the intersection of the main tunnel and the cross passage, and 3) the maximum ground settlement caused by the gate climbing method is the largest, which is 5.05 mm, the sector expansion method is 3.72 mm, and the smallest is the double-hole interval pillar method, which is 3.32 mm. Thus, it could be concluded that the double-holes interval pillar method is more advantageous for controlling ground settlement than the other two methods.
[image: Figure 7]FIGURE 7 | The comparison of the ground settlement.
4.4.2 The Comparison of the Deformation and the Strain of the Horsehead Gate
According to the analysis of section 4.2, the transfer section is the position where the strain of the support-surrounding rock structure is most concentrated. Therefore, the displacement of the transfer section under the three construction methods and the strain state of the support-surrounding rock structure of horsehead gate are compared and analyzed.
Table 2 displays the maximum and minimum displacements in the three directions of X, Y, and Z caused by the three construction methods. It can be seen that the displacements under the three methods are very close. And the position of each kind of displacements caused by each method are the same. The position of each kind of displacement are as follows: the maximum displacement in the direction of X caused by these three methods all occur at the left hance of the main tunnel, the minimum displacement in the direction of X caused by these three methods all occur at the right hance of the main tunnel, the maximum displacement in the direction of Y caused by these three methods all occur at the left wall of the horsehead gate, the minimum displacement in the direction of Y caused by these three methods all occur at the right wall of the horsehead gate, the maximum displacement in the direction of Z caused by these three methods all occur at the right arch bottom of the main tunnel, and the minimum displacement in the direction of Z caused by these three methods all occur at the right vault of the main tunnel.
TABLE 2 | Comparison of the maximum and minimum displacement of the transfer section (unit: mm).
[image: Table 2]Table 3 shows the maximum value of the maximum principal strain, the minimum principal strain, the maximum shear strain of the supporting structure of the horsehead gate of the transfer section, and the positions where they occur after the construction under different methods. It can be concluded from Table 3 that: 1) the maximum principal strain value caused by the double-holes interval pillar method is the largest, and the maximum principal strain occurs at the arch foot of the horsehead gate. While the maximum principal strain of the other two methods occurs at the arch bottom of the main tunnel. 2) The minimum principal strain caused by the gate climbing method occurs at the arch foot of the horsehead gate, while the minimum principal strain of the other two methods occurs at the spandrel of the horsehead gate. The minimum principal strain value caused by the double-holes interval pillar method is the largest. ) The maximum shear strain caused by the double-holes interval pillar method occurs at the spandrel of the horsehead gate, while the other two methods occur at the arch foot of the horsehead gate. The maximum shear strain caused by the sector expansion method is the largest. Hence, in general term, the strain value of the supporting structure caused by the double-holes interval pillar method is larger.
TABLE 3 | Comparison of the strain of the supporting structure (unit: kPa).
[image: Table 3]4.4.3 Comparison of the Strain and Plastic Zone of the Surrounding Rock
The plastic zone is an important indicator for judging the stability of the surrounding rock when tunneling. Table 4 shows the distribution of the plastic zone of the surrounding rock after the construction under the three methods. Table 4 shows that, among the three methods, the maximum radius of the plastic zone of the main tunnel, the maximum radius of the plastic zone of the transfer section, and the maximum equivalent plastic strain value caused by the double-holes interval pillar method are the smallest.
TABLE 4 | Comparison of the plastic zone of surrounding rock after construction.
[image: Table 4]In summary, although the strain value of the supporting structure caused by the double-holes interval pillar method is large, it has advantages in controlling the ground settlement and the plastic zone range of the surrounding rock. In addition, compared with the other two methods, the double-holes interval pillar method can be used for the construction of the transfer section to reduce the construction risk because it can prevent high-altitude operation by avoiding the erection of a scaffold. At the same time, this method has multiple working spaces and can operate simultaneously, which can shorten the construction period and reduce the construction cost. Therefore, from the comprehensive analysis of the numerical simulation results and the construction technologies, the use of the double-holes interval pillar method for the construction of the transfer section is recommended.
5 CONSTRUCTION MONITORING
Based on the results of the numerical analysis, the construction of the transfer section of the Guanshui Road Station is carried out with the double-holes interval pillar method.
In order to ensure the construction safety of the transfer section, the ground settlement and the internal deformation of the main tunnel are tracked and monitored during the construction process. Figure 8 shows the layout of monitoring points of ground settlement at the Guanshui Road Station.
[image: Figure 8]FIGURE 8 | The layout of monitoring points of Guanshui Road Station.
5.1 Analysis of Monitoring Results
5.1.1 Ground Settlement
Due to the large number of monitoring points arranged on site, only the settlement data from the ground settlement monitoring points DBC35990-03, DBC36010-03, and DBC36020-03 corresponding to sections 1– 3 are selected for analysis (Figure 8).
Figure 9A shows the settlement curve of point DBC35990-03 (section 1). When the construction starts, the excavation of the cross passage is carried out. The settlement of this point increases to 0.6 mm (point A in Figure 9A); after 17 days, the transfer section is excavated and the settlement increases quickly to 2.2 mm [point B in 9(A)] as the construction face is close to the monitoring point. On the 27th days of monitoring, as the construction of the transfer section is completed and the excavation of the main tunnel is started to the direction of the large mileage, the ground settlement increases slowly to 3.1 mm (point C in Figure 9A); on the 60th day of monitoring, the construction of the left and right heading holes is completed and the central core soil is excavated. As a result, the ground settlement is significantly increased, and the final settlement is stable at 6.4 mm (point D in Figure 9A).
[image: Figure 9]FIGURE 9 | Variation of ground displacement of: (A) Section 1, (B) Section 2, and (C) Section 3.
Figure 9B shows the settlement curve of point DBC36010-03 (section 2). In the initial stage of monitoring, because the construction face is far from monitoring point DBC36010-03, the settlement is small and slowly increases to 0.9 mm (as shown in point A of Figure 9B). On the 30th days of the monitoring process, the construction face gradually reaches the position of section 2. Affected by this, the settlement increases quickly and reaches 2.4 mm (as shown in point B of Figure 9B). On the 60th days, the central core soil is excavated. As a result, the ground surface settlement speed increases significantly, and the final settlement stabilizes at 5.3 mm (as shown in point C of Figure 9B).
Figure 9C shows the settlement curve of the monitoring point DBC36020-03 (section 3). In the initial stage of monitoring, because the construction face is far from the monitoring point, the settlement is small and slowly increases to 0.6 mm (as shown in point A of Figure 9C). On the 40th day of the monitoring process, excavation begins in the internal passage. At this time, the construction face is close to the monitoring point and the settlement speed of the point increases, finally the ground settlement rapidly increases to 2.1 mm (as shown in point B of Figure 9C). On the 50th day, because the excavation of the left and right heading holes has a smaller effect on this point, the ground settlement speed decreases and slowly increases to 2.5 mm (as shown in point C of Figure 9C). On the 60th day, the excavation of the central core soil has begun, the ground surface settlement increases significantly, and the final settlement stabilizes at 4.8 mm (as shown in point D of Figure 9C).
5.1.2 Vault Settlement and Horizontal Deformation
The corresponding deformation monitoring points of sections 1–3 are GDC35990-1, GDC36010-1, and GDC36020-1, respectively, and the horizontal deformation monitoring points are SDJ35990-1, SDJ36010-1, and SDJ36020-1, respectively.
Figure 10A shows the vault settlement curve of point GDC35990-1 (section 1) and horizontal deformation curve of point SDJ359901. The deformation of the monitoring points GDC35990-1 and SDJ36000-1 are monitored after the completion of supporting construction of section 1. For the monitoring point GDC35990-1, in the initial stage of monitoring, because the support at this section has just been completed, the vault settlement increases slightly and reaches to 1.3 mm (as is shown in point A of Figure 10A). Then, with the excavation of the right and left heading holes of the main tunnel, the settlement is gradually increased to 3.2 mm (as is shown in point B of Figure 10A). As the monitoring progress reaches the 60th days, the central core soil is excavated. The vault settlement increases significantly and the final settlement stabilizes at 9.1 mm (as is shown in point C of Figure 10A). For monitoring point SDJ36000-1, the horizontal deformation speed is stable during the first 60 days. Until the 60th days of the monitoring process, the horizontal deformation increases to 3.2 mm (as is shown in point B of Figure 10A). Then, with the excavation of the central core soil, the horizontal deformation increases significantly and the final deformation stabilizes at 6.1 mm (as is shown in point D of Figure 10A).
[image: Figure 10]FIGURE 10 | Variation of displacement of the tunnel: (A) Section 1, (B) Section 2, and (C) Section 3.
Figure 10B shows the vault settlement curve of point GDC36010-1 (section 2) and horizontal deformation curve of point SDJ36010-1. The deformation of the monitoring points GDC36010-1 and SDJ36010-1 are monitored after the completion of supporting construction of section 2. For monitoring point GDC36010-1, during the excavation of the right and left heading holes of the main tunnel, the settlement speed of the vault is stable and the settlement increases to 3.2 mm gradually (as is shown in point A of Figure 10B). On the 50th day of the monitoring process, the excavation of the central core soil has begun. The vault settlement speed increases significantly and the final settlement stabilizes at 8.8 mm (as is shown in point B of Figure 10B). The horizontal deformation speed of monitoring point SDJ36010-1 is stable during the whole construction process and finally stabilizes at 5.4 mm (as is shown in point C of Figure 10B).
Figure 10C shows the vault settlement curve of point GDC36020-1 (section 3) and horizontal deformation curve of point SDJ36020-1 (section 3). The deformation of the monitoring points GDC36020-1 and SDJ36020-1 are monitored after the completion of supporting construction of section 3. For monitoring point GDC36020-1, in the initial stage of monitoring, because the supporting structure of the internal passage has just been completed, the vault settlement shows a small rapid increase to 2.1 mm (as shown in point A of Figure 10C). Then, the vault settlement has a period of fluctuation and increases to 3.1 mm (as is shown in point B of Figure 10C) with the excavation of the right and left heading holes of the main tunnel. On the 40th day of the monitoring progress, the central core soil is excavated and the vault settlement speed increases significantly. The final settlement is stabilized at 8.6 mm (as shown in point C of Figure 10C). For monitoring point SDJ36020-1, the deformation law is similar to that of section 2. The horizontal deformation speed of monitoring point SDJ36020-1 is stable during the whole construction process and finally stabilizes at 5.2 mm (as shown in point D of Figure 10C).
5.2 Comparison Between Numerical Simulation Results and Monitoring Results
Table 5 shows the comparison of the final deformation between the numerical simulation results and the monitoring results among the nine monitoring points in Figures 9, 10. It can be seen that the numerical simulation calculation is smaller than the monitoring deformation at each point. This is mainly due to the following two reasons, on the one hand, for the sake of simplicity, the soil is assumed to be a homogeneous and isotropic continuous medium in the numerical calculation, while the actual soil is a heterogeneous and anisotropic discontinuous medium, so the numerical simulation results are smaller. On the other hand, the surrounding rock of the transfer passage is disturbed by the construction many times during the construction process. The weak structural planes and cracks in the surrounding rock are further cracked after being disturbed, resulting in the gradual deterioration of the surrounding rock mechanical properties. The simulation could not consider the deterioration of the mechanical properties in the surrounding rock after the construction disturbance, which also made the numerical simulation results smaller.
TABLE 5 | Comparison between the monitoring data and numerical simulation data (unit: mm).
[image: Table 5]Although there are some differences between the numerical simulation results and the measured results, in general, the monitoring ground settlement is 30 mm less than the control value, and the monitoring horizontal displacement in the tunnel is also 20 mm less than the control value. Therefore, it is safe and feasible to use the double-holes interval pillar method to construct the transfer section of the Guanshui Road Station.
6 CONCLUSION
This paper adopted three methods, the double-holes interval pillar method, sector expansion method, and gate climbing method to carry out a series of numerical analyses for the Guanshui Road Station of Guiyang City Metro line 2 in Guizhou Province, China on the construction of the transfer section. By comparing the calculation results of the three methods, the optimal construction scheme of the transfer section was determined. The main conclusions are as follows:
1) Among the three methods, local stress concentration occurred in the position of the horsehead gate of the transfer section. The maximum ground surface settlement did not occur above the vault of the main tunnel, but appeared on the ground surface corresponding to the horsehead gate where the main tunnel met the cross passage. Therefore, the horsehead gate is the key location for construction reinforcement.
2) The ground surface settlement, the displacement of the tunnel, and the plastic zone caused by the double-holes interval pillar method were the smallest, and the method could reduce the construction risk, shorten the construction period, and reduce project cost. Therefore, using the double-holes interval pillar method is a better way for the construction of the transfer section.
3) The comparison between the monitoring deformation data and the numerical simulation results of the double-holes interval pillar method shows that the numerical results were smaller than those of the monitoring results. There are two reasons. On the one hand, the soil was assumed to be a homogeneous, isotropic, and continuous medium during the numerical simulation. On the other hand, the numerical simulation could not simulate the deterioration of the mechanical properties of the surrounding rock after construction disturbance.
4) Although the numerical simulation results were different from the monitoring deformations at each point, the ground settlement caused by the double-holes interval pillar method was less than the ground settlement control value. The ground settlement and the horizontal displacement of the tunnel were 30 and 20 mm less than the control value, respectively. Therefore, it is feasible to use the double-holes interval pillar method to construct the transfer section of Guanshui Road Station of Guiyang City Metro line 2.
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Taking the loess high-fill project of Lv Liang airport in China as the research object, large-scale centrifugal tests were carried out to investigate the deformation characteristics of the collapsible loess ultrahigh-fill slope under natural moisture content and saturated state by using a joint model of undisturbed loess and remolded loess. The results show that the consolidation deformation of the collapsible loess ultrahigh-fill slope is the main factor causing its deformation. The post-construction deformation amount and deformation rate are large in the early stage, and the relationship between the post-construction deformation and thickness of filling body is linear. When the water content of soil increases due to infiltration, the consolidation of the filling body and the collapse of the undisturbed foundation loess will cause settlement and deformation of the slope. The slope may crack along the soft zone formed when the water infiltrates. When failure occurs, the sliding surface will pass through the collapsible soil layer. The contact surface between the collapsible loess layer and the adjacent soil layer is part of the sliding surface, and the contact surface with a relatively low strength will be damaged first. When the strength difference between adjacent soil layers is large, the upper soil layer on the slip surface shows a typical translational sliding mode. The slip surface is approximately arc-shaped, and there is a transition layer with a specific thickness between the slip surface and contact surface. The water content of the high-fill slope has a great influence on the post-construction settlement of the slope crest and slope stability. The post-construction settlement of the slope crest increases with the increase in the water content of the filling body, and the stability coefficient of the slope decreases with the increase in the water content of the filling body. In the saturated state, the sliding force of soil increases, the shear strength decreases, and the stability of high fill slope decreases. Therefore, it is necessary to strengthen the inspection of the rationality of drainage system design in slope construction to ensure slope safety.
Keywords: slope engineering, centrifugal model test, collapsible loess, high filling, deformation characteristics
1 INTRODUCTION
To solve the contradiction between land supply and infrastructure construction, scientific researchers have increased the research on bad rock and soil mass (Fan et al., 2019; Liu et al., 2020a; Wang et al., 2021a; Wang et al., 2021b; Wang et al., 2022a). a large number of high-fill slopes have emerged in large-scale projects in collapsible loess regions of the world, typified by Western China. The stability of collapsible loess ultrahigh-fill slopes has attracted increasing attention from engineers and has become an important issue that needs to be studied urgently.
In the field of geotechnical engineering, to provide the same self weight stress level as the prototype, a physical model of scale is usually built in a large centrifuge (Schofield, 1980; Taylor, 1995; Shen et al., 2021). The centrifugal model can be used to extrapolate the results of the scale model to the full-scale prototype (Charles, 2014). It provides physical data for the study of deformation and failure mechanism, as well as for the verification and numerical analyses (Caicedo and Thorel, 2014). In recent years, the use of centrifugal model tests to study the slope deformation characteristics under different conditions has gradually emerged, and some important results have been obtained. Some scholars have studied the deformation characteristics of slopes in different regions and soils. Cheng et al. studied the influence of loess cracks on slope stability through geotechnical centrifugal test (Cheng et al., 2021). Based on the high-fill engineering of the Yan’an loess gully, Wu et al. studied the deformation characteristics and stability of the high-fill slope with the change in water level through centrifugal model tests and finite element stress analysis (Wu et al., 2017). Miao et al. then analyzed the stability and failure mode of slopes in the Three Gorges Reservoir area by centrifugal model tests and finite element simulation (Miao et al., 2018). Peng et al. analyzed and compared the deformation characteristics and failure mechanism of homogeneous loess slopes and a double paleosol-interlayer loess slope under different excavation slope angles based on centrifugal model tests. Then some scholars used centrifugal model tests to analyze the effect of rainfall on slope deformation characteristics (Peng et al., 2019). Ling et al. studied the mechanical behavior of soil under triaxial and plane strain conditions through a centrifugal model test and simulated the influence of rainfall on slope stability, which verified the importance of centrifugal model tests in slope instability research (Ling et al., 2009). Zhang et al. took the Jiaojia No. 13 landslide in Heifangtai area as the geological prototype and carried out a series of centrifugal tests to study the deformation and failure characteristics of the slope caused by a continuous rise in groundwater level. At the same time, centrifugal tests on the seismic performance of slopes have gradually emerged (Zhang et al., 2019). Enomoto et al. conducted A series of dynamic centrifuge model tests in order to evaluate some factors affecting the seismic performance of hillside embankments consisting of sandy or silty soils and resting on stiff base slope. The effects of seepage water elevation in embankments, toe drain, embankment height, base slope inclination, soil compaction, and fill materials on the seismic behaviour of embankments were investigated (Enomoto and Sasaki, 2015). Yan et al. used a dynamic centrifugal model to study the seismic performance and dynamic deformation characteristics of a pile group foundation with an inclined weak interlayer slope (Yan et al., 2020). Zhang and Wang (2017) studied the three-dimensional failure behavior of reinforced slopes through a series of centrifugal model tests and summarized four main failure modes of reinforced slopes. Based on the equivalent model, a slice method was proposed to analyze the stability level of reinforced slopes (Zhang and Wang, 2017). Park et al. mixed a small amount of Portland cement into different plastic clays for centrifugal tests, studied the static and dynamic failure mechanisms of sensitive clay slopes, and explained the experimental results in conjunction with the existing literature to further understand the controlling factors of clay instability caused by dynamic load (Park and Kutter, 2015). Li et al. reproduced the sliding instability process of the pre-reinforced high-fill slope at Panzhihua Airport through large-scale centrifugal model tests, obtained the characteristic parameters of slope deformation and rupture, and clarified the mechanism of slope instability (Li et al., 2013). Yang et al. conducted a series of dynamic centrifugal tests to study the influence of the angle of sand compaction pile (SCP) improvement zone on mitigating the liquefaction-induced settlement of embankment crests (Li et al., 2021a). Jing et al. studied the deformation behavior of high rockfill embankment during construction and operation through centrifugal model test (Jing et al., 2021). Luo et al. studied the law of sand slope stability with slope gradient and water content based on the geotechnical centrifugal model test technology, analyzed the deformation characteristics and failure mode of sand slope under a centrifugal load, and discussed the comparison mechanism of the influence of water migration phenomenon of sand with a higher water content on slope stability (Luo et al., 2018). Chen et al. revealed the deformation characteristics and the change characteristics of slope stress in the process of excavation and unloading through centrifugal model tests and analyzed the influence of the change in soil parameters (compactness and water content) on the deformation characteristics of the slope (Chen and Tang, 2008). The above research on the characteristics of slope deformation is less for high-fill slopes (Li et al., 2013; Wu et al., 2017; Cheng et al., 2021), especially for the deformation law of collapsible loess slope. Moreover, most of the same type of tests are carried out by using remolded loess instead of undisturbed loess to make models. Even though a few tests use undisturbed loess to make models, due to the small size of the models, the boundary conditions will have a great impact on the test results (Drnevich et al., 1989). The method of making large-scale undisturbed soil and geotechnical test models and the key technologies of the test have no matured experience to draw on.
This study took the loess high-fill slope project of Lvliang airport (as shown in Figure 1) as the research object. Undisturbed loess and remolded loess were used to make the model, and large-scale centrifugal tests were carried out to study the deformation characteristics of the collapsible loess ultrahigh-fill slope in natural moisture content and saturation state. The research results can provide a reliable basis for the design and construction of similar projects.
[image: Figure 1]FIGURE 1 | Project profile of test section in Lvliang airport.
2 TEST PLAN
The LXJ-4-450 geotechnical centrifuge model test machine of China Institute of Resources and Hydropower Research was used in the experiments. The effective radius of the centrifuge is 5.03 m, the maximum acceleration is 300 g, the effective load is 1.5 t, and the effective load capacity is 450 g t. The data acquisition equipment uses laser displacement sensors and matching acquisition and camera systems. The centrifuge used for the tests is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Centrifuge used in the tests.
2.1 Principle and Similarity of Centrifugal Model Test
In the centrifugal model test, when considering the geotechnical problems related to the model’s own gravity, the strain energy of the centrifugal test model and the prototype at the corresponding points can maintain good similarity (Hu et al., 2012a). The model and prototype similarity rates involved in the test are listed in Table 1.
TABLE 1 | Scaling velocity of centrifugal model test.
[image: Table 1]2.2 Model Design
Because the airport runway is built on a loess ridge, a large number of high-fill slopes emerged, and the differences between the slopes vary greatly due to the original terrain. In the selection process of the model section, the slope ratio, slope height of filling body, and the influence of foundation soil properties on the slope were mainly considered. To make the test results reflect more slope conditions as much as possible, the most representative sections were selected. The original plan was to carry out two groups of different slope tests to include more slopes in the tests. However, due to the limited fund, time, and equipment, the section with the lowest safety factor was finally selected as the object of the tests. Based on the preliminary design scheme and calculation results of Lvliang airport, a typical section is shown in Figure 3.
[image: Figure 3]FIGURE 3 | (A) Typical cross-section A, (B) Typical cross-section B; (C) plan, and (D) elevation.
According to the above section form and soil distribution, combined with the comprehensive consideration of the size of the test model box and the geometric size of the prototype, the similarity ratio of the test model was set as n = 180. The model soil layer was divided into three layers from the top to the bottom: Q3 Malan loess, which was compacted in the top layer, with a compactness of 93%; Q3 Malan loess, which was undisturbed in the middle layer, with loose structure, large pores, low toughness, and dry strength, with medium collapsibility; Q2 Lishi loess, which was undisturbed in the bottom layer, with hard plasticity, medium toughness, and dry strength. The main physical properties and shear strength indicators of each soil layer in the model are presented in Table 2.
TABLE 2 | Physical and mechanical incides of model soil.
[image: Table 2]The model size was 1,340 mm (length) × 400 mm (width) × 600 mm (height). There were four berms on the filling body. The slope was divided into four sections, the slope ratio from the top to the bottom is: 1:1.7, 1:1.9, 1:2, and 1:2.3, with a comprehensive slope ratio of 1:2.1. The model design and measurement point arrangement are depicted in Figures 3C,D.
2.3 Model Making
2.3.1 Making of Undisturbed Soil
The undisturbed soil samples of the model were obtained from a typical section of Lvliang Mountain, Shanxi and sealed and transported to the laboratory (Hu et al., 2012b; Hu et al., 2012c). After the soil samples were obtained onsite and transported to the laboratory, the process of laying out, cutting, and combining the samples according to the design size of the model is presented in Figure 4A.
[image: Figure 4]FIGURE 4 | (A) Model making; (B) Completed test model, (C) Soil sample opening for water injection.
To reduce the friction of the inner wall of the model box, transparent liquid silicone grease was applied to the inner wall and it was then covered with a plastic film to eliminate the boundary effect on the test results as much as possible (refer to Figure 4). The gap between the undisturbed soil samples was filled with quicklime, water, and loess soil mixture, where the thickness of the mixture did not exceed 5 mm. Furthermore, to maximize the restoration of stress and consolidation of the undisturbed soil, reduce the experimental errors caused by the weak joints, and prevent the soil samples from being broken due to uneven contact surfaces during loading, after the original undisturbed soil layer in the model was completed, a plastic film was used to cover the upper surface, and the plastic film was covered with loose Q3 Malan loess (layered and lightly compacted), and the compaction degree was controlled to approximately 85%. Based on the thickness of the overlying soil before sampling the original soil sample, the thickness of the overlying soil on the model was calculated to be approximately 20 cm according to the model similarity ratio.
After completion, the model was loaded on the centrifuge until the acceleration was 180 g. Then, the plastic film of the model was removed and the Q3 Malan loess was covered and compacted. After the upper overburden of the undisturbed soil layer was cleaned, the undisturbed soil layer was treated thoroughly to meet the requirements of the design size of the model. When the size error of each part was not more than 5 mm, the filling body of the model was made.
2.3.2 Making of Filling Body
The soil used for compacted the Malan loess filling body in the model was crushed by the disturbed Malan loess obtained from the field and then screened by a fine sieve with a diameter of 2 mm. The layer was compacted on the original soil layer of the model, where the compaction degree was controlled to 93%. When each part of the filling body reached the design size of the model, a geotechnical knife was used to trim the design, where the size error did not exceed 5 mm.
The model designed according to the above manufacturing method and measurement system is shown in Figure 4B.
2.4 Test and Measurement System
Considering the possible deformation of the slope body, the test needs to measure the vertical deformation of the slope crest and the berm at all levels and the internal deformation of the model. Limited by the test conditions, only five laser displacement sensors (C1 to C5) were set along the longitudinal centerline of the model box (Wang et al., 2020; Li et al., 2021b; Wang et al., 2022b).
The laser displacement sensor was placed 20 cm away from the boundary of the model box (which was outside the range of boundary influence) to minimize the influence of the side of the model box on the test results (Mei et al., 2015). The laser aiming positions were respectively the model deformation measuring points 1–5. The measuring points 1 and 2 displacement slope top and the measuring points 3, 4, and 5 are respectively located at each level of the berm on the slope.
Additionally, due to the limitation of the test method, it was difficult to perform a real-time dynamic measurement of the internal deformation trend of the model, and the internal deformation of the test model can only be measured at the end of the test.
In this test, the model was marked with pushpins with a reflective paper. The vedrtical and horizontal spacing was approximately 3 cm × 3 cm. A vertical and horizontal grid was set on the outer wall of the model box with a grid size of 10 cm × 10 cm. After the test, the relative displacements of the intersections of the markers with the grid lines on the glass plate of the model box were measured respectively, and the approximate trend of the internal displacement of the model was obtained.
2.5 Test Conditions
2.5.1 Working Condition 1: High Slope Stability Test With Natural Moisture Content
After the model was made, it was loaded in a centrifuge, and the centrifugal acceleration was increased by 20 g per stage to 180 g. During the loading process, each time the acceleration of the former stage was increased, the acceleration was maintained, and the operation was continued for 5 min to make the model deformation basically stable. According to the calculation, when the laser displacement sensor used in the test was under the acceleration of 180 g, the measurement error caused by the vibration of its instrument frame was not greater than ±0.2 mm (real-time data can be used for measurement during the test). Therefore, during the test, under each acceleration level, the centrifuge continued to run with constant acceleration. If the fluctuation range of the laser displacement sensor is less than ±0.2 mm, the model is considered to be stable in deformation, but it needs to be loaded for 5 min stably. If the model does not reach this standard within a certain level of acceleration within 5 min, the acceleration is maintained and the operation is continued until the requirements are met. After accelerating to 180 g according to the above loading system, we maintained the acceleration until the model deformation was stable, and then we unload in stages. During the unloading process, the acceleration decreased by 40 g per stage, and the final stage was 20 g until the machine was shut down. During the unloading process, when the acceleration was reduced, we maintained the acceleration and continued to run for 2 min. When the acceleration was reduced to zero, we continued to observe until the deformation of the model was stable.
2.5.2 Working Condition 2: High Slope Stability Test Under Saturated Conditions
In the actual project, due to poor drainage conditions, vertical caves are often formed in high-fill slopes (Jiang et al., 2016; Fan et al., 2020; Kang et al., 2020). A large amount of water enters the interior of high slopes through the caves, which saturates the slope soil and poses a great threat to the stability of such slopes. The centrifuge cannot immerse the model in the loading process. Therefore, after completing test condition 1, we stopped and removed the model sensor. Then, we drilled 5 immersion holes with a diameter of 5 mm at different positions of the model. The depth of the hole to the contact surface between the top filling body and the undisturbed Malan Loess in the middle layer, as shown in Figure 3D.
A medical infusion device was used to continuously inject water into the model, so that the average saturation of the model reached more than 75%. At this time, the saturation of the top filling body and the undisturbed Malan loess in the middle layer was estimated to be over 80% (The water content in the cave is large and the other parts are relatively small, which cannot be measured in real time due to the test conditions). It was estimated that 30 kg of water was needed for the test. The soil sample openings for water injection are shown in Figure 4C.
It should be noted that the purpose of the test in working condition 2 is to analyze the deformation law of the model in the saturated state of the top filling body and the middle layer of the original Malan loess. Although the submerged caves are unevenly distributed and anisotropic in the actual project (Liu et al., 2020b; Yuan et al., 2021; Yuan et al., 2022; Zhou et al., 2022), in the process of model making, it is impossible to make caves according to the actual shape of the cave. In addition, water immersion in the cave in the experimental model is only a simulation of the immersion path of the prototype, and it is not necessary to make the cave according to its actual shape. Therefore, according to the general principle that the simpler the centrifugal model, the more obvious the regularity of the test results, the test did not consider the heterogeneity and anisotropy of the cave. During the model water injection process, five groups of dial gauges were set at the position of the laser displacement sensor to measure the vertical deformation of the model during immersion. To prevent the model from softening after immersion in water, the dial gauges pierced the model. A 2 cm × 2 cm plexiglass sheet was placed. Moreover, to prevent water from overflowing from the water immersion holes and causing erosion and damage to the sloping surface when the water is soaked too fast, the surface of the sloping surface was covered with an absorbent cotton cloth to absorb the overflowing water during the immersion process. After completing the water immersion, the Q3 fine soil was used to fill the water immersion holes, and then the test was carried out according to the loading and unloading schemes of working condition 1. After the test, the model box was emptied. During the emptying process, the model was sampled to determine the moisture content.
2.5.3 Working Condition 3: Measurement of Model Box Deformation
After the model box was emptied, we installed the instrument and the instrument frame again. Then, we extended the No. 1 to 5 displacement sensor rods and aimed at the bottom of the model box. We put a steel block of the same quality as the model in the model box and placed the model box in the centrifuge. The machine was loaded to 180 g, and the deformations of the model box and the instrument frame during the loading and unloading processes were recorded. These were used to correct the data measured in working conditions 1 and 2.
3 TEST RESULTS AND ANALYSIS
The test results obtained include the following: vector diagram of the lateral deformation of the model before and after each test, deformation curve of each measuring point during the test, deformation curve of the position of each measuring point during the model immersion, moisture content of each part of the model after the test, deformation curve of the model box and the instrument frame at each level of acceleration, and crack development of the model during the test.
The preliminary analysis test results show that the moisture content of the model meets the test requirements of working condition 2 after immersion in water. The model reaches the stability standard within 5 min at each level of acceleration, and the test achieves the expected results.
3.1 Stability Analysis
According to the law of model similarity, when all the dimensionless independent variables of the model and the prototype have a one-to-one correspondence, the model and the prototype are completely similar. When the soil slope is stable, the slope deformation and the centrifugal acceleration are approximately linear; however, when the soil slope is unstable, the relationship between the slope deformation and the centrifugal acceleration will change, and even a small acceleration increase will cause a large lateral displacement and corresponding deformation. Therefore, the slope stability can be analyzed by using the trend of the relationship between the relative deformation Δδ (the ratio of the deformation value Si of the model measurement point position at a certain acceleration level to the thickness of the soil layer at the corresponding position of the measurement point is called relative deformation: (Δδ = Si/hi) of the model measurement point and the acceleration (a) curve.
Because the undisturbed soil of the model is pre-compressed, the deformation of the model under the condition of natural moisture content should mainly come from the top compacted Malan loess layer. However, under the condition of saturation, the strength of the top compacted Malan loess layer and the middle undisturbed Malan loess layer will be greatly reduced, and the deformation mainly comes from both. Therefore, the thickness of the deformed soil layer under the condition of natural water content is the thickness of the corresponding position of the top compacted Malan loess layer, and the thickness of the deformation soil layer is the total thickness of the corresponding position of the top compacted Malan loess layer and the undisturbed Malan loess layer in the middle layer. The relationship curve between the relative deformation of each measurement point and the acceleration of the model under natural water content and saturation state is illustrated in Figure 5.
[image: Figure 5]FIGURE 5 | Relation between Δδ and a, (A) Natural water content, and (B) Saturated water content.
It can be observed from Figure 5 that the relative deformation of each measurement point of the model increases with the increase in acceleration under the condition of natural water content, and basically changes linearly. No obvious turning point is found overall, indicating that the model is stable under the condition of natural water content. However, the curve between the slope deformation and the centrifugal acceleration of the model in the saturated state turns sharply when the acceleration is between 100 and 120 g. It can be judged that the corresponding slope of the model is unstable at this time. By observing the monitoring video of the slope top, it was found that cracks appeared on the slope top when the model had an acceleration of 116 g.
According to the definition of the slope safety factor of the centrifugal test model in the study by Xu et al. (2004), [image: image] , where [image: image] is the critical failure acceleration of the model, which can be determined based on the turning point on the relationship curve between the slope’s relative deformation and acceleration, whereas Ng is the model design acceleration. The slope safety factor of the test model is [image: image] = 0.664. It can be seen that when the model soil is saturated, the corresponding slope safety factor will be greatly reduced compared with that of the natural moisture content, and instability is likely to occur.
3.2 Analysis of Deformation Mode
Due to concerns on the centrifuge safety and stability of equipment, we did not perform a damage test under the state of natural water content. In addition, it was impossible to conduct an accurate measurement because some measurement points were buried in the soil during model making or due to small displacements; thus, we only obtained the displacement vectors of some measured points of the model. However, the possible slip surface positions of the slope can be analyzed based on this as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Displacement vector diagram and possible slip plane of model: (A) Natural water content, and (B) Saturated water content.
From Figure 6, it is clear that the deformation layers corresponding to the prototype slope of the test model under natural water content are mainly the compacted Malan loess layer at the top layer and the undisturbed Malan loess layer at the middle layer. Of the two, the top layer has a large deformation whereas the middle layer has a small one. In the saturated state, the strength of the filling body and the undisturbed Malan loess is greatly reduced. Moreover, the undisturbed Malan loess has collapsed; therefore, the deformation is large. In contrast, the bottom undisturbed Lishi loess layer is less affected by changes in the water content, and the deformation is still not noticeable.
In the state of natural water content, the possible slip surface of the model passes through the undisturbed Malan loess layer, and there is still a certain distance from the contact zone of each soil layer. Additionally, the upper soil layer on the slip surface does not show a complete overall slip pattern. This is because under the condition of natural water content, although the strength of the undisturbed Malan loess is weak, the difference in the strength of each soil layer cannot transform the undisturbed Malan loess layer near the contact zone into a weak interlayer; thus, the slip surface did not pass through the contact zone and the slip surface is approximately a circular arc. In the saturated state, the model slip surface passes through the top layer of the compacted Malan loess and the middle layer of the undisturbed Malan loess layer. This is due to the collapse of the undisturbed Malan loess in the middle layer when it saturates. At this state, the strength is greatly reduced, and the strength difference between the upper and lower soil layers becomes larger. Two weak intercalations are formed at the contact part of the adjacent soil layer. Because the depth of immersion is in the upper soft layer, the saturation of the upper soft layer is higher than that of the lower soft layer, and the normal stress of the lower soft layer is large. Therefore, the strength of the lower soft layer is still higher than that of the upper soft layer. When the slope is damaged, the upper soft intercalation would be damaged first, and the upper soil layer shows a typical overall sliding pattern.
It can be observed that whether the contact zone of each soil layer can form a weak interlayer depends on the strength difference between it and the adjacent soil layer. Only when the strength difference is large can a weak interlayer be formed. When the slope is unstable, the contact surface of each soil layer may not be a slip surface. However, if the contact surface forms a weak interlayer due to the large difference in strength between the upper and lower soil layers, the contact surface would be part of the failure surface, and the upper soil layer would appear as a more typical translational sliding pattern. On the contrary, the slip surface is approximately arc-shaped, and there is a transition layer between the contact surface with each soil layer.
It should be particularly pointed out that, in the saturated state, the top of the slope basically cracks along the line of the immersion hole, and the slope is damaged. It can be seen that in the actual project, similar slopes are likely to crack at vertical caves. The drainage of the slope should be ensured in the project. The crack on the model slope is presented in Figure 7.
[image: Figure 7]FIGURE 7 | Slope crest cracking in saturated condition.
The analysis shows that the slip surface of the model under the natural water content and saturation state passes through the collapsible soil layer. Therefore, the strength of the collapsible soil layer determines the stability of the collapsible high slope.
3.3 Deformation After Construction
According to the basic principle of the centrifugal model test, when the acceleration is increased to 180 g, the construction of the prototype corresponding to the model is completed. At this time, the vertical settlement (deformation) of each measurement point can be referred to as the post-construction settlement at the corresponding position of the measurement point (deformation).
It can be observed from Figure 8 that the model corresponding to the prototype slope has a large deformation rate in 3 months after construction, which then gradually decreases. After 8 months, the deformation is basically stable, and the slope edge (measurement point 2) has the largest deformation after construction, which reaches 435.6 mm. It is followed by the slope top (measurement point 1), and the deformation of other measurement points (measurement points 3, 4, and 5) goes down the filling body and decreases as the thickness of the slope decreases (the thickness of the filling body in the text refers to the prototype at 180 g acceleration level). Moreover, it can be observed that the smaller the thickness of the slope, the shorter the time required for the slope deformation to become stable; conversely, the greater the thickness of the fill, the longer the consolidation time. Therefore, for this type of slope, it is recommended to stop the construction before completion of the filling body, and then fill to the design elevation after the deformation is basically completed to prevent excessive deformation after construction of the foundation.
[image: Figure 8]FIGURE 8 | Under the condition of natural water content, post-construction deformation curve of undisturbed slope.
The post-construction deformation of the high-fill slope in the state of natural water content is mostly caused by the consolidation of the filling body. For a certain location, the thickness of the filling body is closely related to the post-construction deformation. In addition, since the test sensors are aimed at the top of the slope or the berm, the horizontal displacement of the slope has little effect on the change in the measured value of the sensor. Therefore, the measured values basically reflect the settlement of each measurement point. Considering the boundary conditions, the relationship between the thickness of the filling body H at the corresponding position of the prototype and the post-construction settlement s corresponding to the position can be analyzed by using the deformation of measurement points 2 to 5 on the slope surface, as shown in Figure 9.
[image: Figure 9]FIGURE 9 | The relationship between the thickness of the filling body H at the corresponding position of the prototype and the post-construction settlement s.
From Figure 9, it is evident that there is a linear relationship between the thickness of the filling body and the settlement after construction, which conforms to the general law, indicating that the test results are relatively reliable. After completion of the actual project, the deformation at any position of the slope can be estimated by linear interpolation according to the settlement observation values at each step of the berm.
3.4 Deformation Analysis of Model Immersion
The vertical deformation curve of each measuring point in the model during immersion is exhibited in Figure 10. It can be observed from this figure that the expansion deformation of the model is produced in the process of water immersion. The deformation is mainly composed of two parts, namely deformation of the undisturbed Malan loess in the middle layer and that of the compacted Malan loess in the top layer, which are basically balanced within a certain time range at the beginning of the immersion; however, when the soil saturation reaches a certain level (because the water content of each layer of soil cannot be measured in real time, it was estimated that the saturation of the top and middle layers would be above 70% according to the amount of water injected), the deformation of the model changes abruptly and then remains stable.
[image: Figure 10]FIGURE 10 | Immersion deformation curve of model.
It should be noted that the model is immersed in water at an acceleration of 1 g, and the model deformation does not meet the similarity rate. Furthermore, because the model is immersed for a short time, the model deformation does not include the consolidation deformation of the soil. Thus, it is necessary to compare and analyze the immersion deformation during model loading.
According to the operation process of the “single line method” and “double line method” in the data processing of loess immersion load tests, this test can compare and analyze the deformation when the water content of the model suddenly changes to saturation. However, since the centrifuge used in the test cannot be immersed into the water during the loading process, the “single line method” is no longer applicable. If the “double line method” is adopted, two identical models need to be loaded according to working condition 1; one of them is immersed in water, and then two models are loaded. This method has a large error and is difficult to complete. The loading systems of working condition 1 and condition 2 of this test are the same; the unloading curve of model working condition 1 is approximately regarded as the reloading curve of the model under the condition of natural moisture content in this study. By comparing this curve with the loading curve of the model in saturated state, the deformation difference of each measuring point under a certain acceleration level before and after the model is immersed, which is used to analyze the deformation law of the model when the soil moisture content suddenly changes to saturation, can be obtained. The calculation method of [image: image] is illustrated in Figure 11A.
[image: Figure 11]FIGURE 11 | (A) Calculation schematic of [image: image], (B) Relation curve of [image: image] and a.
According to the abovementioned processing method, the relationship between the deformation and acceleration of the model slope before and after immersion in water (a ≤100 g) at different acceleration levels is obtained, as indicated in Figure 11B.
Figure 11B reflects the general law of settlement and deformation of the slope when the soil of the prototype slope is saturated. It should be particularly noted that the model appears to have a tendency of expansion and deformation relative to the state of natural water content at low acceleration levels, but this does not mean that the prototype slope corresponding to the model will undergo expansion and deformation when the soil is saturated. The reason for this error is that the model has the characteristics of uniform compaction of the filling body relative to the prototype, and lateral deformation is completely limited. Moreover, because the test uses the method of increasing model acceleration to increase the model self weight, the model soil self weight loading rate is large, and the permeability of cohesive soil is poor. The dissipation of excess pore water pressure caused by the increase in self weight stress in the model is too late, and the consolidation deformation of the model is not completed. Therefore, the deformation of the saturated state is not in accordance with the general law compared with the natural moisture content state at the low acceleration level, but with the increase in acceleration and the extension of loading time, the model finally shows a clear settlement deformation trend.
4 NUMERICAL ANALYSIS
4.1 High Fill Foundation Model
The three-dimensional finite element model is established by using the finite element software ABAQUS, as shown in Figure 12A. The original foundation and the filling material adopt M-C model. In the simulation process, the filling body is divided into 8 levels, the filling height of each level is 10 m, the longitudinal length of the model is 660 m, the transverse length is 370 m, and the height of the highest point of the model is 230 m, the unit type is tetrahedron element, the filling gully is approximately north-south direction, the front, rear, left and right side nodes of the model are subject to normal constraints, and the bottom is subject to fixed constraints, the filling process is simulated by the birth and death element method, and the foundation settlement results are obtained.
[image: Figure 12]FIGURE 12 | High fill foundation model (A) 3D finite element mesh model of high fill, (B) The comparison of numerical simulation results, centrifugal test results and field monitoring results.
The comparison of numerical simulation results, centrifugal test results and field monitoring results is shown in Figure 12B. It can be seen from the figure that the foundation settlement deformation trend obtained by the three methods is basically the same, and the difference is small. It can be considered that the method of using centrifugal model experiment and finite element method to simulate the surface settlement deformation law of high fill is accurate and can be used as an effective means to assist engineering design.
4.2 High Fill Slope Model
The strength reduction method is used to calculate the safety factor of high fill slope under natural water content and saturated state (He et al., 2021;Wang et al., 2022) It can be seen from Figure 13 that under natural water content, the plastic zone of high fill slope runs through from slope toe to slope crest, and the displacement of plastic zone is basically the same, with the safety factor of 1.68; In the saturated state, due to the increase of soil gravity, the sliding force increases, while the effective stress decreases and the shear strength attenuates, so the anti sliding force decreases. Due to the above factors, the plastic zone of high fill slope begins to develop near the slope toe, the soil is destroyed, and the safety factor is reduced to 1.32. Therefore, in slope construction, it is necessary to strengthen the inspection of the rationality of drainage system design to ensure slope safety.
[image: Figure 13]FIGURE 13 | High fill slope model (A) Cloud diagram of natural water content plastic zone, (B) Cloud diagram of plastic zone in saturated state, (C) Safety factor in natural state, (D) Safety factor in saturated state.
5 CONCLUSION

(1) The high-fill slope of collapsible loess has good stability under the state of natural water content. The post-construction deformation and deformation rate are larger in the early stage and smaller in the later stage. The deformation of the filling body is the main factor that causes the entire slope deformation. There is a linear relationship between the thickness of the filling body and the post-construction settlement of the corresponding position.
(2) When the soil is saturated, settlement and deformation of the collapsible loess high-fill slope will occur. The consolidation of the filling body and the collapsibility of the soil layer will cause the settlement and deformation of the high-fill slope. The slope may crack along the weak zone formed by water immersion.
(3) The strength of the soil layer determines the stability of the collapsible loess. The slip surface will pass through the collapsible soil layer when the slope is damaged, and its position depends on the strength difference between the collapsible loess layer and its adjacent soil layer. When the strength difference causes a weak interlayer between the collapsing loess layer and the adjacent soil layer, the contact surface must be part of the slip surface; thus, the relatively weaker contact surface is damaged first, and the upper soil layer on the slip surface shows a typical translational sliding pattern. The slip surface is approximately circular, and there is a transition layer with a certain thickness between the slip surface and the contact surface. The moisture content of the high-fill slope has a greater effect on the settlement after slope construction and slope stability
(4) In the saturated state, the sliding force of soil increases, the shear strength decreases, and the stability of high fill slope decreases. Therefore, it is necessary to strengthen the inspection of the rationality of drainage system design in slope construction to ensure slope safety. The centrifugal model experiment is reliable in simulating the surface settlement deformation law of high fill and can be used as an effective means to assist engineering design.
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The initiation and reception of shields are major risk events for shield construction in water-rich and weak strata. Although the freezing method and the steel sleeve method receiving-shield tunneling technologies both have engineering applications, the environmental safety control effect cannot meet the construction requirements of water-rich soft soil. Considering the shield construction of a typical soft soil layer in Suzhou, China, as a research target, the applicability and safety of the freezing method combined with steel sleeve receiving-shield technology in water-rich soft soil were evaluated based on a field test system. The test results show that, during soil freezing, the temperature change trend of each measuring point in the temperature measuring hole is roughly the same. The freezing process can be divided into five typical stages. The closer the active freezing period of the water-rich soft soil is to the inside of the frozen-soil curtain, the faster the development rate of the frozen wall. The soil cooling gradient increased with an increase in the radial depth. After freezing the curtain circle, the soil frost heave significantly accelerated until the frost heave amount peaked. During the construction process, special attention should be paid to the change in the value of the soil settlement during each stage change to prevent sudden changes in soil displacement. The freezing method, combined with steel sleeve receiving-shield technology, can effectively reduce the environmental disturbance caused by shield construction in water-rich soft soil.
Keywords: water-rich soft soil, horizontal freeze, steel sleeve, freezing temperature field, ground subsidence
1 INTRODUCTION
The initiation and reception of shields is one of the major risk events for shield construction in water-rich and weak strata. Although the freezing method and the steel sleeve method of receiving-shield tunneling technology have engineering applications (Ding et al., 2017; Hu J. et al., 2017; Zhao et al., 2017; Li X. et al., 2021; Ren et al., 2019; Dong et al., 2021; Li et al., 2019; Nie et al., 2021), the environmental safety control effect cannot meet the construction requirements of water-rich soft soil. The freezing method, combined with steel sleeve receiving or starting shield technology in water-rich soft soil, can be an effective way to solve environmental safety control when receiving or starting shields in water-rich soft soil.
Many scholars have studied the end of tunnel construction and the connecting channel by using the freezing method. In terms of the measurement of the freezing temperature and displacement fields, Hu et al. (2019), Fan et al. (2019) and Fan et al. (2020) analyzed in detail the vertical frozen-soil curtain at the end of the tunnel during freezing. The temperature distribution and surface deformation provide measured data for the freezing temperature field at the end of a large-diameter cross-river tunnel. For measured changes in deep soil frost heave and thawing and temperature development from freezing to complete thawing, Yang et al. (2017) showed that the freezing temperature change law is divided into five stages, and the thawing change law is divided into three stages. In addition, the vertical displacement change law of deep soil was obtained. The freezing method is reliable and safe, and it is widely used. However, because it is mostly used for shallow buried tunnels in urban rail transit, it is more sensitive to stratum changes caused by frost heave and thawing. Based on the effective prediction of frost heave and thawing deformation, Zheng et al. (2020) and Kang et al. (2021) used finite-difference numerical calculation to simulate the entire process of freezing method construction, and they comparatively studied the surface frost heaving, thawing deformation, and tube segment deformation caused by frozen-wall models with different thicknesses. The freeze wall thickness was optimized.
Scholars worldwide have carried out much research on the laws of formation frost heaving and thawing. Yan et al. (2013), Jiang et al. (2016) and Kang et al. (2020) controlled indoor water content, dry density, load conditions, and the number of freeze–thaw cycles through laboratory tests. The physical characteristics and temperature changes of silt after repeated frost heave and thawing were studied. Wang et al. (2017) and Li et al. (2015) experimentally studied the thawing characteristics of different soils at different freezing temperatures and analyzed the effects of the dry density and water content on the thawing of frozen soil. Wang et al. (2022a), Li et al. (2015) and Klas and Lars-Christer (2006) studied the effects of different parameters on the frost heave of frozen soil using laboratory model tests. To understand intuitively the laws of soil frost heaving, thawing, and deformation during the entire freezing process, the deformation differences of frozen walls of different thicknesses were compared to obtain prediction models that can effectively guide engineering applications and have greater practical significance. The numerical models show obvious superiority (Wang et al. (2020); Wang et al. (2021a)). Yuan et al. (2010) and others used the ADINA finite-element software to establish a numerical model of the freezing temperature field for the inflow section of a shallow buried tunnel, and they analyzed the effects of frozen-pipe spacing, salt water temperature, and frozen-pipe diameter on the frozen-wall development rate and frozen-wall thickness. The results show that artificial-freezing technology can effectively solve this special geotechnical engineering problem. Wu et al. (2006) analyzed and evaluated the deformation and stress of the frozen curtain of the Dalian Road tunnel freezing-method construction from the perspective of numerical methods. They found that the most unfavorable position of the curtain is at the point where the curtain contacts the existing tunnel. The analysis of the excavation process by Cheng et al. (2007) showed that quick freezing or intermittent freezing should be adopted in the freezing method to reduce the frost heave displacement caused by water migration. Some researchers, such as Hu X. et al. (2017), have verified the heat transfer of the cup-shaped frozen-soil curtain by numerical simulation. They found that the nature of the frozen soil and the crossing time of the frozen-soil curtain are related to the thermophysical properties of the soil in addition to the in situ soil moisture sensitivity.
Experimental research on the steel sleeve construction method has focused mainly on the characteristics analysis, construction control, and design improvement of the construction method. For example, Li and Lin (2009) summarized the design background and structural composition of the steel sleeve receiving auxiliary device. Zhao (2013) described a number of key technologies related to the steel sleeve receiving method. Xu (2014) optimized the design parameters of the steel sleeve structure and summarized the main points of the construction operation after optimization. Some of the forces and deformation laws of the steel sleeve during the shield-receiving period have also been analyzed. For example, Liao et al. (2016) used numerical simulation to analyze the field measurements of sleeve deformation and flood wall settlement and verified the feasibility of the steel sleeve receiving method.
Although there have been reports worldwide of typical freezing or steel sleeve method construction cases, the effect of the combined use of the two processes still lacks sufficient experimental data. Therefore, in this study, the shield construction of a typical soft soil layer in Suzhou, China, was studied. The applicability and safety of the freezing method combined with steel sleeve receiving-shield technology in water-rich soft soil were evaluated based on a field test system.
2 TEST AREA OVERVIEW
The research test area was selected from Tayuan Road to Zhuyuan Road Station of Subway Line 5 in Suzhou City, Jiangsu Province, eastern coastal area of mainland China. The earth pressure balance shield was used for the construction, and the total length of the shield section was approximately 929.47 m. A three-level underground structure with a ground elevation of +3.8 m, a shield tunnel center elevation of −17.750 m, channel centerline spacing of 10.55 m, shield center burial depth of approximately 21.3 m, hole diameter of 6.7 m, and segment thickness of 350 mm was used. The retaining structure is in the form of an underground continuous wall. The west end of Zhuyuan Road Station is located below Zhuyuan Road, an existing municipal road west of Binhe Road. Gas, water, sewage, rainwater, and other pipelines are stored in the surrounding area (Figure 1). According to the geological survey report, the soil layer distribution and physical and mechanical indices of the shield-receiving section are shown in Figure 2. Among them, the soil layers in the area reinforced by the tunnel are mainly 42 silty sand and silty soil and (5)1 silty clay layer. The tunnel of the shield-receiving section is located in the sandy silt layer. This layer is a microaqueous aquifer. The risk of gushing water and sand easily occurs during construction. Moreover, the site conditions of the shield-receiving end are limited, and the groundwater level is high. The conventional method was used to reinforce the soil. Therefore, to receive the shield successfully, and in combination with the complicated engineering environment, it was decided to use a cup-shaped horizontal freezing method to strengthen the end and combine the steel sleeve to solve this problem (Figure 3).
[image: Figure 1]FIGURE 1 | Surrounding environment of Zhuyuan Road Station.
[image: Figure 2]FIGURE 2 | Soil distribution in shield well area.
[image: Figure 3]FIGURE 3 | In site freeze pipes at the shield machine launching shaft.
3 TEST PLAN
3.1 Test Purposes and Construction Machinery Overview
3.1.1 Test Purposes
Based on the field test data, construction using the reinforced freezing method for the Suzhou water-rich soft soil layer, combined with a steel sleeve shield tunnel, was studied. The applicability and safety of the two combined receiving-shield technologies in water-rich soft soil were examined. The temperature change law of the frozen-soil curtain during the period of active freezing and maintenance freezing and the influence of the shield on the ground surface were analyzed when the freezing method was combined with the steel sleeve.
3.1.2 Construction Machinery Overview
3.1.2.1 Shield and Freezing-Station Layouts
The shield receiving in the Tazhu section is set at the Zhuyuan Road Station, and one Liaoning Sansan shield machine is used for construction. The main components of the shield machine include the front shield, middle shield, tail shield, segment installation machine, and screw conveyor. The cutter head, rear trailer, and accessories.
The freezing station is set close to the vent of the station, covering an area of approximately 100 m2. The equipment in the station mainly includes the freezer, brine tank, brine pump, clean water pump, and cooling tower. For cooling-water circulation, two KYLR150-315A-type clean-water pumps are used, one for each standby. The freezing pipelines are laid with water distributors from the top of the cave door, without affecting the shield turning head and installing the steel sleeve in the receiving well.
3.1.2.2 Steel Sleeve Receiving
The steel sleeve receiving method is based on the design concept of the balanced arrival of the shield. Injecting a filler (clay soil, water, etc.) with a certain pressure and fluidity into the steel sleeve pushes the shield through the steel sleeve. The pressure in the cabin is always in equilibrium.
Steel sleeve shield reception is a safe and effective method. It can ensure that, when the surrounding environment is complex or in the water-rich sand layer, the tunnel door seal does not leak when the shield is received. In the case of weak water-rich formations or complex geological conditions, it is not sufficient to rely on the rubber door curtain and the door pressure plate to seal the door. The shield has a risk of water and sand coming through the door. Therefore, a steel sleeve is installed in the receiving well and connected to the door; thus, when the shield machine penetrates into the sealed environment inside the steel sleeve, the risk of water and sand leakage when the shield machine is out of the hole can be avoided.
3.1.2.3 Steel Sleeve Structure Design
The steel sleeve receiving system is composed of a barrel structure, bottom frame, I-beam support, back shield system, rear-end cover, feed port, and slurry injection and discharge pipe. As shown in Figure 4, the barrel material is made of a 20-mm-thick steel plate, and the outer circumference of each section of the barrel is welded with longitudinal and circumferential plate ribs to ensure the rigidity of the barrel. The thickness of the rib is 20 mm, the height is 120 mm, and the interval is approximately 550–600 mm. The ends of each section of the cylinder and the upper and lower semicircular joint surfaces are welded with a round flange. The flange uses a 40-mm-thick plate. M30 and 8.8 bolts are used between the four cylinders and between the two cylinders, and a 10-mm-thick rubber pad was added in the middle to ensure the sealing effect of the steel sleeve.
[image: Figure 4]FIGURE 4 | Structural drawings of steel sleeve.
3.2 Test Implementation Plan and Design Parameters
The main construction process of this test includes the freezing method, steel sleeve installation, and shield receiving. In the freezing method construction process, the freezing-station installation and drilling construction are carried out at the same time. After the drilling construction is completed, the freezer installation and freezing phases are transferred. Through the observation and calculation of each measuring point in the temperature measurement hole, it is determined that the frozen soil and the ground connection wall are completely cemented, and the frozen-soil curtain intersects. When the design strength is reached, the shield starts to advance. The process stops immediately, the ground connecting wall is removed to 0.85 m, the frozen pipe in the opening of the tunnel is removed, and, finally, shield tunneling is implemented. The design parameters are listed in Table 1.
TABLE 1 | Frozen-curtain parameters.
[image: Table 1]The construction procedure of the steel sleeve is as follows.
The connection of the main part → the connection of the transitional connection plate of the steel sleeve and the steel ring of the door → support installation → tightness inspection → mortar base installation. Before the steel sleeve installation, first determine the center line of the line in the foundation pit—that is, the centerline of the steel sleeve—when the steel sleeve is positioned, the two control lines of the bottom line of the steel sleeve and the centerline of the line must coincide. After the steel sleeve is assembled as a whole, it is lifted up to make the steel sleeve. The center of the line coincides with the centerline of the predetermined line, moves toward the door as a whole, leans against the door, and is welded to the steel ring of the door. After the steel sleeve is installed, the cylinder position is retested, inspected, and shielded. It is determined whether the centerlines reached by the airshaft coincide.
Shield-Receiving Construction Process
The use of a steel sleeve to receive the shield construction includes a series of key procedures, such as the removal of the door, the installation and positioning of the steel sleeve, and the tightness test. The shield machine is pushed into the steel sleeve, and the shield is grouted. The door is sealed, the shield machine is received, the steel sleeve is removed, etc. Before the shield arrives, the height difference between the center of the hole at the west end and the floor is 4,050 mm, and the height difference between the center of the door and the bottom of the steel sleeve is 3,600 mm. Therefore, the bottom of the bracket has a 45-mm I-steel pad height of 450 mm, to ensure the smooth performance of the shield advance. During the advancement of the shield, the shield must pass through the reinforced area, pass the door structure of the station, and then reach the steel sleeve. In this process, the advance speed and total thrust should be strictly controlled, the shield construction parameters and attitude should be controlled, and the steel sleeve should be monitored in real time. Force and deformation data of the cylinder are used to adjust the shield parameters over time.
The advancement construction of the shield-receiving section is divided into three stages. The shield advances to the cutter head to add solids at a distance of 1 m and enters the frozen and solidified tunneling stage of the steel sleeve. According to engineering experience, the speed of the shield in the first stage should be controlled at 10–20 min and a thrust T1 < 15,000 kN. The speed of the second stage should be controlled at 5–10 mm/min and a thrust T2 < 8,000 kN. The speed of the third stage should be controlled at <5 mm/min and a thrust T3 < 4,000 kN.
3.3 Freezing Hole and Temperature Measuring Hole Arrangement
3.3.1 Freezing Hole Layout
The freezing method, as a method of soil consolidation with a strong water-sealing effect and almost no impact on the environment, is widely used in water-rich soft soil layers. According to the geological conditions and construction conditions, this project adopts the construction scheme of horizontal freezing and strengthening of boreholes in working wells. The specific arrangement of the frozen holes and temperature-measuring holes is shown in Figure 5. According to the design of the frozen curtain, the frozen holes of the receiving door are horizontally angled. Fifty-seven frozen holes are arranged. Among them, the cup wall freezing holes are arranged circularly along an opening of φ7.8 m, the opening spacing is 0.765 m (chord length), the number of frozen holes is 32, and the length is 6.4 m. The freezing holes at the bottom of the cup are arranged circularly along openings of φ5.2 and φ2.6 m. The intervals of the openings are 1.019–0.998 m (chord length), the number of frozen holes is 24, the length is 4.2 m, the center of the opening is one frozen hole, and the length of the frozen hole is 2 m. The terminal was actively frozen for 35 days. Before acceptance, an acceptance inspection should be performed to determine the thickness of the frozen wall through the temperature measurement hole and to ensure that the average temperature meets the design requirements—the average design temperature of the frozen wall of the frozen body cup wall is less than −10°C. (The average design temperature of the frozen wall at the bottom of the cup is less than −15°C.) The frozen wall and the continuous wall are completely glued, and the average temperature at the measurement point at the junction is less than −5°C.
[image: Figure 5]FIGURE 5 | Frozen hole and temperature hole layout (unit: mm): (A) elevation view and (B) sectional view.
3.3.2 Temperature Hole Arrangement
To measure the temperature development status of different positions of the freezing curtain range and understand the development law of the freezing temperature field, five temperature measuring holes were arranged in the receiving cave door with a depth of 3.9–6.4 m. The aim was to adopt corresponding control measures comprehensively to ensure the safety of construction. In each temperature measuring hole, one to seven measuring points were set. A measuring point was set at every 1-m interval, with a large distance between the final holes. The positions of the temperature measuring holes (C1–C5), where each point is evenly distributed along the hole depth—specifically, holes C1–C3 with a depth of 3.9 m, each with a temperature measurement point at depths of 1, 2, 3, and 3.9 m, and holes C4–C5 with a depth of 6.4 m, a temperature measuring point was arranged for every at depths of 1, 2, 3, 4, 5, 6, and 6.4 m. The temperature measurement point number of each hole is Ci-j (i indicates the number of temperature measurement holes, and j indicates the number of measurement points), as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Site layout of the west end of Zhuyuan Road Station.
3.4 Arrangement of Ground Settlement Points
The shield construction process has a large impact on the ground deformation. To control the ground settlement strictly, the monitoring points were laid out along the tunnel axis according to the section. Within 100 m of the shield-receiving section, a section was set every 5 m, and a single line was arranged for each monitoring section. There were two settlement observation points, and a cross section was set every 10 m in the remaining sections. The horizontal distance between the observation points was 2.5–5 m. The specific arrangement is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Temperature curves of salty water in the freezing pipe and temperature difference between feeding and returning brines.
3.5 Steel Sleeve Measurement and Monitoring
When the shield reached the steel sleeve, the measurement frequency was increased, and the control points were reviewed to ensure that the shield reaches the correct posture. A monitoring point was arranged before the shield machine arrived to monitor the shield entry sleeve displacement. According to the analysis of the steel sleeve displacement monitoring data, if the deformation is large, it is necessary to take targeted measures.
4 FREEZE MONITORING AND DATA ANALYSIS
4.1 Measured Analysis of Deloop Brine
After the project starts to freeze, the monitoring results of the temperature measurement point of the main circuit of the brine loop are shown in Figure 7.
The data show that the temperature change of the brine return circuit can be roughly divided into three stages. In the first stage, during the rapid decline of the brine temperature, which lasted approximately 6 days, the temperature dropped from 2.5°C to −21°C, and the average cooling rate was 3.92°C/d. The temperature difference of the return circuit was large. The temperature difference of the return circuit reached 2.5°C at the beginning of freezing. With the passage of time, the temperature difference of the return circuit gradually decreased. In the second stage, the slowdown stage lasted approximately 28 days, the temperature dropped from −21°C to −28°C, and the average cooling rate was 0.25°C/d. In the third stage, the temperature of the brine increased slightly because of the rupture of the freezing tube, which caused the freezing time to extend. This stage lasted about 16 days, and the temperature returned to approximately −28°C. Then, the temperature of the brine was maintained at approximately −28°C to −29°C. The temperature of the brine route reached −29.0°C, the circuit reached −28.2°C, and the temperature difference between the brine and the circuit was less than 2.0°C.
4.2 Measured Analysis of Soil Temperature
Before the shield machine is started, the thickness of the frozen curtain must meet the design requirements of 2 m. The temperature of the frozen soil around the shield must not be lower than −5°C and close to zero, which can ensure that the water is solid. At 2°C, all the design requirements must be met before the door can be broken. Figures 8–12 show the monitoring data of the temperature at each temperature measuring point during the freezing period for the freezing, excavation, and maintenance freezing of the cave door.
[image: Figure 8]FIGURE 8 | Correlation between the temperature in temperature hole C1 and time.
[image: Figure 9]FIGURE 9 | Correlation between the temperature in temperature hole C2 and time.
[image: Figure 10]FIGURE 10 | Correlation between the temperature in temperature hole C3 and time.
[image: Figure 11]FIGURE 11 | Correlation between the temperature in temperature hole C4 and time.
[image: Figure 12]FIGURE 12 | Correlation between the temperature in temperature hole C5 and time.
4.2.1 Change Law of Soil Temperature Over Time
During freezing, the temperature changes of the measuring points in the temperature measuring hole were roughly the same, and they can be divided into five stages. The temperature measuring holes C1, C2, and C3 were located inside the frozen wall, and the temperature measuring holes C4 and C5 were located in the outer ring of the frozen wall. Figures 8–12 show that the temperature changes of the temperature measuring holes C1, C2, and C3 were similar, and the temperature changes of the temperature measuring holes C4 and C5 were similar. The inward development speed of the frozen wall was much higher than the outward development speed. For temperature measuring holes C1, C2, and C3, the first stage was as follows. At the beginning of the active freezing stage, the formation temperature was high, and the temperature difference between the salt water and the formation was large. Therefore, the temperature of the soil body decreased rapidly, and the temperature of the temperature measuring hole changed rapidly. As the temperature decreased, the temperature difference between saline water and soil became increasingly smaller, and the temperature change rate gradually decreased. This stage lasted approximately 8 days, and the average cooling rate reached 2.13°C/d. The second stage was the middle of the active freezing stage. The temperature of the warm hole was close to 0°C. Owing to the influence of the latent heat of the water, the temperature of the soil decreased slowly, and the temperature of the temperature measuring point changed slowly. This stage lasted approximately 10 days, and the average rate reached 0.15°C/d. The freezing curtain around the freezing tube gradually intersected to form a frozen wall, the speed became faster, and the thickness of the frozen wall increased faster. In the third stage, in the late stage of the active freezing phase, the soil temperature was less than 0°C, and the water formed ice to produce latent heat. At that time, the soil temperature began to drop rapidly, and the temperature at the measuring point of the temperature measuring hole dropped rapidly. This stage lasted approximately 17 days, and the average rate reached 1.47°C/d. For the C4 and C5 temperature measuring holes, the temperature changes were similar, because it is far away from the freezing wall, the temperature is close to 0°C on the 26th and 28th days, respectively, and the phase transition is reached. The rates were 0.69°C/d and 0.64°C/d, respectively. At the end of the active freezing phase, the latent heat of water formation was completed, at which time the soil temperature began to drop rapidly, and the temperature reached −5°C and −8°C, respectively, at the end of the active freezing phase. The fourth stage is the initial stage of the maintenance freezing phase because of temperature inertia. The freezing wall was still slowly expanding, during which the amount of frost heaving reached the maximum. However, the temperature of the brine increased slightly because of the rupture of the frozen pipe caused by construction, and the freezing time was extended. This stage lasted approximately 20 days, and the temperature reached approximately −25°C. The fifth stage was maintenance at the end of the freezing phase. The temperature at this stage remained basically unchanged and was maintained at −28°C to −29°C. The difference in circuit temperature was less than 2°C, which was in line with the design value.
The picture shows that the temperature gradient of the measurement point with a smaller penetration depth was smaller than the measurement point with a larger penetration depth. In the initial freezing stage, the temperature of the measurement point with a small penetration depth was lower than that of the measurement point with a large penetration depth. When the freezing curtain formed, the temperature of the measuring point with a smaller penetration depth was slightly higher than the temperature of the measuring point with a larger penetration depth. This is because the convective heat dissipation of the surface of the segment affected the temperature drop of the soil near the segment, so the temperature changed more slowly at the measuring point near the segment. The temperature measuring holes C1, C2, and C3 were located inside the frozen wall, closer to the excavation surface, and were more affected by the excavation. The temperature measuring holes C4 and C5 were located outside the frozen wall, far away from the excavation surface, and are less affected by the excavation, except that the temperature at the measuring points (C4-1 and C4-2) at the segment increased. The remaining measuring points remained unchanged.
4.2.2 Development Rate and Temperature Distribution of Frozen Wall
The times for the temperature of the temperature measuring holes C1, C2, C3, C4, and C5 to reach 0°C were 10, 9, 9, 26, and 28 days, respectively—that is, the rates of reaching 0°C were 1.8°C/d, 2.11°C/d, 2°C/d, 0.69°C/d, and 0.64°C/d, respectively. From this, it can be calculated that, when the frozen wall reaches C1, C2, C3, C4, and C5, the development speeds of the frozen wall are 39.8, 38.7, 30.5, 22.8, and 21.3 mm/day. Therefore, it can be concluded that the freezing wall develops inward more quickly. This requires more study, because the soil on the inside of the frozen wall that participates in heat conduction is less than that outside, and it is affected by the heat absorption of the low-temperature brine in the frozen tube at the top. Thus, development is faster (Han et al., 2015; Liao et al., 2016).
4.3 Freezing Effect Analysis
According to the temperature measurement, the C5 temperature measurement hole was an outer-ring temperature measurement hole, with a depth of 6.4 m (4.4 m deep in the soil). The 6.4-m measurement point was the most unfavorable temperature measurement point. The temperature measurement value was −2.1°C. For the T5 temperature measurement, the temperature of the 6.4-m hole was used to check the frozen-wall thickness and average frozen-wall temperature. The calculation is as follows.
4.3.1 Calculation Formula for the Frozen-Cylinder Radius

[image: image]
In the formula:
Circuit brine temperature t1 = −28.7°C.
Distance between the temperature measuring hole and freezing tube r = 1.1 m.
Radius inside freezing tube r1 = 0.0345 mm.
Measuring hole temperature t = −2.1°C.
Calculated frozen-cylinder radius r2 = 1.45 m
[image: image]
In the formula:
Maximum distance of the frozen tube l = 0.9 m.
Freezing cylinder radius r = 1.45 m.
The calculated thickness of the most unfavorable position of the frozen wall E = 2.75 m, which meets the requirements of a design greater than 2 m.
4.3.2 Average Temperature of Frozen Wall
According to the soil temperature measured at the site, the average temperature of the frozen wall of the section was calculated using the ice-forming formula.
[image: image]
In the formula:
t = average temperature of effective thickness of frozen wall, °C
tb = brine temperature, −28.7°C
l = freezing hole spacing, 0.9 m.
E = frozen-wall thickness, 2.75 m
tB = wellside frozen-soil temperature, −2.1°C.
According to the ice-forming formula, the average temperature of the frozen wall is t = −10.42°C, which is lower than the design requirement of −10°C.
To verify further the reinforcement quality of the tip well and ensure the safe reception of the shield machine, horizontal drilling was carried out from September 15 to 16 September 2019, and nine drilling holes with a depth of 2 m were drilled. The arrangement of the exploration holes is shown in Figure 13. During the construction of the exploration holes in the frozen wall, according to the site observations, the soil was dense and free of water leakage and sand leakage.
[image: Figure 13]FIGURE 13 | Measured hole survey.
Based on the above comprehensive analysis, according to the freezing temperature, the development trend of the temperature measuring hole, and the thickness of the frozen wall, it can be determined that the wall breaking condition has been reached.
4.4 Measured Analysis of Surface Subsidence
Many factors affect ground subsidence, including the construction of frozen holes, the removal of tunnel doors, and the tunneling of shields (Mei et al., 2016; Mei et al., 2019; Lai et al., 2020; ; Wang et al., 2022b). In this study, the effects of shield tunneling on ground surface changes were mainly examined. The specific layout of the surface monitoring points is shown in Figure 6. The measurement point DBL-i-4 (where i is the measurement point numbers 705–745) was selected for analysis of the shield centerline. The measurement point of DBL-750-4 was destroyed, and no measurement data were available. The measured results are shown in Figure 14. Because of the influence of the construction conditions, surface subsidence monitoring near the western end was started 20 days after the freezing hole was constructed. The freezing hole was actively frozen for 35 days, and the maintenance freeze was 20–25 days—that is, the active freezing ends at 15 days in the picture. After the freezing started, the ground deformation was small, because the soil was not frozen in the early stage. At that time, the ground settlement caused by the shield was greater (Li Z. et al., 2021; Sheng et al., 2021; Wang et al., 2021b; Wang J. et al., 2022) and the farther away from the frozen end, the greater the settlement. After 30 days of freezing, the frozen-curtain crossing circle was basically completed. Then, the surface settlement near the frozen body began to decrease, and, the closer to the frozen body, the smaller the influence of the shield on the ground deformation. The initial period of maintenance freezing lasted approximately 15 days. Owing to the temperature inertia, the frozen wall continued to expand slowly, and the amount of frost heave during this period reached its maximum. The freezing method, combined with the steel sleeve effect, was sufficient to resist the impact of the shield on the ground surface, and the surface settlement appeared positive. The effect was more obvious as it got closer to the frozen surface, such as the measurement points DBL-725–745. During the later period of the maintenance freeze until the receiving period of the shield, the shield gradually approached the frozen body, and its influence on soil deformation increased continuously. The surface settlement value began to increase and changed from positive to negative.
[image: Figure 14]FIGURE 14 | Cumulative value of ground surface freezing and steel sleeve receiving at the western end of Zhuyuan Road.
5 DISCUSSION
In the construction scheme, in which the horizontal freezing method was combined with a steel sleeve, freezing technology froze the surrounding soil, so that the soil could remain stable when the ground wall was broken, reducing the risk of poor soil self-reliance when the tunnel door was broken. The enclosed space of the steel sleeve provided balanced water and earth pressure on the palm face, which greatly reduced the risk of water and sand gushing through when the shield was received. The key to the combined application of the two receiving measures was determining whether the equilibrium pressure between the steel sleeve and the cavity of the negative ring segment could be balanced with the actual water and earth pressure in time after the door was broken. Owing to the large range of soil freezing and strengthening, cutter head freezing accidents are likely to occur when the shield passes through the frozen-soil wall. Therefore, it is necessary to ensure that the shield is normal, does not stay, and passes quickly to prevent the shield from being frozen. Therefore, preventing the shield cutter head from freezing was also one of the key points to be controlled in this project. In addition, the shield-receiving construction scheme combined with the freezing method and the steel sleeve has a small floor area, convenient construction, a small impact on the surrounding environment, good safety, and good construction prospects.
6 CONCLUSION

1) The freezing method, combined with steel sleeve receiving-shield technology, in water-rich soft soil can not only reduce the risk of poor self-reliance of the soil when the door is broken, but also greatly reduces the gushing water when receiving the shield. The risk of sand gushing is reduced, the craft covers a small area, and the construction is convenient. These characteristics can effectively reduce the environmental disturbance caused by shield construction and have good promotion and application value.
2) During the freezing period of water-rich soft soil, the temperature change trends of the measuring points in the temperature measurement hole are roughly the same. The freezing process can be divided into a rapid cooling period, slow cooling period, medium rapid cooling period, stable soil temperature period, and maintenance freezing period. In the five typical stages, special attention is paid to the changes in the soil settlement when the various stages are changed during construction to prevent sudden changes in soil displacement.
3) When the water-rich soft soil is frozen, the closer the active freezing period is to the inside of the frozen-soil curtain, the faster the development rate of the frozen wall. At the same time, the temperature gradient of the soil body increases with increasing radial depth. After the curtain circle has been frozen, the frost heaving of the soil accelerates significantly until the amount of frost heave peaks. The influence of shield tunneling on ground settlement is large, but the combination of the freezing method and steel sleeve can somewhat suppress this effect.
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Coal dust pollution in fully mechanized excavation faces not only affects the safety production of the coal mine but also threatens the health of workers. In order to reduce coal dust pollution and improve work conditions in mines, the layout of the dedusting-air duct in the dry dust collector and the influence of the duct position on the dust-producing area were studied. In addition, the effects of different cutting positions on dust removal efficiency were also studied. A full-scale model of mine roadway is established by CFD, and the influence of the position of the dedusting-air duct on dust diffusion and the distance between the tunneling head and the dedusting air duct on dust removal efficiency are studied. The results show that the higher the cutting position, the higher the dust concentration, and the longer the dust diffusion time in the coal roadway. When the distance between the dedusting-air duct and the tunneling head is set to 4 or 5 m, the dust removal efficiency is the highest. Moreover, the dust removal efficiency of the dry dust collector with the dedusting air duct arranged on the opposite side of the roadway is higher than that of the collector with the duct in the middle of the roadway.
Keywords: coal dust, different cutting positions, dedusting-air duct layout, dust migration, CFD
INTRODUCTION
Although the development of new energy is in the ascendant, coal still occupies the main position of energy utilization (Balat, 2009; Zhang et al., 2017; Song et al., 2018; Li et al., 2019; Song Z. et al., 2021). The large demand for coal has led to the development of mining technology from the aspect of mechanization and automation (Fan et al., 2020c; Liu et al., 2020b; Liu et al., 2020c; Peng et al., 2020; Jiang et al., 2021). Although remarkable achievements have been obtained, the amount of dust generated during mining has surged dramatically (Chen et al., 2019; Xu et al., 2019; Yang et al., 2019; Liu et al., 2021; Ren et al., 2021). A fully mechanized tunneling face is the main dust source, accounting for about 60% of the total amount of coal dust generated in mines, and the remaining dust comes from tunnel construction blasting (Fan et al., 2020a; Fan et al., 2020b; Kang et al., 2020; Ma et al., 2021; Zhang X. et al., 2021). In the absence of dust filtering methods, the coal dust concentration may exceed 3,000 mg/m3 (Wang et al., 2015; Chen et al., 2018; Yin et al., 2019). The threats of coal dust mainly manifest in three aspects. First, the coal dust threatens the physical and mental health of workers by causing pneumoconiosis and other diseases (Jiang et al., 2016; Fan et al., 2019; Tong et al., 2019; Li D. et al., 2021). According to the report of China’s Health Commission (Commission, 2019), more than 20,000 new cases of occupational disease cases were reported annually in China from 2010 to 2018, of which more than 80% of these cases are pneumoconiosis. Second, high coal dust concentration is prone to explosion, which may result in catastrophe, economic losses, and casualties (Cheng et al., 2013; Azam and Mishra, 2019). Third, studies show that the coal dust shortens the equipment’s service life, reduces the visibility of the working face, and pollutes the underground working environment (Strzemecka et al., 2019; Liu R. et al., 2020; Song et al., 2020). Therefore, it is of significant importance to reduce the dust concentration in coal mining, which is necessary to improve workers’ health and work condition and prevent coal dust explosion in the coal mining industry (Knapp and Krautblatter, 2020; Li D.-Y. et al., 2021; Mallios et al., 2021; Qiang et al., 2021; Thivet et al., 2021).
Generally, dust suppression techniques in the mechanized coal excavation mainly include spraying (Nie et al., 2017a; Yu et al., 2018; Wang et al., 2019), ventilation (Toraño et al., 2011; Wang et al., 2017; Cai et al., 2019), coal-seam water injection (Cheng et al., 2012; Wang et al., 2016; Guanhua et al., 2019), and chemical methods for dust suppression (Qin et al., 2017; Wang et al., 2018; Xu et al., 2018) and using an air curtain for dust isolation (Nie et al., 2017b; Geng et al., 2019; Xiao et al., 2019). Currently, ventilation dust suppression techniques are the most widely applied method in mines. In particular, the dry ventilation technique for dust suppression has superior characteristics such as good economic parameters, high efficiency, and a high degree of automation (Li et al., 2017). Zhang et al. explored the effects of downwind and upwind coal cutting on the dust pollution in a fully mechanized mining face using ANSYS-FLUENT software (Zhang et al., 2020). Moreover, Jiang et al. designed an experimental model roadway according to the motion equation of gas–solid two-phase flow to study the distribution of coal dust during mining. Liao et al. adopted a CFD-DPM method to study the dust distribution around the driver (Hu et al., 2019). Hu et al. performed a similar investigation under various velocities (Hu et al., 2020). Wang et al. adopted the Euler-e-Euler model to establish air-solid flow systems in the mine roadway and analyzed the dust flow and dust distribution along the transverse and axial directions (Wang et al., 2015). Geng et al. performed CFD simulations to investigate the dust evolution in the coal roadway under an auxiliary ventilation system (Geng et al., 2020). These studies are from the perspective of ventilation or drivers, and the position of dust production is the whole face. The particle size of the coal dust has also been studied in detail. In this regard, Cai et al. qualitatively analyzed the size range of dust particles in the fully mechanized mining face (Cai et al., 2018). Zhang et al. performed CFD simulations and qualitatively analyzed the size range of dust particles and spatial distribution in different areas of the roadway (Zhang L. et al., 2021). Yu et al. used the CFD-DEM airflow–dust coupled simulation approach and showed that the movement of the dust particles with a diameter range of 2.5–20 μm is dominated by the drag force (Yu et al., 2017). The performed literature survey indicates that the distribution of different particle sizes in the whole roadway has not been reported yet.
Aiming at reducing the threat of pneumoconiosis in coal miners, many investigations have been carried out to reduce dust emission. In this regard, different schemes such as different velocities, optimal airflow rate, and ventilation system have been proposed. Ijaz et al. gathered health data of workers in five different mines of Pakistan and found that the mine with the lowest ventilation volumetric flow rate has the highest dust concentration (Ijaz et al., 2020). Moreover, Gong et al. combined the fluid mechanics, finite element method, and underground measurement and established the double-objective BP prediction model to calculate the dust concentration in mines (Gong et al., 2019). Hua et al. used the CFD method and studied the effect of the position of the suction channel and the exhaust air rate on the dust diffusion and obtained the optimal dust control parameters (Hua et al., 2020). Guo and Song et al. combined the numerical simulation and field measurement to determine the optimal dust-exhausting airflow in the fully mechanized working face (Guo et al., 2020; Song S. et al., 2021). Furthermore, Yin et al. performed CFD simulations to analyze the influence of the distance between the forced air opening and the cutting face (Yin et al., 2020). Reviewing the literature indicates that most investigations in this area have been focused on dust generation, transport, distribution, and controlling the dust by using different ventilation methods, calculating the optimal airflow rate, and utilizing ventilation systems.
In the present study, DPM software and CFD software are adopted to investigate the characteristics of the dust dispersion and flow fields in coal mine roadways. The main objective of this article was to improve the dust removal efficiency of conventional dry dust collectors in the coal mine roadway. Then, the influence of different dust-producing positions on the dust removal efficiency is analyzed. Moreover, the dust reduction performance under different conditions is compared, and the optimal layout of the air duct is obtained. This article is expected to provide a theoretical guideline to design the field tunneling of the tunnel working 
MATHEMATICAL AND PHYSICAL MODELS
Mathematical Model of Airflow and Dust Flow
Generally, the Reynolds number in the fully mechanized working face exceeds 1×106, so the airflow is a turbulent flow (Yu et al., 2017; Hua et al., 2020; Zhang L. et al., 2021). Considering the complicated geometry of the working environment, the k–ε model is the most widely turbulent model to reflect the characteristics of airflow in coal mines.
The continuous phase control equations that describe the airflow in the fully mechanized excavation face can be expressed in the following form:
The continuity equation (Zhang et al., 2018; Du et al., 2020):
[image: image]
The Navier–Stokes equation (Xiu et al., 2020; Zhang G. et al., 2021):
[image: image]
where [image: image].
The kinetic energy equation of turbulent fluctuation (also known as k-equation):
[image: image]
The energy dissipation rate equation of the kinetic energy of turbulent fluctuation (also known as ε-equation):
[image: image]
where [image: image] and u is the velocity component along i direction, [image: image] is the air density, kg m−3, [image: image] is the turbulent kinetic energy, m2·s−2, [image: image] is the dissipation velocity of the turbulent kinetic energy, m2·s−3, [image: image] is the viscosity coefficient of the laminar flow, Pa s, [image: image] denotes the viscosity coefficient of the turbulent flow, Pa s, and [image: image] refers to the turbulent kinetic energy generated because of the average velocity gradient, kg·(s−3 m−1); moreover, [image: image] is the Prandtl number of the kinetic energy, and [image: image] is the Prandtl number of the energy dissipation rate. These parameters are usually set to [image: image] and [image: image]. [image: image], and [image: image] are constants, which are usually set to 1.44, 1.92, and 0.09, respectively; [image: image] and [image: image] are the defined turbulent kinetic energies (Sasmito et al., 2013; Hua et al., 2018).
In the present study, the discrete phase model/DPM in the Lagrangian coordinate system was used for the diffusion motion of coal dust particles. The interaction and influence between continuous phase airflow and discrete phase coal dust were considered. According to the equilibrium of forces on the coal dust particles, the governing equation of dust particles in the Lagrangian coordinate system can be expressed as follows:
[image: image]
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where [image: image] represents other volumetric forces such as gravity, N, [image: image] is the drag force per unit mass of dust, N, [image: image] is the fluid phase velocity, m s−1, [image: image] is the particle velocity, m s−1, [image: image] is the density of the fluid, kg m−3, [image: image] is the density of the particle, kg m−3, [image: image] is the particle diameter, m, and [image: image] is the drag coefficient.
The relative Reynolds number Re can be expressed as follows:
[image: image]
Moreover, the drag coefficient CD follows the following expression:
[image: image]
where [image: image] is the dynamic viscosity of the fluid, m2·s−1. Moreover, a1, a2, and a3 are constants for spherical particles that depend on the Reynolds number (Liu et al., 2019; Yin et al., 2019).
Physical Model and Boundary Conditions
According to the conditions of the fully mechanized coal roadway tunneling face in the Shoushan Coal Mine, a 3D full-scale physical model was developed. Figure 1 shows the location of the Shoushan mine. In order to analyze the effect of the duct position on the dust reduction, different physical models were set up. The models consist of a tunnel, a fully mechanized heading machine, a pressing-air duct, and a dedusting-air duct. Figure 2 presents the configuration of the model. The tunnel size is 60 m × 3.5 m × 3.2 m. The simplified fully mechanized heading machine has a total length of 10 m and mainly consists of the machine body and the cutting header. The machine body is a cuboid with a size of 8 m × 2.6 m × 2.2 m, while the cutting header is a 4-m-long cylinder with a diameter of 0.8 m. The diameters of the pressing-air duct and the dedusting-air duct are 0.8 and 0.6 m, respectively. The ducts are 0.2 m away from the nearest tunnel walls, and their central axes are 2.7 m above the ground. The distance between the air outlet of the pressing-air duct and the heading face is 15 m. The air duct inlet is the velocity inlet boundary, the wind speed is 21.6 m/s, the outlet is the outflow boundary, the hydraulic diameter is 0.8 m, the turbulence intensity is 5%, and the outlet of the air duct is the interior boundary. The inlet of the dust duct is the fan boundary, the outlet of the dust duct and the end of the roadway away from the working face are the outflow boundary, and the other boundaries are walls. The dust generation time is set to 100 s, which has been maintained in the whole process of numerical simulation, and the given ventilation conditions are maintained. Table 1 lists the parameters of the second model. In the present study, transient and RNG k–ε solver with the PISO algorithm is used to solve the governing equations of the continuous phase in the flow field. The boundary conditions are summarized in Table 2. It is worth noting that these boundary conditions are obtained from the field measurement of the Shoushan Coal Mine.
[image: Figure 1]FIGURE 1 | Geographical location of the Shoushan mine.
[image: Figure 2]FIGURE 2 | Physical model of Shoushan: (A) Composition of physical model; (B) Position of the line 1∼3 (y = 1.6 m).
TABLE 1 | Physical model parameters of the working face in the Shoushan Coal Mine.
[image: Table 1]TABLE 2 | Information on boundary conditions in numerical simulation.
[image: Table 2]INVESTIGATING THE INFLUENCE OF THE DIFFERENT CUTTING POSITIONS ON THE DUST TRANSPORT AND DIFFUSION
To explore the results of the different cutting positions, the working face was divided into three parts, as shown in Figure 3. According to the aforementioned boundary conditions and dust source parameters, ANSYS FLUENT software was used to simulate airflow, dust diffusion, and distribution of the dust particle size.
[image: Figure 3]FIGURE 3 | Different positions of dust production at the tunneling head.
Airflow Migration in the Fully Mechanized Face
Figure 4 shows the velocity vector diagram of the airflow. It is observed that the high-velocity airflow mainly appears at the pressing-air outlet and the dedusting-air inlet. There are three obvious zones in the airflow field at the heading face, namely the jet zone, reflux zone, and vortex zone. Moreover, the vortex zone and reflux zone appear before and after the roadheader. Since the pressing-air duct is near the upper part of the roadway, the air velocity in the upper part of the roadway is large, and the wind speed in the lower part is small. High-velocity airflow was jetted from the pressing-air outlet. Affected by the “wall attachment effect,” it sticks to the roadway wall, thereby continuously reducing the speed. Due to the limited space of the tunneling head and the entrainment effect of the jet, the jet continuously entrains the surrounding air forward. Finally, the jet impacts the head-on end face, and airflow appears opposite to the jet direction. This flow is called backflow. The comparison of the velocity vector diagram of horizontal sections at different heights indicates that the farther away from the pressing-air duct, the smaller the jet velocity, resulting in a smaller vortex area and reflux area, which is not conducive to particle transmission.
[image: Figure 4]FIGURE 4 | Numerical simulation of airflow migration.
Migration and Distribution of Coal Dust in the Fully Mechanized Face After Dry Dedusting
The numerical simulation was performed to analyze the particle size of the coal dust in the working face. Figure 5 shows the dust migration from 0 to 100 s. Figures 6–8 present the dust diffusion with a dust concentration nephogram in the different parts of the working face after dry dedusting. The dust concentration changes of red, yellow, and blue balls in Figure 5 correspond to the dust concentration changes of three straight lines Lines 1–3 at the roadway y = 1.6 m in Figure 2, and x = 0 is located at the entrance of the roadway in Figure 5.
[image: Figure 5]FIGURE 5 | Variation of dust concentration along the process: (A) Working face part 1; (B) Working face part 2; (C) Working face part 3.
[image: Figure 6]FIGURE 6 | Dust diffusion of the working face: (A) Working face part 1; (B) Working face part 2; (C) Working face part 3.
[image: Figure 7]FIGURE 7 | Different particle size rates: (A) Working face part 1; (B) Working face part 2; (C) Working face part 3.
[image: Figure 8]FIGURE 8 | Physical model for different dedusting-air duct positions.
Figure 5 indicates that at the first 50 s of the process, the dust diffuses gradually from the working face along the roadway, and the dust concentration decreases gradually as the distance increases. At t = 50 s, the dust completely diffuses to the whole roadway, and in the period 20–30 s, the dust concentration reaches the maximum, and then the dust concentration decreases. It is found that the dust concentration near the dedusting-air duct is always higher than the other two parts, that is, the red sphere is higher than the yellow and blue sphere. This may be attributed to the formation of the jet area at the outlet of the pressing-air duct, which blows the dust to the other side of the roadway. The dust concentrates at the inlet of the dedusting-air duct and discharges outward through the dedusting-air duct.
The analysis of the dust concentration variation diagram of three dust-producing surfaces indicates that the dust concentration of the working face part 1 is significantly lower than that of the other two working faces, and the maximum dust concentration is about 100 mg/m³. This is because the working face part 1 is close to the roadway floor so that the generated dust settles down quickly under the action of gravity. However, the highest dust concentration occurs at the working face part 3, where the maximum dust concentration reaches 280 mg/m³, while the maximum dust concentration of working face part 2 is 220 mg/m³. Moreover, it is found that variations of dust produced at different cutting parts are the same. However, since the working face part 3 is at the same height as the dedusting-air duct inlet, the dust will eventually converge on the dedusting-air duct so that the highest dust concentration appears in working face part 3.
Figure 6 shows the dust concentration contours at y = 0.6, 1.6, and 2.7 m under different working conditions. It is observed that after dry dedusting, the concentration and distribution of the produced dust at different cutting positions are greatly different. However, the highest and lowest dust concentrations occur at the working face parts 3 and 1, respectively. Figure 6A indicates that the highest dust concentration occurs at the working face with y = 0.6 m. This is because the working face part 1 is near the floor, where the dust settles down and accumulates because of gravity. Figure 6B shows that the dust accumulates on the opposite side of the pressing-air duct at y = 0.6 and 1.6 m. That is because a large amount of dust discharges from the dedusting-air duct. Figure 6C reveals that the dust concentration is much higher on the x-z plane with y = 2.7 m. This is because the working face part 3 is close to the roof and has the largest contact with the airflow; the high concentration of dust diffuses to the middle part of the roadway.
Investigating the Particle Size Distribution of the Coal Dust on the Fully Mechanized Face
In the present study, 2,000, 10,000, and 100,000 particles are considered in the simulation to achieve results independent of the number of particles. Figure 7 presents the obtained results. It is observed that the proportions of different particle sizes in all cases are almost the same. By adding the proportions of the first two particle size ranges, the dust particles with a diameter range of 0–14 μm account for about 60%. Therefore, it is necessary to control this range of particles to control the total dust. Moreover, it is found that the dust particles smaller than 10 μm account for 33% at the working face part 1 and part 2, but the share decreases slightly at face part 3. Compared with face part 1 and part 2, dust particles larger than 21 μm increase at face part 3. This is mainly because the working face part 3 is the main dust-producing surface, thereby increasing the dust concentration of all sizes, and the working face part 3 is the highest from the bottom. The larger the particle size, the higher the particle inertia. Accordingly, the floating time in the tunnel is much longer than that at parts 1 and 2. It is concluded that large particles are of significant importance to reduce the dust pollution in coal mines.
THE INFLUENCE OF THE DEDUSTING-AIR DUCT LAYOUT ON THE WORKING FACE DUST DIFFUSION AFTER DRY DEDUSTING
In order to find the appropriate position of dedusting-air duct for effective dust control, numerical simulation was carried out.
The Influence of the Position of the Dedusting-Air Duct on the Dust Diffusion of the Working Face
In this section, it is necessary to ensure that the distance between the dedusting-air duct and the tunneling head is consistent. To perform a contrastive analysis, the case with no roadheader is simulated. Figure 8 indicates that three working conditions are simulated. In the first case, dedusting-air duct is located in the middle of the roadway, while in the second and third cases, dedusting-air duct is located on the opposite side of the pressing-air duct without and with a roadheader, respectively.
Figure 9A reveals that when the dedusting-air duct is located in the middle of the roadway, the dust area is large, and the dust in the roadway takes a V-shaped distribution. Moreover, it is found that the dust-polluted area on the right side of the roadway is smaller than that on the left side. This arrangement cannot provide adequate fresh air to flow through all areas of the roadway. Accordingly, dust cannot be absorbed well, resulting in high dust pollution in the roadway. In this case, only the dust at the inlet of the dedusting-air duct is inhaled. The dust is pushed into the left side of the roadway by the fresh air, resulting in a large dust-polluted area on the left side. Furthermore, the range of high-concentration dust at the height of 3 m is slightly less than that at the height of 1.6 m. This phenomenon may be attributed to the position of the dedusting-air duct.
[image: Figure 9]FIGURE 9 | Dust diffusion for different dedusting-air duct positions: (A) in the middle of the roadway; (B) on the opposite side of the pressing-air duct; (C) on the opposite side of the pressing-air duct with roadheader.
The comparison of Figure 9A with (b) reveals that there is not a V-shaped distribution. Instead, there is a low concentration on the left and a high concentration on the right. Moreover, it is found that the dust concentration and dust amount in the roadway in Figure 9B are significantly lower than those in Figure 9A, demonstrating that when the dedusting-air duct is arranged on the opposite side of the pressing-air duct, the dust removal effect is higher than that of the case dedusting-air duct in the middle of the roadway.
Figure 9C indicates that under the influence of the roadheader, a high-concentration dust area forms near the wall, and a П-shaped distribution appears. The dust distribution in the roadway can be mainly divided into three areas. The highest concentration occurs in the П-shaped distribution, where the dust concentration can reach 100 mg/m3. Under the action of eddy current in this area, a small amount of dust diffuses to the outside of the roadheader, thereby forming a medium concentration area. Most of the dust in this area is concentrated on the side of the dedusting-air duct and cut off at the rear end of the air inlet duct outlet. Meanwhile, the dust concentration at the rear end of the air inlet and outlet of the air duct decreases rapidly, thereby forming a mild concentration area.
The Influence of the Distance From the Dedusting-Air Duct to the Tunneling Head on the Working Face Dust Diffusion
In this section, the influence of the distance between the dedusting-air duct and the tunneling head on the working face dust diffusion is analyzed. Figures 10–13 present the dust distribution in the roadway when the dedusting-air duct is 2, 3, 4, 5, and 6 m away from the tunneling head, respectively. It should be indicated that two planes with intercept heights of 1.6 and 3.0 m were taken in each working condition.
[image: Figure 10]FIGURE 10 | Dust diffusion at planes of y = 1.6 and 3.0 m for different dedusting-air duct distances (no roadheader).
[image: Figure 11]FIGURE 11 | Dust diffusion for different dedusting-air duct distances (no road header): (A) 2.0 m; (B) 3.0 m; (C) 4.0 m; (D) 5.0 m; (E) 6.0 m.
[image: Figure 12]FIGURE 12 | Dust diffusion at planes of y = 1.6 and 3.0 m for different dedusting-air duct distances (roadheader).
[image: Figure 13]FIGURE 13 | Dust diffusion for different dedusting-air duct distances (roadheader): (A) 2.0 m; (B) 3.0 m; (C) 4.0 m; (D) 5.0 m; (E) 6.0 m.
As shown in Figures 10, 11, it is observed that when the inlet of the dedusting-air duct is 6 m away from the tunneling head, the dust removal efficiency is much less than that when the distance is 2–5 m. This may be attributed to insufficient air suction into the dedusting-air duct. When the air inlet of the dedusting-air duct is 2–5 m away from the tunneling head, a similar dust distribution appears in the roadway, and the dust mainly concentrates near the tunneling head, while the dust distribution in the roadway is low. It is inferred that most of the dust can be inhaled into the dust removal fan. However, when the air inlet of the dedusting-air duct is 2 or 5 m away from the tunneling head, the area with a high concentration of dust is greater than 3 or 4 m, respectively. Meanwhile, when the distance is set to 4 m, the area with a high concentration of dust is near the wall, while the middle concentration of dust is evenly distributed within two times the width of the excavation head. However, when the distance is 3 m, the lowest overall dust concentration occurs within two times the width of the excavation head. It is concluded that when there is no roadheader in the roadway, the optimum distance from the air inlet of the dedusting-air duct to the excavation head is 3 m.
When there is a roadheader in the roadway, the dust distribution is affected by the roadheader. In this regard, Figures 12, 13 show the dust distribution in the roadway at 2, 3, 4, 5, and 6 m. It is observed that most of the dust concentrates in the range of the roadheader. Meanwhile, an area of high concentration dust appears on the right side of the roadway. When the dedusting-air duct is 2 m away from the tunneling head, a large amount of dust cannot be sucked into the dedusting-air duct, thereby concentrating near the tunneling head and resulting in the formation of an ultrahigh dust concentration area. When the dedusting-air duct is 6 m away from the tunneling head, the dust concentration is higher, and the influence range is wide. Since the dust concentration on the left side of the roadheader at 3 m is higher than that at 4 and 5 m, it cannot be considered the optimal distance. When the dedusting-air duct is 4 m away from the excavation head, the area with a high concentration of dust in the whole roadway and the diffusion range are minimized. Meanwhile, when the dedusting-air duct is 5 m away from the excavation head, a small low concentration area appears near the air inlet, which is just above the driver. Based on the performed analyses, it is inferred that the highest dust removal efficiency can be obtained when the distance between the dedusting-air duct and the excavation head is set to 4–5 m.
CONCLUSION
In the present study, the influence of different cutting parts, the position of the dedusting-air duct, and the distance between the dedusting-air duct and the excavation head was investigated on the distribution and diffusion of the dust at the working face. Based on the obtained results, the main conclusions and achievements can be summarized as follows:
1) The highest concentration of cutting dust occurs near the roof. Due to the long contact time, the diffusion of high concentration dust to other parts of the roadway is significant.
2) Compared with an air duct in the middle of the roadway, the dedusting-air duct on the opposite side of the air duct has high dry dust removal efficiency.
3) When there is no roadheader in the roadway, the best dust removal efficiency can be achieved from the air inlet of the dedusting-air duct 3 m away from the excavation head. However, when a roadheader is arranged in the roadway, the highest dust removal efficiency occurs at a distance of 4–5 m.
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During a shaft and associated sprayed concrete lining (SCL) tunnel construction in a new line of Guangzhou Metro, site monitoring recorded ground surface settlement was much larger than that predicted in the design. This raised the alarm to the safety of an adjacent high-pressure gas pipe. Close-form and analytical calculations and non-coupled and coupled numerical analyses were carried out to back analyze the settlement. It was found the primary contributing factor to the excessive ground settlement is water loss-induced ground consolidation, which is commonly encountered during underground construction in south China where complex strata, such as granite residual soil and fully weathered granite, are present. This paper details the back analysis process and discusses mitigation measures that should be adopted for construction in similar ground in the future.
Keywords: deep shaft, ground settlement, water rich strata, coupled fluid–soil structure analysis, mitigation measures
INTRODUCTION
A new underground metro line is currently under construction in Guangzhou, south of China. With trains running at a maximum speed of 160 km/h, the metro line will connect Guangzhou East Railway Station in the north to Wanqingsha in the south with nine stations and a total distance of 65.3 km. NancunWanbo station, as shown in Figure 1, is to be constructed in a business area that is surrounded by high-rise commercial buildings and underground utility pipelines. A construction shaft and associated cross-passages need to be firstly constructed to facilitate the construction of a section of main tunnels using sprayed concrete lining (SCL) method. Around the shaft, there is a high-pressure gas pipe located approximately 8.0 m away from the edge of the shaft and 27.4 m above the cross-passages.
[image: Figure 1]FIGURE 1 | Plan view of areas around the new line construction shaft and cross passages.
Due to site constraints, it is impossible to divert the gas pipe. Hence, extensive site monitoring was carried out for the safety of the surrounding infrastructures, including the gas pipe. It was observed during the construction that the real ground settlement was greater than the prediction and was close to the red trigger level. More importantly, there were signs that it would continue to increase and even exceed the red trigger level if no mitigation measure was to be taken.
This paper reviews the site monitoring data and investigates the reason for the excessive ground settlement. Factors influencing the excessive ground settlement are discussed, and corresponding mitigation measures are proposed. This case study provides a unique reference for underground metro construction in similar ground in the future.
PROJECT INFORMATION
Layout of Structures
Figure 1 shows the shaft is located near an underpass junction of Panyu Blvd and Hanxi Blvd, approximately 230 m to the southeast of the new NancunWanbo station and to the southwest of adjacent Minjie Plaza that is still under construction. Sections of SCL main tunnels are to be constructed at both sides of the shaft and cross-passages. The south part of the SCL tunnels will connect to the TBM, tunnel boring machine segmental running tunnel, and the north part will first underpass the existing Line 7 tunnels before connecting to the new NancunWanbo station.
Geological Conditions
Guangzhou is located on the northern edge of the Pearl River Delta where geological and hydrological conditions are complex. Undesirable ground conditions, such as fault zones, karst caves, weathered deep grooves, and deep soft soils, are common. Geotechnical conditions could vary significantly even in close proximity, with large differences found in physical and mechanical properties. On the other hand, some records show that different rock types, including sedimentary rocks (e.g., limestone and red beds), magmatic rocks (e.g., granite), and metamorphic rocks (e.g., migmatite), coexist in one location. Such complex and composite nature in stratigraphic formation results in great difficulties in designs and constructions of underground structures in this area, especially in dealing with issues caused by the cyclic vibration of metro trains, such as reconsolidation, fatigue, residual stress, and creep (Jiang et al., 2016; Fan et al., 2019, 2020; Liu et al., 2020a; Liu et al., 2020b; Kang et al., 2020; Wang et al., 2020; Wang J. B. et al., 2021; Wang J. B. et al., 2022).
Figure 2 outlines the ground stratification of the construction shaft, cross passages, and two main SCL tunnels. The stratigraphy can be generalized as Made Ground and underneath silt overlying layers of granite which become less weathered with depth. The weathering classification follows Chinese standard “Code for geotechnical investigation of urban rail transit” (GB50307-2012-2012, 2012) in which the weathering grade generally decreases with depth, which is similar to the system defined in BS 5930:2015 (BSI 2015).
[image: Figure 2]FIGURE 2 | Geological cross section at the temporary shaft location.
Detailed geotechnical parameters for each layer of strata are shown in Table 1. Features of these strata are described below:
1) The silt (4-2B) at shallow depth is a very soft soil with high compressibility and poor mechanical properties. It is prone to disturbance and may cause stability issue during shaft construction. The high compressibility may also result in excessive ground surface and building settlement.
2) Underneath the silt are multiple layers of granite with decreased grade of weathering with depth. The top two layers—residual soils and completely weathered granite—are widely distributed in southeast China, including Guangzhou (Rahardjo et al., 2012; Salih, 2012). Previous studies have shown that these two layers are prone to decompose with the presence of water and shear strength reduction after disturbance (Rahardjo et al., 2004; Lan et al., 2003; Wu, 2006).
3) According to the in situ soil particle analysis, the residual soil <5Z-2> is dominated by coarse particles (>0.5 mm) and fine particles (<0.005 mm), with little intermediate size particle (GZMDRI 2018). This unique composition leads to soil with both the characteristics of sand and clay but also the likelihood of piping effects.
4) Swelling potential tests were carried out for the residual soil <5Z-2>, completely weathered granite <6Z>, and severely weathered granite <7Z>. The result shows that none of these tested soil layers has significant swelling potential.
5) The lower part of the shaft was constructed in the moderately <8Z> and slightly <9Z> weathered granite layers, both of which are relatively thick without sandwiched soft soil layer. These two layers of granite have high mechanical properties and are stable with the presence of water.
TABLE 1 | Geological stratification and geotechnical parameters for the ground around the shaft.
[image: Table 1]Hydrogeological Conditions
During the detailed ground investigation stage at the beginning of 2018, the groundwater table was relatively stable, varying between 2.2 and 3.1 m below the ground surface level. There are typically two main aquifers in Guangzhou. The upper aquifer consists of perched water in the Made Ground <1> and pore water in the silt <4-2B> layer, which also serves as a confining layer separating the upper and lower aquifers due to its low permeability. The lower confined aquifer mainly presents in the severely <7Z> and moderately <8Z> weathered granite layers, in which a large volume of fissure water is present.
Underground Structures
Based on the geological and hydrogeological conditions and due to the dimension of the shaft and the site constraints, contiguous pile wall with internal propping and rotary jet piles were adopted for the shaft construction, as shown in Figure 3A. The dimension of the shaft is 10.5 × 8.2 m in plan and around 43 m in depth. The contiguous piles were 1,000 mm in diameter with a spacing of 1,200 mm. Double-tube (600 mm diameter ) rotary jet piles were installed at 450 mm spacing outside of the secant pile wall to prevent the water from flowing into the shaft during its construction. Steel bar reinforced concrete wallers were constructed in 5 m vertical spacing with dimensions ranging from 1.1 × 1.1 to 1.3 × 1.5 m. The completed shaft interior view is also shown in Figure 3B.
[image: Figure 3]FIGURE 3 | Plan view of underground structures on site: (A) drawing plan; (B) completed view.
Figure 4A shows the plan of main SCL tunnel construction, together with the cross sections of the two cross-passages on both sides of the shaft and the type C main SCL tunnel. The cross-passages are approximately 15 m long, with intrados height of 11.25 m and width of 4.4 m, respectively, as in Figure 4B. Both pipe arch and grouted tubes were installed above the excavation profile to provide additional support and improved ground conditions for the excavation. Rock bolts (25 mm diameter, 3.5 m long) are used together with the 350 mm temporary SCL primary lining to provide instant ground support immediately after the excavation. After that, sheet waterproofing membrane was installed, followed by a 500 mm thick permanent cast in situ concrete secondary lining. Steel beams were installed above and below the opening between the cross-passage and the main SCL tunnels. The main SCL tunnels were constructed from the two cross-passages towards both north and south directions, as the arrows show. Pre-grouting was carried out for the top half of the tunnel prior to the excavation at a periphery 3 m outside of the primary lining. Additional grouted tubes were installed with angle from within the tunnel for 120° of the crown. The lining systems comprise 300 mm thick temporary sprayed concrete and 400 mm thick permanent cast in situ secondary lining, as in Figure 4C. Due to the occurrence of excessive ground surface settlement, only the top heading of the type C cross section SCL tunnels were constructed prior to the investigation. The completed SCL tunnel section is highlighted in orange.
[image: Figure 4]FIGURE 4 | SCL tunnel construction arrangement: (A) overall plan; (B) cross section of cross passages; (C) cross section of SCL tunnel Type C.
High-Pressure Gas Pipe
A high-pressure gas pipe was identified during the desk study. The pipe is approximately 8.0 m away from the shaft pile walls, 1.8 m below the ground surface level, and 27.4 m above the cross-passage crown, as shown in Figure 5A.
[image: Figure 5]FIGURE 5 | Relative location of the high-pressure gas pipe and tunnel construction: (A) drawing section; (B) construction site bird view.
The gas pipe is 500 mm in diameter and is made of 9.0 mm thick steel. As it is a critical gas supply infrastructure and is very close to the new shaft, it has been categorized as Level 1 (highest level) risk according to the Chinese standard “Risk management regulation for municipal underground metro project construction” (GB50652-2011-2011, 2012). Due to its importance and the site constraints, the diversion of this critical high-pressure gas pipe was not possible. Hence, a monitoring regime was established to closely monitor and record the deformation of the gas pipe. Contingency measures were also planned in case excessive ground settlement and pipe deformation occur. The relative location of the shaft, cross passages, main running tunnels, and the buried high-pressure gas pipe is shown in Figure 5B.
Risks and Mitigation Measures
There were two main risks associated with the construction. The first was the potential large volume of water flowing into the underground structures during the construction. As an example for the shaft and according to the closed form equation in the “Technical Specification for Retaining and Protection of Building Foundation Excavations” (JGJ 120-2012 120-2012, 2012), the maximum water inflow at the shaft base and the influence zone could be as much as 680 m3/day and 313 m, respectively. According to the Goodman analytical equation (Goodman et al., 1965), the maximum volume of water inflow per unit length could be as much as 65.5 m3/day/m.
The second risk is the potential excessive ground movement. Previous research have reported technical difficulties in controlling ground settlement for deep excavation pits (Li et al., 2021; Wang J. et al., 2021; Wang X. Y. et al., 2022). The issue becomes more complicated as detailed ground investigation report states that the groundwater table at this location varies significantly due to seasonal reasons and nearby underground constructions. The residual soil and fully and severely weathered granite are very sensitive to the presence of water. Once encountered, the ground will soften and experience large plasticity, causing excessive ground settlement that may result in excessive deformation of the high-pressure gas pipe. Hence, water-impermeable jet rotary piles were installed from the ground surface level all the way down to the crown of the cross-passages. In addition, all residual soil and fully and severely weathered granite within 3 m from the periphery of the main SCL tunnel need to be pre-grouted for watertightness. Furthermore, sleeve valve pipes were installed within 40 m periphery of the shaft and with minimum 3 m depth into the ground to allow the injection of non-shrinkage cementitious grout into silt layer if unexpected excessive ground surface settlement occurs. To control the excessive ground surface settlement, grouting using sleeve value pipes were carried out four times prior to the investigation.
Ground Movement Prediction
Based on project information above, prediction of the ground surface and the gas pipe settlement was carried out using finite element (FE) numerical analysis. The analysis shows the maximum ground surface and subsurface level at the gas pipe level is approximately 15 mm with the assumption that the groundwater is stable during the shaft construction. This complies with the maximum allowable deformation of 30 mm specified in the Chinese standard “Code for monitoring measurement for urban rail transit engineering” (GB50911-2013-2013, 2014).
SITE MONITORING
Monitoring Scheme
A monitoring scheme was established to monitor the behavior of the ground and structures during the construction. The scheme is shown in Figure 6 and comprises the following items:
1) East cross-passage ground surface settlement (D series) using electronic level.
2) High-pressure gas pipe incorporating the west cross-passage ground surface settlement (G series) using electronic level.
3) Hanxi Blvd underpass ground surface settlement (S series) using electronic level.
4) Capping beam horizontal movement using total station.
5) Cross-passage lining convergence using total station.
6) Shaft pile walls horizontal movement using inclinometers.
7) Water level meter to measure the change of groundwater table.
[image: Figure 6]FIGURE 6 | Monitoring scheme (not to scale; WY, horizontal displacement; ZL, axial force in wallers; C, pile wall inclination; SW, water table; JC, settlement).
This paper mainly focuses on the monitoring results of ground surface level (incorporating gas pipe) settlement and groundwater tables. Two levels of triggers, amber and red, were set for the ground surface level settlement. The red trigger was set as 30 mm, which is the maximum allowable ground surface settlement based on the Chinese standard aforementioned. The amber trigger was set as 24 mm, 80% of the red trigger.
Ground Surface Settlement
Figure 7A shows that large ground surface settlement exceeding 20 mm (shown in red) was recorded between monitoring points G3 and G9, adjacent to the shaft and directly above the west cross-passages. Moderate ground surface settlement between 20 and 10 mm (shown in yellow) was recorded at points parallel to and slightly away from the north and south edges of the shaft, with small ground surface settlement below 10 mm (shown in green) recorded at points further away from the shaft and cross-passage. The maximum ground surface settlement reached 27.4 mm at monitoring point G8 along the gas pipe at the north east corner, approaching the red trigger level of 30 mm. More alarmingly, the increasing trend of settlement does not show any sign of slowing, with the possibility of breach of red trigger. To control further development of ground surface and gas pipe settlement, sleeve valve pipe grouting was carried out regularly where necessary, resulting in G7 measure point malfunction.
[image: Figure 7]FIGURE 7 | Ground surface settlement data from gas pipe monitoring: (A) latest results dated June 30, 2019; (B) change of gas pipe monitoring data over construction period (G7 malfunctioned after grouting).
Figure 7B shows the ground surface settlement along the gas pipe over three construction periods: 1) shaft construction; 2) cross-passage construction, and 3) main tunnel construction. Most settlement occurred within the cross-passage construction period, followed by the shaft construction period. Settlement was largely controlled over the main tunnel construction period after sleeve valve pipe grouting was carried out regularly. The biggest settlement occurred between monitoring points G3 and G9, which are highlighted in transparent yellow in the figure.
From site monitoring results, a clear trend can be seen in which the further a measure point is to the west cross-passage and the shaft, the smaller the ground surface settlement was recorded. No monitored settlement outside G3 and G9 exceeded 20 mm.
Water Table Drawdown
Figure 6 shows four groundwater monitoring points (SW1–SW4) were installed around the shaft, as highlighted in red box. However, only the reading of SW4 is available as the other three were damaged during the construction. The recorded SW4 groundwater table levels during the construction period up to June 30, 2019, are shown in Figure 8. The main findings are as follows:
1) The groundwater table drawdown during the shaft construction period (between November 7, 2018 and March 15, 2019, lasting 129 days) exceeded 2.5 m. This is mainly because the unsealed shaft bottom could not stop water inflow during shaft construction.
2) The drawdown during the cross-passage construction period (between March 16, 2019 and May 17, 2019, lasting 63 days) was approximately 3.6 m, greater than the previous and next stages. This is mainly attributed to the partial demolition of the water barrier jet rotary piles prior to the construction of cross-passages. Insufficient face grouting of unclosed invert during the cross-passage top heading construction also contributed to the water table drawdown.
3) The drawdown during the running tunnel period (between May 18, 2019 and June 30, 2019, lasting 44 days) is approximately 2.6 m. Following the lessons learned from the cross-passage construction, extensive non-shrinkage cementitious grouting was implemented to the whole top heading face prior to the excavation. However, water inflow is still significant, mostly attributed to the unclosed invert lining during the top heading excavation and the existence of a large number of fissures in the moderately weathered granite layers.
[image: Figure 8]FIGURE 8 | Groundwater drawdown data around the shaft (up to June 30, 2019).
Other Monitoring Results
Other monitoring results, including capping beam horizontal movement and cross-passage lining convergence, were also examined. All those results were within the allowable range. The detailed results will not be presented and discussed in this paper. Only the maximum horizontal movement of the shaft wall of16.9 mm is reported here, which will be used in a later section.
Void Inspection
A void inspection was carried out. It was found that the gas pipe was in good contact with the surrounding soil and both were settled uniformly during the construction.
Discussion on Monitoring Results
With maximum reading of 27.4 mm, site monitoring results are much larger than those predicted using FE modeling without considering water loss (approximately 15 mm). Subsequent analyses concluded that the difference was caused by the water loss during the shaft, cross-passage, and main SCL tunnel construction, which in turn led to ground consolidation. In the next section, different calculation methods, including empirical, analytical closed-form equations, and FE methods, were used to confirm the governing factor in the observed excessive ground settlement.
NUMERICAL BACK ANALYSIS
Coupled Fluid–Soil Structure Analysis
MIDAS 3D Model
In order to confirm the reasons for the excessive ground settlement, a coupled fluid–soil structure 3D FE analysis was performed using software Midas-GTS NX, as shown in Figure 9.
[image: Figure 9]FIGURE 9 | 3D finite element model with detailed modelling stages.
The basic information of the models and key assumptions are listed below. Key structural element properties are shown below in Table 2.
1) The depth of the model is 100 m, more than twice the depth of the shaft.
2) The shaft is located at the center of the model, and the distance between the center of the shaft and each of the four boundaries is 125 m, sufficiently far to eliminate boundary effects.
3) Linear elastic beam elements were used to simulate the gas pipe and wallers.
4) Isotropic linear elastic shell elements were used to simulate the primary lining of the cross-passage and the basement side wall and base slab of MinJie plaza.
5) Orthotropic linear elastic shell elements were used to simulate the different flexural stiffness in the hoop and vertical directions of the shaft contiguous piles.
6) Volume elements were used to simulate the soil.
7) The Made Ground was simulated with linear elastic Mohr–Coulomb failure criteria.
8) The moderately and slightly weathered granite layers were simulated using linear elastic model.
9) All other layers were simulated with modified Mohr–Coulomb model.
10) The change of water table was simulated according to site monitoring data. As water drawdown has lasted for over 8 months, to save the processing time, the time-dependent transient flow was skipped. Instead, the observed maximum water table drawdown was directly simulated as quasi-steady state flow.
11) The shaft excavation, opening for the cross-passage, and the cross-passage itself were simulated sequentially by removal of soil volumes and activating structural elements.
12) To save the time of modelling, the whole length of the cross-passage was excavated in one go with a prescribed 50% ground relaxation. The remaining 50% ground pressure was relaxed after the installation of the SCL primary lining for the whole cross-passage.
TABLE 2 | Structural element properties.
[image: Table 2]MIDAS 3D Model Results
Figure 10 shows the FE analysis results. The maximum ground surface settlement is 25.4 mm, and the maximum horizontal movement of the shaft contiguous piles is 16.8 mm, both of which are very close to the site monitoring data.
[image: Figure 10]FIGURE 10 | 3D finite element model displacement results.
Yoo (2016) pointed out two main reasons that induce ground surface settlement within water-abundant ground during an underground excavation. The first is the excavation-induced unloading effects and, hence, ground loss. The second is the water loss-induced consolidation. For the consolidation, the primary factor is the thickness and stiffness of the water-bearing layer. And the secondary factor is the initial voids ratio and permeability of the soil strata. This section justifies the water loss is the main contributing factor to the excessive ground settlement. It is noted that the sensitivity of soil geotechnical properties could cause deviation in modeling results. However, parametric studies indicate that small variations in soil properties have limited effects on analysis results and conclusions and, as a result, will not be discussed further here.
Settlement Due to Excavation
Empirical Method
Previous literature has summarized the deep excavation-induced ground movement within various ground conditions, construction methods, and support measures (Wong et al., 1997; Yoo, 2001; Leung and Charles, 2007). It was summarized that the maximum ground surface settlement is within a range of approximately 0.5–1.5 times of the maximum horizontal movement of the support structures. The monitored maximum horizontal movement of the contiguous piles recorded is 15.6 mm. Therefore, the maximum ground surface settlement solely caused by excavation should be between 7.8 and 23.4 mm, which is less than the observed maximum value of 27.4 mm. The average value of the results obtained from empirical method is 15.6 mm.
Analytical Method
This section investigates the ground loss using closed-form equations.
The ground surface settlement can be calculated using the following equation (Liu et al., 2015)
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in which, Sw is the total displaced area of the supporting structure; xi is the distance between the calculation point to the boundary of the deep excavation; Hg is the total depth of the support structure, equal to 42.5 m; φ is the average internal friction angle of the strata which the structure is supporting, equal to 23°; and Δδ is the average value of horizontal movements at the top and bottom of the support structure, equal to 0.057 mm according to monitoring.
Substituting numbers into the equations, it can be calculated that the total settlement of the ground, Sw, is equal to 30.7 m2 and X0 equals 28.1 m. Hence, the maximum ground surface settlement is about 13.5 mm. This is close to the average value of the maximum ground surface settlement of 15.6 mm obtained from the empirical method as described in the previous section.
Settlement Due to Water Loss—Analytical Method
Following the one-dimensional consolidation theory (Xu et al., 2014; Liu et al., 2015), the ground surface settlement can be attributed to the drawdown of the groundwater level and the increased effective stress and strain of the soil skeleton, following the equation:
[image: image]
in which en is the initial void's ratio of each of the ground strata; Hi is the thickness of each of the ground strata; ΔPi is the groundwater variation-induced effective stress of the soil skeleton; and a0.1-0.2 is the compression index.
Where soil deformation moduli are obtained directly from site measurements, the calculation equation could be revised to:
[image: image]
in which E0,i is the soil deformation modulus of each of the ground strata.
For initial estimations, Equation 5 could be further revised to:
[image: image]
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in which ΔPave is the average groundwater variation-induced effective stress of the soil skeleton; Pbtm is the groundwater variation-induced effective stress at final water lever; and Eave is the average deformation modulus.
Assuming the gradient of groundwater variation is linear, with maximum water loss at the center of the shaft from site monitoring data and zero water loss at the boundary of the influence zone, the maximum ground surface settlements Δs and Δini are calculated as 30.6 and 29.9 mm, respectively. The calculation process of Δs is shown in Table 3 as below.
TABLE 3 | Calculation of water loss-induced ground surface settlement.
[image: Table 3]Deformation of Gas Pipe–Analytical Method
Assuming there is no relative movement along the pipeline longitudinal direction between the soil body and gas pipe, the settlement of the gas pipe can be calculated based on coefficient of soil transfer (CST) (Liu et al., 2015), which is the ratio between the settlement of the investigated depth and that of the ground surface:
[image: image]
in which
y = distance between the investigated location and the pit edge, which is 8.0 m for this case
z = distance between the investigated depth and the ground surface, which is 1.8 m for this case.
B = width of pit excavation, which is 8 m for this case.
Substituting the numbers into the equation, CST is calculated as 0.94. This means the settlement of the gas pipe is very close to that at ground surface level.
Finite Element Validation
Further FE analysis was carried out to confirm the settlement results obtained from empirical and analytical calculations presented in previous sections.
As shown in Figure 11A, for the case with only shaft excavation but without loss of water, the maximum ground surface settlement and contagious pile horizontal movement are 14.3 and 15.8 mm, respectively. For the case with only loss of water but without shaft excavation, the maximum ground surface settlement and contagious pile horizontal movement are 24.7 and 0.1 mm, respectively. The analysis results also show that the settlement of the gas pipe is 20.5 mm, close to the ground surface settlement, as in Figure 11B.
[image: Figure 11]FIGURE 11 | Finite element analysis results: (A) shaft excavation but without loss of water; (B) only loss of water but without shaft excavation.
Discussion of Results
Table 4 shows the coupled analysis results are not the sum of the results from the excavation only case and the water loss only case. Instead, it is closer to the loss of water only case results. It is an important conclusion that the loss of water is the primary ground risk and the underground structure excavation is a secondary risk in such water-abundant ground.
TABLE 4 | Comparison of results from closed-form equations and coupled finite element analysis.
[image: Table 4]Table 4 also shows that, regarding maximum ground surface settlement, maximum horizontal movement of pile walls, and maximum gas pipe settlement/CST, good agreements were found between analytical calculations, coupled FE analyses, and site monitoring. It is therefore reasonable to conclude that fully coupled flow analysis and analytical method could be used to estimate structural effects caused by groundwater loss where applicable.
MITIGATION MEASURES FOR FUTURE PROJECTS
Calculations presented in Section 4 confirmed that in this case the primary contributing factor to the excessive ground surface settlement was the water loss-induced consolidation. The original passive protection measure using sleeve valve pipe grouting prevents only the short-term ground settlement. Its effect diminishes over time unless grouting is carried out regularly, which is both time-consuming and costly. This is reflected by the further large ground surface settlement during the main SCL tunnel top heading construction after previous three times sleeve valve pipe grouting during the cross-passage construction. Without any other active mitigation measure, further ground settlement will be envisaged to occur during future construction (Liang et al., 2020) and cause greater engineering difficulties. Therefore, preventative measures should be adopted to maintain the groundwater level and improve the ground stiffness through ground treatment. This section discusses possible measures.
Pressurized Recharge
Considering the severity of the water loss on site, it is necessary to adopt pressurized recharge to avoid further consolidation during the subsequent construction. Due to the presence of impermeable layers of silt <4-2B> and granite residual soil <5Z>, the minimum recharging level should reach the boundary between completely weathered granite <6Z> and severely weathered granite <7Z>. The recharge pressure should be between 0.2 and 0.3 MPa. The sanity quality of the recharged water should be slightly better than the original groundwater to avoid contamination.
Grouting
Table 3 shows the water loss mostly occurred in the strata of silt <4-2B>, granite residual soil <5Z>, and completely weathered granite <6Z>, which account for approximately 70% of the total water loss. Therefore, grouting can be used to improve the stiffness of the strata above the completely weathered granite <6Z>. Grouting could be extended to severely weathered granite <7Z> if ground settlement has already been severe.
Monitoring
During the writing of this paper, the deformation of the high-pressure gas pipe is already close to the maximum allowable deformation limit of 30 mm. Considering the gas pipe is made of 9.0 mm thick seamless welded steel pipe and its condition is still acceptable, the utilities company consented that the monitoring criterion for the gas pipe will be changed from the absolute maximum settlement to the relative movement between adjacent sections of pipes. Meanwhile, additional deformation monitoring points are installed within the affected area and on the gas pipe to have a more comprehensive monitoring during the subsequent construction. The stress of the gas pipe can be back calculated from the monitored strain.
All the above mitigation measures were adopted, and the deformation of the gas pipe has gradually stabilized without further settlement. Hence, subsequent construction was continued afterwards.
CONCLUSION
During the construction of a deep shaft and associated SCL tunnels as part of a new metro line in Guangzhou, China, excessive ground surface settlement around the shaft occurred. This raised the alarm as it may cause over-deformation and, hence, damage of an adjacent high-pressure gas pipe. To identify the primary contributing factors to the excessive settlement, empirical, analytical, and numerical methods using FE analysis were carried out, and the calculation results were compared with the monitoring data. The main findings and lessons learned are listed below:
1) Fully coupled flow analysis should be carried out during the design stage to understand the influence of lowered groundwater table to the ground surface settlement and adjacent infrastructures during underground construction. This is especially important for water-abundant strata with special soils, such as granite residual soil and fully weathered granite strata, which are widely present in the south of China.
2) The ground surface settlement results predicted by the fully coupled flow analysis are close to the site monitoring data. It can also be reasonably predicted by correlating to the maximum horizontal movement of the support structure and the initial voids ratio of the ground using analytical method. The average value of the non-coupled numerical modelling results that consider the excavation and reduced groundwater table separately can also be used.
3) For initial estimation, water loss-induced consolidation settlement could be quickly calculated by using average soil effective stress and deformation modulus with reasonable accuracy.
4) Nearly 70% of the water loss-induced consolidation settlement occurred within the soft layers above the completely weathered granite strata. In contrast, much less settlement comes from the underlying stiffer ground, such as severely weathered and moderately weathered granite strata. This difference should be considered if grouting is to be adopted to mitigate the excessive settlement.
5) If good contact with the ground still exists, the deformation of shallow buried utility pipes is close to the ground surface settlement. Its magnitude can be calculated by using CST equations.
6) During the construction, the groundwater level should be closely monitored. Mitigation measures should be prepared in advance and implemented quickly to maintain the groundwater level if water loss occurs.
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To achieve versatility, a unified nonlinear strength (UNS) criterion is put forward for capturing the complicated strength behaviors exhibited by geomaterials under three dimensional (3D) stress paths. The UNS criterion, widely covering meridian planes and octahedral planes, can serve for describing the nonlinear strength behaviors exhibited by soils, as well as confirm how the intermediate principal stress affects the strength of different materials. Based on UNS strength criterion, an elastoplastic constitutive model is presented, with the purpose of predicting the strength as well as deformation behavior exhibited by soils under 3D stress conditions. Besides, although the proposed model is extremely simple, it is fit for predicting the results of true triaxial tests in related literature with the help of the UNS criterion, and meanwhile can confirm how intermediate principal stress affects material strength and material deformation when the stresses are different.
Keywords: unified nonlinear, strength criterion, elastoplastic constitutive model, three-dimensional strength properties, true triaxial test results
1 INTRODUCTION
Geotechnical engineering has been paid much attention on studies of failure criterion and constitutive model. During the past century, researchers put forward numerous strength criteria (Matsuoka and Nakai, 1974; Matsuoka, 1976; Lade and Duncan, 1975; Lade, 1977; Hoek and Brown, 1980; Yu et al., 1985; Yu et al., 1992) for explaining properties regarding soils and rocks, namely the failure and the strength. For meridian plane, these proposed criteria appear linear. For octahedral plane, criteria put forward by Matsuoka-Nakai and Lade-Duncan are round triangular curves. In spite of this, they are not generally suitable for different soils when stresses are different. Consequently, some researchers (Yu et al., 2002; Liu et al., 2003; Yao et al., 2004; Li et al., 2005; Mortara, 2008; Mortara, 2009; Su et al., 2009; Xiao et al., 2011a; Lu et al., 2016; Tan et al., 2022) attempted to put forward a unified one to fit various soils. For example, Liu and Carter (2003), taking into account the well-known Mohr-Coulomb criterion, came up with a different strength criterion for explaining the strength of soils at peak and in critical state, and applied it to test the strength of rock, sand, cemented sand as well as clay. Yao et al. (2004), partially taking into account of the SMP criterion and Mises criterion, put forward a new unified nonlinear strength (UNS) criterion, meanwhile used it for testing the properties of rock, sand as well as clay. A different UNS was obtained based on shape function changing. Lu et al. (2016) came up with another one considering the D-P criterion together with the stress space transforming method, meanwhile, for proving that if was better than other criteria, comparison was performed.
Unified strength theories used currently were on the basis of the adjustment of failure plane position as well as outer normal direction, of which the expressions show a strong complication, thus are inconvenient to use. To be specific, twin-shear unified strength theory is expressed as a piecewise linear function, and has a discontinuous partial derivative. The generalized nonlinear strength theory adopted the interpolation approach for determining the failure plane outer normal direction. A variable is needed for reflecting the intermediate principal stress effects regarding different geomaterial types. The variable can be the adjustment of failure plane or the adjustment of acting stress.
When considering how intermediate principal stress affects soil strength and deformation, the constitutive model shall be extended into the 3D stress space, where the Extended Mises criterion (i.e., Cam-Clay model) is the mostly used. Nevertheless, as found by the experiments, the Extended Mises criterion always overestimated the strength when performing triaxial extension, therefore, when performing plane strain, the intermediate stress ratio is inaccurate (Wroth and Houlsby 1985; Wang et al., 2022a). Generally, on octahedral plane, soils exhibit a strength shape of round triangular curve as presented in the Matsuoka-Nakai criterion or Lade-Duncan criterion, and not a circular curve presented in the Extended Mises criterion. On that account, the constitutive model was tentatively extended into 3D stress space. For a more reasonable description of soil strength and deformation behaviors when the stress is normal, a yield function or plastic potential function was developed by adopting various dilatancy equations (Rowe 1962). Other researchers conducted corresponding experiments and numerical analysis on the strength of materials (Jiang et al., 2016; Fan et al., 2019; Liu et al., 2020a; Liu et al., 2020b; Fan et al., 2020; Wang et al., 2020; Kang et al., 2021; Wang et al. 2021a; Wang et al. 2021b; Wang J. et al., 2022; Wang L. et al., 2022; Zhou et al., 2022). Researchers adopted a tedious process for switching the flow rules in the process of the mutual change of load extension and compression. Thus a complex constitutive model was obtained. In the research by Chang and Yin (2010), the micromechanics approach helped to obtain dilatancy equation to deal with stress extension and compression. The dilatancy of soils was uniform, however, it is difficult to determine the equation parameters.
Since the Mohr-Coulomb criteria, the Lade-Duncan criteria, the Matsuoka-Nakai criteria, etc. can not effectively capture the soil strength behaviors in normal stress conditions, this paper pays attention to a the unified nonlinear strength (UNS) criterion, etc. the round triangular curve on the octahedral plane. UNS criterion is capable of presenting soil nonlinear strength behavior on the meridian plane, as well as the intermediate stress behaviors on the octahedral plane. On this basis, a simple but effective soil elastoplastic constitutive model was presented regardless of the changing stress conditions. At last, experimental results of authors together with literature data were used for testing whether the model is applicable.
2 UNIFIED NONLINEAR STRENGTH (UNS) CRITERION
2.1 The Form of the UNS
It is not allowed to uniformly apply the criteria of Tresca, the Mohr-Coulomb, the Mises, the Lade-Duncan and the Matsuoka-Nakai to different soil types when the stresses are different. Refer to the form of strength criterion given in literatures (Liu et al., 2010; Xiao et al., 2010; Xiao et al., 2011a; Xiao et al., 2011b; Xiao et al., 2012a; Xiao et al., 2012b; Xiao et al., 2012c; Sun et al., 2013), a simple UNS criterion is given. The formulation can be expressed as:
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or
[image: image]
where:
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σ0 denotes the bonding stress, reflecting the cohesive property exhibited by the cohesive-frictional material, σ0 = ccotφ0 (where c is cohesion, φ0 is friction angle). n denotes the slope in the [image: image] plane. [image: image] denotes the intercept, the effect of geomaterial frictional characteristic. The exponent n serves for describing how hydrostatic pressure affects material failure. α, denotes the combination coefficient, and it is able to confirm its value based on triaxial compression strength and any strength when b ≠ 0. Figure 1 illustrates how φ0 and α affect the curve change of the linear strength criterion in the deviatoric plane when other conditions are the same. It can be seen from the figure that, in theory, the criterion shape is a circular firstly when the friction angle is 20°, and then changes into a curved triangle when it gradually changes to 50°. In an increasing range of −0.3 to 10, the criterion is firstly a SMP curved triangle and then becomes the Mises circle, which approximates all the curves between the SMP curved triangle and the Mises circle. Specifically, with n = 1 and α = 0, we adopt the Lade-Duncan criterion as the UNS criterion. With n = 1 and α = −0.3, we adopt the SMP criterion as the UNS criterion. With n = 1 and α → +∞, it is the Extended Mises criterion. Figure 2 illustrates how σ0 and n affect the failure curves. Accordingly, parallel failure curves can be obtained if other parameters are equal. Figure 2B illustrates how n affects the failure curves in meridian plane and octahedral plane. We can see expanding failure planes with n increase.
[image: Figure 1]FIGURE 1 | Criterion variation with different parameters on the deviatoric plane.
[image: Figure 2]FIGURE 2 | UNS criterion variation with the parameter σ0 and n on the meridian plane.
2.2 Experimental Verification
In the consolidated drained true triaxial strength experiments performed by Toyota et al. (2004) on saturated silty sand, they set the hydrostatic pressures to values of 100, 200, and 300 kPa. In the process of loading, in a given experiment, b held a constant value of 0, 0.25, 0.5, 0.75, and 1.0. Figure 3 shows the experimental results, and as calculated by the proposed criterion, σ0 = 0 kPa, M = 1.509, and n = 1, α = 0.229. Figure 3 also shows the curves under theoretical prediction, which well fit experimental data, showing that the developed criterion is capable of well describing silty sand strength behavior, namely the variations of b and p. In the deviatoric plane, when the hydrostatic pressure is the same, the shear strength shows a downtrend when b increases, showing how the intermediate principal stress affects the shear strength (Figure 3B).
[image: Figure 3]FIGURE 3 | UNS criterion variation (test data from Toyota et al., 2004).
3 CONSTITUTIVE MODEL INCORPORATING UNS CRITERION
3.1 Model Description
In general, there are many factors that decide soil yielding and soil strength, namely the current stress state, the loading history, the internal structure and the loading direction regarding internal structure as well. Also, the yield function shall be objective and not affect or be affected by the coordinate system. In this paper, the yield function is proposed following for describing soil yielding when the intermediate principal stress is taken into account (Gao, 2012):
[image: image]
The above yield function is modified from the UNS criterion proposed this paper, then a hardening parameter H is used to replace the originally constant frictional coefficient M. The other parameters (p, g(θ), q) are shown in Eq. 2 and 3 and Eq. 4, respectively. In the true triaxial tests, on the deviatoric plane, θ denotes the angle between the current stress state and the vertical stress axes, Figure 4A partitions the deviatoric plane; Figure 4B is the yield surface; Figure 4C is the yield loci with different hardening parameter values.
[image: Figure 4]FIGURE 4 | (A) Angle θ definitionand the deviatoric plane partition under the true triaxial test; (B) the yield surface in the 3D space and (C) the yield loci in the deviatoric plane.
3.2 Hardening Law
The H evolution law is proposed as follows:
[image: image]
In the equation, rH shows the H evolution direction, and rH ≥ 0; dL is a loading index. <x> = 0 is the Macauley bracket, and x ≤ 0 when x > 0, and <x> = x when x > 0; ch denotes a positive constant.
3.3 Dilatancy and Flow Rule
Dilatancy relation supports the soil constitutive model. The dilatancy is described by the dilatancy relation found in the literature of Li and Dafalias (2004):
[image: image]
In the equation, [image: image] shows the plastic volumetric strain increment; the plastic deviatoric strain increment is denoted as [image: image]; d1 denotes a positive parameter of model; The phase transformation stress ratio is expressed as Mp which is obtained from the conventional triaxial compression tests about remolded samples. The denominator in Eq. 9 serves for controlling the change of volume, particularly in the case of high strain level. With the sample being sheared to critical state, the plastic deviatoric strain increase can be unlimited. Hence, when the flow is unlimited, the denominator term can be infinite, thus the value of D goes to 0.
Besides, considering the yield function of Eq. 7, we propose the associated flow rule:
[image: image]
In Equation 10, nij denotes a unit tensor, which is defined by:
[image: image]
where C can be explained as the quantity norm in the parentheses in Eq. 11. Of particular note is that Pietruszczak (1999) also has adopted a similar flow rule.
3.4 Constitutive Equation
By applying the consistency condition to the general yield function form in Eq. 7, we can obtain:
[image: image]
or:
[image: image]
Kp is the plastic modulus,
[image: image]
The constitutive relations can be derived by following the classical plasticity theory. Regarding the deviatoric and volumetric elastic strain increments, the present model makes a postulation on the [image: image] and [image: image], an isotropic hypoelastic relation:
[image: image]
wherein the expressions regarding the elastic moduli K and G are employed according to:
[image: image]
Regarding the relevant plastic strain increments, the dilatancy equation together with the flow rule assist in obtaining the relations as follows:
[image: image]
and
[image: image]
Equation 11 already gives the definition of nij. Calculation of the incremental stress–strain relation can be achieved with the help of equations mentioned above. Then,
[image: image]
Eq. 18 assumes an additive decomposition regarding the total strain increment [image: image]. Eq. 19 gives the loading index expression on the basis of Eqs 12–18,
[image: image]
The chain rule serves for obtaining
[image: image]
where
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Combining Eqs 18, 19, the obtained constitutive relation regarding incremental form serves for the following numerical computations.
[image: image]
where
[image: image]
The Heaviside step function is expressed as h (dL), and h (dL > 0) = 1, h (dL ≤ 0) = 0.
3.5 Model Calibration and Verification
3.5.1 Calibration of Model Parameters
At first, the discussion about the model parameter calibration shows its value in guiding. Relevant parameters regarding the failure criterion are determined in Section 2. We classified the other parameters into elastic moduli parameter, hardening law parameter and dilatancy relation parameter, of which the calibration can be achieved in conventional triaxial extension and compression tests on the basis of the process given as follows.
(a) Elastic parameters E, G and are ν determined by equal p test.
(b) Mp: The conventional triaxial compression tests can serve for obtaining the phase transformation stress ratio Mp.
(c) d1: When the weak elastic deformation is not taken into account, drained triaxial compression test can help to get the relation as follows,
[image: image]
where [image: image]. Only d1 can affect the model response. Thus, corresponding εq - εv curves can be fit in the tests to calibrate d1.
(d) ch: When the weak elastic deformation is not considered, drained triaxial compression test can help to get the relation as follows,
[image: image]
Regarding the constant-mean-stress test and the conventional triaxial compression test, variable a is 0 and 1/3, respectively. Then, ch becomes the only parameter in Eq. 32, and fitting it to the εq - q curves can assist in achieving its calibration. All parameters can be slightly adjusted by using εq - q results obtained by performing undrained triaxial compression tests.
3.5.2 Experimental Verification and Discussion
Nakai et al. (1986) performed many tests to examine the properties related to Fujinomori clay, and sheared samples under the drainage condition when the effective mean pressure is constant at 196 kPa. They set b at 0, 0.268, 0.5, 0.732 and 1, and corresponding Lode angles at 0°, 15°, 30°, 45°and 60°, respectively. In the established model, material parameters are φ0 = 34.3°, α = -0.23, Mf = 1.39, Mp = 1.39, κ/(1 + e0) = 0.0112, ch = 0.32, d1 = 1.0.
Figure 5 shows both the predictions of the model using Mises criterion and UNS criterion in this study. When the stress paths are different, the failure ratio regarding the model that uses Mises criterion dose not change (constant M) as the failure function is the Mises cycle. Hence, the Mises model predicted a higher strength compared with the test data when b value is 0.268, 0.5, 0.732 or 1. In comparison, the failure function of the proposed model is the UNS, thus, the failure ratio changes when the stress paths are different. Accordingly, the proposed model is capable of better describing the strength and deformation when performing true triaxial compression tests.
[image: Figure 5]FIGURE 5 | Comparisons of the test results and predictions for true triaxial conditions (data from Nakai et al., 1986).
4 CONCLUSION

(1) UNS criterion is proposed for gaining complicated strength behaviors regarding geomaterials. A lot of other criteria can be found in UNS criterion, like the Extended Mises criterion (n = 1 and α→ +∞), the Lade criterion (n = 1 and α = 0) as well as approximate SMP criterion (n = 1 and α = −0.3). On the meridian plane, UNS criterion is capable of well reflecting soil nonlinear strength behavior considering the material parameter n.
(2) The paper put forward a 3D constitutive model using the UNS criterion as the shear failure condition. It is capable of better predicting the results of true triaxial test found in related literature, and helps to confirm how the intermediate principal stress affects soil strength and deformation when stresses are different.
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In order to study the damage evolution law of coal under the seepage-stress coupling, this paper adopted the rock servo triaxial test system to conduct permeability test for full stress-strain process on 10 sets of coal specimens using steady-state method under different confining pressure and osmotic pressure. The results show that coal permeability has a small fluctuation before the stress peak, and the permeability increases substantially after the peak. The relationship between the plastic damage variable of coal and the equivalent plastic strain is proposed. The research will provide a theoretical basis for hydraulic fracturing gas drainage reservoir.
Keywords: coal damage, equivalent plastic strain, seepage-stress coupling, permeability, experiment research
INTRODUCTION
China has a large amount of coalbed methane resources, but the occurrence conditions are complicated, and the permeability of coal seam is generally low, especially in high gas and outburst mines where 95% of mined coal seams are belong to permeability coal seams (Fan et al., 2020a; Liu, 2020a; Liu et al., 2021a; Lu, 2021; Liu et al., 2022). Hydraulic fracturing is a common technical means to increase permeability in coalbed methane extraction. It not only realizes the efficient development of coalbed methane resources, but also provides safety guarantee for coal mine production (Wang et al., 2017; Fan et al., 2019; Liu et al., 2021b). At present, low and even ultra-low permeability of soft coal seams lead to the problems such as low engineering success rate, high development cost, and low single well output, which restricts the large-scale development and utilization of coalbed methane (Fan et al., 2018; Fan et al., 2020b; Kang et al., 2021).
In the oil and shale gas industry, regarding the development, extension and expansion of fractures in rocks, scholars have conducted a lot of experimental studies on how to increase permeability in hydraulic fracturing (Liu, 2020b; Liu, 2020c; Ma, 2021; Xu et al., 2022), and studied influencing factors of hydraulic fracturing under various physical properties and structure characteristics (Liu, 2020d; Zhang, 2021). Detournay (Detournay, 2004) and Wu Pengfei (Wu et al., 2018) studied rock fracture propagation under hydraulic fracturing by means of analytical solution and numerical simulation respectively. In underground coal mines, many useful attempts have been made with hydraulic fracturing technology in order to prevent spontaneous combustion, and roof management (Huang et al., 2007; Jiang et al., 2021; Li et al., 2021; Sun et al., 2021; Zheng, 2021).
In recent years, based on the seepage-damage theory, Chen Mingyi (Chen, 2017) used triaxial permeability tests to study the law of moisture adsorption to coal, the mechanical characteristics, and the evolution law of permeability and damage. Wang Xiangyu, Zhou Hongwei, et al. (Wang et al., 2018) analyzed the energy change law and permeability characteristics during the deep coal damage process under triaxial cyclic loading. The results show that coal damage is an energy-consuming damage process (Li et al., 2015; Wang et al., 2016; YundongShou et al., 2020). Under different confining pressures, permeability and damage variables present a good exponential function relationship. These studies are mainly based on coal seam water inrush (Rui et al., 2018; Gu et al., 2020). For coal seam gas development projects, the evolution of coal permeability and damage variables due to hydraulic fracturing and permeability improvement technology still needs further research. In particular, the correlation between the plasticity variable and the damage variable and the permeability value after the hydraulic fracturing coal body of the soft coal seam is damaged is studied, the important point is to find the damage evolution equation of plastic strain and form the relationship expression between soft coal damage and permeability.
In this paper, the seepage-stress coupling experiment is used to study the evolution law of coal deformation and permeability during the full stress-strain loading process. The damage evolution equation of coal with equivalent plastic strain under multi-field coupling is established, and the relationship expression between soft coal damage and permeability is proposed.
TEST DEVICE
The TAW-1000 servo hydraulic triaxial testing machine with 2PB00C advection pump was used in the experiment. The three-axis experimental pressurized loading system is composed of a self-balancing piston, a pressure chamber cylinder, a safety ring and a fixed shoe, a pressure chamber base and a trolley, and an exhaust valve. The confining pressure loading system consists of a Panasonic motor, a reducer, a flushing pump, and a fuel tank. The pressure sensor is attached to the rigid host, the pressure during the loading process can be tested by the sensor, and the strain gauge is used to measure the radial strain of the specimen. The structure diagram of the test system is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic diagram of the experimental equipment structure.
The original coal samples of Shihao Coal Mine in Songzao mining area were taken and made into standard specimens according to the sample preparation method, and uniaxial, triaxial and permeability experiments were carried out to study and analyze the failure form, fracture development and permeability of soft coal under different stress states and osmotic pressures. The seepage characteristics lay the foundation for the study of the damage seepage characteristics of soft coal under seepage-stress coupling. Different confining pressures, inlet pressures and outlet pressures were used to conduct seepage-stress coupling experiments. The dimensions and loading conditions of the test specimens are shown in Table 1.
TABLE 1 | Dimensions and loading conditions of test specimens.
[image: Table 1]EXPERIMENTAL RESULTS
The multi-field coupling seepage test system of coal and rock enhanced water injection is sensitive to temperature. In order to minimize the influence of temperature on the experimental results, the test chamber temperature was strictly controlled at 20 ± 0.5°C. The specific method for the whole-process stress and strain seepage test of coal and rock is as follows: according to the experimental design, first apply a certain axial pressure P1, confining pressure P2 and pore pressure P3 (always maintain P2>P3, otherwise the heat shrinkable plastic and other seals will fail and the experiment will fail), so that water seeps through the specimen. The hydraulic system of the penetration test is servo controlled. The whole experimental process is controlled by a computer, including data acquisition and processing. The specimen axial deformation and the change process of the osmotic pressure difference over time are measured while applying each level of axial pressure. Read the axial strain and permeability values ​​under each level of axial pressure to plot the stress-strain and permeability-strain relationship curves.
The Specimen Failure Mode
Part of the specimens before the test, the final failure mode are shown in Figure 2.
[image: Figure 2]FIGURE 2 | The failure mode of specimen 1. (A): before experment. (B): Final mode.
The final failure simplified model are shown in Figure 3. According to different damage types, it can be roughly divided into axial center type, 30° shear type, 45° shear type, irregular shear type, and symmetrical edge destructive type.
[image: Figure 3]FIGURE 3 | Simplified failure model of specimens 1–5.
According to the experiment results, the initial defects and strength of raw coal have great discreteness and are relatively typical heterogeneous material, leading to different failures of various specimens, which is also the difficulty in quantitative study on the variation rules of parameters such as damage and permeability of coal and rock specimens.
The Influence of Confining Pressure
The experiment adopts stable Darcy seepage flow to determine the permeability of the coal sample, that is, the permeability is calculated based on the measurement parameters such as the flow rate of the fluid passing through the coal sample in a unit time and the osmotic pressure difference between the two ends of the coal sample. Figure 4 show the axial stress-axial strain and axial strain-permeability curves of each specimen.
[image: Figure 4]FIGURE 4 | Stress-strain-permeability curves of each specimen under different confining pressures. (A): Stress-strain curve. (B): Axial strain-permeability curve.
It can be seen from the experiment results that confining pressure has a great impact on the permeability and deformation of the coal and rock specimens under the seepage-stress coupling during the whole stress-strain process. Under confining pressure, coal and rock has higher strength. As the confining pressure increases, the modulus of elasticity of coal and rock also increases. For its reason, the pore crack (damage) in coal is reduced under confining pressure, the presence of confining pressure during compression inhibits lateral displacement, making it more difficult for the rock to break. The permeability of coal and rock fluctuates to a certain extent before the stress peak. After the stress reaches the peak, there will be a “sudden jump”, and the peak permeability always appears after the peak of strain, showing the characteristic of “hysteresis”. This phenomenon is related to the failure of the specimen. After the stress peak, the specimen is damaged, and the seepage has a “sudden jump” change.
The Influence of Osmotic Pressure
Figure 5 show the stress-strain-permeability curves of some specimens. Figure 6 shows the permeability curves under different pore pressures. It can be seen from the experimental results that under the same confining pressure and different osmotic pressures, the stress, strain and permeability of coal and rock display the following laws:
[image: Figure 5]FIGURE 5 | The stress-strain-permeability curve. (A): Specimen 6. (B): Specimen 7.
[image: Figure 6]FIGURE 6 | Permeability curves under different pore pressures.
With the increase of osmotic pressure, the initial permeability, minimum permeability and maximum permeability of coal increase. When the osmotic pressure increases, the multiple of permeability decrease becomes smaller in the compaction stage. The increase in osmotic pressure difference reduces the residual stress after the peak and weakens the coal and rock.
The strength of coal itself and the original damage have a great influence on the permeability. The lower the specimen strength, the easier it is to damage. The greater the original damage, the greater the permeability.
LAW OF DAMAGE EVOLUTION
Equivalent Stress and Equivalent Plastic Strain
Based on the theory of plastic mechanics, the equivalent stress [image: image] is required to study the material yield under complex stress states, which is defined as follows (Li, 2020):
[image: image]
Where, [image: image], [image: image], [image: image] are the first principal stress, the second principal stress and the third principal stress, respectively. The equivalent strain [image: image] corresponding to the equivalent stress is defined as:
[image: image]
Where, [image: image], [image: image], [image: image] are the first principal strain, the second principal strain and the third principal strain, respectively. Since the total strain can be regarded as the sum of elastic strain and plasticity, the equivalent plastic strain [image: image] can be expressed as:
[image: image]
Where, [image: image] is the equivalent elastic strain.
Experimental Results of Plastic Damage Evolution
Based on the results of this experiment, it can be considered that the damage in the elastic deformation stage of coal and rock mass is negligible. After entry into the plastic stage, due to the presence of defects such as heterogeneous properties and microscopic pores, the effective bearing area of ​​coal and rock will gradually decrease with increase in plasticity. It can be considered that the damage of coal and rock mass starts from the plastic stage. To this end, the following hypotheses are made:
1) The effective bearing area of ​​coal and rock does not change in the elastic stage, that is, no damage occurs, and the damage variable is 0;
2) The occurrence and evolution of damage are only related to plastic deformation, which can be described by equivalent plastic strain.
Based on the above hypotheses, equations (1)∼(3) can be used to plot the relationship curve between the damage variable and the equivalent plastic strain of each specimen in this experiment. Among them, the basic definition form of the elastic modulus method is used as the method for calculating the damage degree value. The loading conditions of specimens 1-5 include fixed inlet and outlet water pressure and changed confining pressure. The relationship curve between the damage variable and the equivalent plastic strain is shown in Figure 7.
[image: Figure 7]FIGURE 7 | The relationship curve between damage variables and equivalent plastic strain of specimens 1-5
Due to the heterogeneous nature of coal and rock materials, it can be seen from Figure 9 that the coal-rock fluid-solid coupling experiment data is relatively discrete when the confining pressure is changed. This is different from the previous hypothesis that the damage occurrence and evolution is only related to plastic deformation.
By analyzing the experimental data of each specimen, it is found that there is a change law in which the damage variable first increases rapidly with the equivalent plastic strain, and then tends to a fixed value. The damage variable D can be fitted with the following formula:
[image: image]
According to the definition of plastic damage, when the equivalent plastic strain is [image: image], [image: image],then Eq. 4 can be rewritten as:
[image: image]
The parameters [image: image], [image: image] in the formula are related to the maximum equivalent plastic strain at material failure, the critical damage variable at failure, and other material properties. The lower limit and upper limit of the damage variable of specimens 1-5 are shown in Figure 8. The upper and lower limits are respectively expressed as:
[image: image]
[image: image]
[image: Figure 8]FIGURE 8 | The upper and lower limit curves regarding the damage variables of specimens 1-5
In this fluid-solid coupling experiment, the experimental data showing the change in damage variable of the coal body with the equivalent plastic strain is somewhat discrete. However, the results of specimens 1–5 are basically distributed within the upper and lower limits of the damage variable in Eqs 6, 7. Based on the expression of the upper and lower limits of the coal body damage variable, the median can be expressed as:
[image: image]
It can be seen from Figure 9 that the experimental results of specimens 1-5 are basically distributed around the curve of Eq. 8. For loading conditions of specimens 6-10, fixed confining pressure is 9 MPa, and the water pressures at the inlet and outlet are different. The change of the damage variable with the equivalent plastic strain is shown in Figure 10.
[image: Figure 9]FIGURE 9 | The median curve regarding damage variables of specimens 1-5.
[image: Figure 10]FIGURE 10 | The median curve regarding damage variables of specimens 6-10.
According to Figures 9, 10, due to the heterogeneous characteristics of the coal and rock specimens, it can be considered that the damage evolution law of the coal and rock specimens within the scope of this experiment can be described by Eq. 8.
LAW OF SEEPAGE EVOLUTION
Coal is a typical non-uniform porous medium material. When the external load is relatively small, that is, when the overall coal body is still in the elastic stage, the permeability change can be described by the change of porosity or volumetric strain. According to the seepage cube law, it can be expressed as:
[image: image]
When the stress reaches a certain strength, the microvoids and cracks inside the coal body will expand and converge, followed by initial damage. As the loading progresses further, the damage continues to increase and the permeability changes greatly. Considering the action of fluid-solid coupling and the effect of damage, if we only take into account the effect of volumetric strain when studying the seepage law, there will be relatively big errors.
In order to consider the damage impact on coal seepage, the concept of “representative voxel (REV)” is used for simplified analysis. Take a cube of sufficient size with any point in the coal body as the center, its cross-sectional area perpendicular to the seepage direction is [image: image], the length of the prism parallel to the seepage direction is [image: image], the damage variable of the representative voxel during the stress process is D. The damage is simplified to a cube in the middle of the representative voxel with a height [image: image] and a bottom area [image: image]. Then the damage evolution process of the representative voxel under the action of fluid-solid coupling can be simplified as shown in Figure 11.
[image: Figure 11]FIGURE 11 | Damage evolution process of representative voxel. (A) Before damage. (B) Initial damage. (C) Further damage development. (D) Destruction.
As the load increases, damage begins to appear in the coal body. Due to the strong permeability of the damaged area, the permeability of the representative voxel increases; with the further damage development, the increase in permeability of the representative voxel accelerates; when the damage develops to a certain extent, there is smaller increase in damage area, and even changes such as misalignment will occur in the damage area, resulting in a slower increase or even a decrease in the permeability at the later stage of loading.
Based on the above analysis, let the seepage flow rate of the undamaged part of the representative voxel be [image: image] and the seepage flow rate of the damaged part be [image: image], then the permeability calculation formula can be expressed as:
[image: image]
Where, [image: image] is the water injection pressure difference between the upper and lower ends of the representative voxel, and [image: image] is the water injection viscosity. Considering the cross-sectional area of the undamaged and damaged parts of the representative voxel, the above formula can be further expressed as:
[image: image]
Where, [image: image] and [image: image] are the permeability of undamaged and damaged coal. Let [image: image] and [image: image] be the initial permeability of undamaged and damaged coal. Considering the cubic law of seepage, there is:
[image: image]
The above equation is changed to the no-dimensional form, then there is:
[image: image]
It can be seen from Eq. 13 that the left end of the equation is the dimensionless penetration that excludes the influence of material volume deformation, and the relationship with the plastic damage variable is the linear relationship of the slope [image: image]. This formula can basically reflect the law that the permeability of coal and rock materials changes with the change of volumetric strain rate before plastic damage, while after the plastic damage occurs and before the permeability reaches the peak, the permeability increases with the increase of plastic damage. The relationship curves between damage variables and permeability of some specimens in this experiment are shown in Figure 12.
[image: Figure 12]FIGURE 12 | Damage variable-permeability curve. (A) P2 = 8MPa, 4MPa. (B) P2 = 9MPa, 4MPa.
It can be seen from the figure that the results of this experiment basically support Eq. 13, and the experimental data agrees well with the law of equation 2.16.
CONCLUSION
This paper shows through experimental methods that there is a certain law in permeability evolution during coal and rock failure. The main factors affecting permeability change include the development of fractures, the fracture penetration and failure modes in the process of coal and rock damage evolution. Through the analysis and summary of the experimental data, the following conclusions are drawn:
1) Through experimental research, the general law of permeability change of coal and rock in the full stress-strain process is that, in the elastic stage, permeability decreases slightly with the increase of stress; in the closed stage of primary fractures, permeability changes little without primary fracture development; in the elasto-plastic stage, with the expansion and penetration of new cracks, the permeability of coal first slowly increases and then sharply increases, presenting a “step” phenomenon.
2) The permeability of coal and rock is obviously related to the damage and failure state of the rock, which is an external manifestation of the damage and failure state of the coal and rock. The coal permeability evolution process corresponds to the damage and failure state of coal and rock, showing obvious stages, and there are obvious sudden increases in permeability and peak points in the evolution process.
3) The damage and destruction of rock under seepage pressure is affected by confining pressure and seepage water pressure. The presence of confining pressure inhibits the damage and fracture of rock mass, and seepage water pressure greatly promotes the damage and fracture of rock mass.
4) Through data analysis, the relationship between coal and rock failure, permeability, stress state and volumetric strain during deformation is discovered, and the evolution equation of the plastic damage variable is proposed. Through representative voxel and simplification, the relationship between coal and rock permeability considering damage impact is derived.
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Open-pit mining is one of the main exploiting methods for solid mineral resources. After more than 100 years of high-intensity development, there are a large number of abandoned open-pit mines and related mining relics in the world. The reconstruction of Pumped Hydraulic Energy Storage systems (PHES) from abandoned open-pit mines is an effective utilization mode of the abandoned underground space in recent years. The project planning of PHES should consider not only the technical and economic feasibility of PHES power station but also a series of problems, such as comprehensive utilization of mine dump, slope treatment, industrial heritage and cultural inheritance, ecological environment restoration of mining area, and transformation and matching of nearby resource-exhausted cities. This constitutes a complex planning problem of pumped storage in abandoned open-pit mines. This paper takes Fushun open-pit mine, the second largest open-pit mine in the world, as the analysis object and abstracts a variety of application modes of pumped storage in abandoned open-pit mines with the model research method. On this basis, the modes abstracted such as the single-pit oil–water co-storage mode, single-pit gravity dam reinforcement mode, multi-pit linkage energy storage mode, and multi-pit and dump linkage energy storage mode are all carefully studied in this paper. A series of supporting integrated programs are proposed for each mode with regard to ecological restoration, multi-energy complementary, cultural tourism governance, etc. In addition, based on the PHES with abandoned open-pit mine, this paper also explores the sustainable development of resource-exhausted cities and the transmission of their core industries.
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1 INTRODUCTION
In the context of increasingly serious environmental problems, energy is an important basis for the survival and development of human society, and vigorously developing renewable clean energy has become a top priority (Corbijn, 2017; Luo et al., 2018; Wang et al., 2020). Recognized as the most mature and economical peak-load regulating energy storage power source, Pumped Hydraulic Energy Storage systems (PHES) can well adapt to the load changes of power systems on the one hand and provide more peak-load regulating capacity, frequency regulating, and phase regulating for the power grid on the other hand, thus improving the utilization rate of new energy power sources (Li et al., 2018). As of 2019, 7% of PHES were installed in the US and 14% in Japan. The capacity of installed PHES in China is only about 1.7% (Zheng, 2018). In total, 34 PHES have been built with an installed capacity of 29,990 MW, and 26 PHES are under construction, with an installed capacity of 37,050 MW. As is clearly proposed in The 13th Five-Year Plan for Hydropower Development (2020), the scale of PHES will reach 100 million kilowatts by 2025 (available at http://www.nea.gov.cn/). However, with the construction of previous large-scale pumped storage sites and recommended sites, there are fewer and fewer pumped storage sites with good development conditions. Especially with the introduction of ecological protection red lines in provinces (regions), the selection of pumped storage sites has become increasingly difficult. Therefore, it is imperative to seek new sites and utilization modes for PHES.
With the adjustment of global energy structure and the exhaustion of coal resources, a large number of abandoned coal mines have been closed or have entered the transition stage of abandonment, which consequently creates a large number of abandoned open-pit mines (Yu, 2004; Gao, 2017; Yuan et al., 2018). Modern mining in Europe is well developed and has created a large number of closed/abandoned open-pit mines. In Ontario, Canada, for example, there are nearly 7,000 quarries and open-pit mines. China is rich in mineral resources, among which the output and reserves of coal resources rank first in the world. However, compared with foreign countries, which have mainly open-pit mining, China's coal mining is mainly well mining. Accordingly, the open-pit mines are relatively few and mainly distributed in Shanxi, Shaanxi, Inner Mongolia, Yunnan, Guizhou, Sichuan, and Northeast of China. As of the end of 2017, China had 439 working mines, of which nearly 20 had been closed and more than 30 were facing closure. The pits left by open-pit mines generally are usually large in space, with different depths and water sources, which are similar to the engineering layout of PHES. Therefore, using the space left by abandoned mines to construct PHES is not only an exploration of a new mode of PHES but also a product based on the two-way demand of power market and ecological environment restoration. On the one hand, the construction of PHES in the open-pit mine can help expand the range of selection sites of PHES and build a new energy micro-grid system, which makes the mining area from the industrial water and electricity consumers into a new energy power supply outlet. On the other hand, it can promote the recovery of the natural ecological environment of the mining area and drive the development of surrounding industries, realizing the transformation of waste into treasure and thus exploring a new path to build a resource-saving and environment-friendly society.
Since the 1970s, some foreign countries have put forward the idea of converting abandoned mines to PHES. The world's first semi-underground PHES with real significance is located in Nasford, Austria. Its upper reservoir is a group of artificial tunnels, and its lower reservoir is a natural lake (Seiwald, 2007). In 2018, Australia began building a 250 MW PHES in an abandoned gold mine, capable of generating more than half of the country's electricity needs (Blakers et al., 2017). In recent years, in order to meet the demand of peak regulation using renewable energy, many research institutions in Germany have also carried out research on underground PHES. It is planned to transform the forthcoming abandoned Prosper-Haniel coal mine into a 200 MW semi-underground PHES (Andre, 2018). However, the focus of relevant research and practice is still placed on the method of underground water storage and energy storage in mines. Instead, there is a great need to study the construction method for water storage and energy storage in goafs of abandoned coal mines. China's coal industry has taken an important position in the past decades, but due to excessive mining, the coal resources in the eastern region are gradually exhausted. Accordingly, the western region has gradually become the key area for coal resources. But coal mining has exacerbated water shortages in the west (Gu, 2014). In this case, Gu (2015) put forward a new idea, taking the mined-out area under the mine as a storage reservoir and connecting the coal pillar dam body together to form a composite dam body through artificial transformation, so as to build a distributed storage reservoir under the coal mine. Xie et al. (2015) also proposed the idea of integrating underground reservoirs and pumped storage to make the most of the vast underground space created during excavation to achieve a variety of goals, including water storage, storage power generation, and new energy development. However, China, as a country of well mining, seldom participates in the research and practice of open-pit mines. Therefore, this paper takes Fushun open-pit mine as an example to discuss different utilization modes of PHES of abandoned open-pit mines and proposes supporting integrated model management schemes of ecological restoration, multi-energy complementarity, and cultural tourism. It provides a new treatment mode for open-pit goafs and a model treatment mode for the construction of PHES in abandoned open-pit mines.
2 THE GENERAL SITUATION OF FUSHUN OPEN-PIT MINES
Fushun, a coal-fueled heavy industry city in Liaoning province, is home to the Fushun West open-pit mine, which is the world's second-largest open-pit mine. The west open-pit mine is located in the west of Fushun, the south of Hun River. The mine is 6.6 km long from east to west and 2 km wide from north to south, with a mining vertical depth of 388 m and a total area of 13.2 km2. In the meanwhile, Fushun is a unique city with many open-pit mines. The east open-pit mine is 6.0 km long from east to west and 1.5 km wide from north to south, covering an area of 9.0 km2. The soft tuff in the east and west open-pit mines is unevenly distributed in direction and tendency, which has a certain influence on slope stability.
The dump is a concentrated accumulation of mine waste, consisting of coal gangue, stripping material, fly ash, and other wastes. There are three main dump sites in Fushun: Wangliang Dump, East dump, and West dump, which are distributed around two open-pit mines. The stacking area and slope stability of dumps have polluted the air and groundwater in urban areas (Xiao et al., 2021a; Zhao et al., 2021), so ecological restoration is urgently needed.
The comprehensive management of Fushun open-pit mine is of great significance to the core of regional economic development and the construction of ecological civilization (Xiao et al., 2021a; Cao et al., 2021). What is more, it also plays an exemplary role in the world. Close to the central urban area, the Fushun mining area can be summarized as “one area, two pits, and three dump sites.” The impact on urban areas is up to 74 km2, equivalent to 53% of the urban area (see Figure 1). With a large area of geological disasters in Fushun and the short distance between the two open-pit mines and central urban area, Fushun open-pit mine has a heavy impact on the urban area, including most of the problems in open-pit mines. It is highly representative of resource-based cities, thus being suitable for model research.
[image: Figure 1]FIGURE 1 | Distribution of abandoned open-pit mines and dump sites in Fushun.
3 THE WORKING PRINCIPLE OF PHES IN ABANDONED OPEN-PIT MINES
The construction of PHES generally requires sufficient height difference, abundant water, and strong power grid (Pujades et al., 2021). Theoretically, the greater the difference between water and height is, the greater capacity the energy storage possesses. Compared with conventional PHES, the working principle of PHES of abandoned open-pit mines is basically the same. But the differences still exist and are shown as follows: PHES of abandoned open pits do not resort to dam construction by making use of natural river height difference. It can establish two reservoirs, natural or artificial. The high power can produce electricity when the reservoir has enough water power, and low water pump can pump water when it lacks enough power load. Thus, it converts electrical energy into potential energy and then potential energy into electrical energy in the next peak load (Pujades et al., 2017) (Figure 2). At the same time, the PHES of abandoned open pits also need to take responsibility for environmental restoration and geological disaster control. It is generally composed of upper reservoir, lower reservoir, workshop, and water-conveying system (Li et al., 2018; Fan et al., 2020; Shang and Pei, 2021).
[image: Figure 2]FIGURE 2 | The cross section diagram of PHES of abandoned open-pit mine (redrawn from Pujades).
4 MULTI-SCENE UTILIZATION MODE OF PHES IN ABANDONED MINE
According to the situation of Fushun abandoned open-pit mine, the PHES in Fushun can be divided into four modes, namely, the single-pit oil–water co-storage mode, single-pit gravity dam reinforcement mode, multi-pit linkage energy storage mode, and multi-pit and dump linkage energy storage mode. With the reform in PHES of abandoned open-pit mines, the abandoned open-pit mines can be converted from a “cost center” to a “welfare center” for continuous industry development through multi-energy complementarity, ecological restoration, and cultural tourism management scheme. At the same time, it is effective to ensure the safety of national energy security and industry.
4.1 The Single-Pit Oil–Water Co-Storage Mode
The single-pit oil–water co-storage mode mainly involves water and oil reservoirs in open pits, including water reservoirs, isolated filled soil layers, oil reservoirs, and base layers from top to bottom (as shown in Figure 3). The following aspects need to be considered in this mode: 1) The foundation of the abandoned open-pit mine should be solid enough. Owing to long-term mining, the geological conditions of the mine are unstable. In this case, the base layer needs to be reinforced by digging and compacting the waste in the mine area. At the same time, backfilling and pressing foot and other methods should be adopted to improve the stability of the slope, so as to provide a foundation for the upper layer to be arranged. 2) The oil storage area is provided with oil reservoirs layer, in which a plurality of oil tank components are arranged in parallel, and each oil tank component can include a plurality of spherical oil tanks (Cao et al., 2021). The tank assembly needs to be effectively protected. According to the principle of the connecting device, the oil tank is buried in stone. The vertical height of the upper surface of the spherical tank is 30–50 m from the inlet of the drain pipe. As well as storing water, it also prevents external forces from striking the tank assembly. 3) The water storage layer and the oil storage layer need to be isolated so as to protect the oil storage layer and prevent upper water penetration. The isolation fill consists of two layers of concrete and has a mixture of soil and stone between them. Sand and stones used for isolation require little desulfurization. The total thickness is 30–100 m, and the thickness of a single-layer concrete is 10–15 m.
[image: Figure 3]FIGURE 3 | The single-pit oil–water co-storage mode.
4.1.1 Supporting Treatment Scheme
In terms of multi-energy complementarity, the petrochemical industry is combined with new energy sources in mining areas. The open pit can be separated into adjacent energy conversion areas and oil storage areas by artificial gravity dam. The water in the tank assembly can flow out of the main water pipe under the coupling principle and gravity to drive the turbine in the drainage pipe to generate electricity and provide green energy for the local power grid. The peak regulation function of PHES is used to build a diversified energy base. At the same time, the external oil can quickly flow into the tank assembly and be stored under the combination of its own gravity and the negative pressure suction formed by the natural outflow of water from the tank assembly, which reduces the energy consumption of oil transportation.
In terms of ecological restoration, the treatment and maintenance of mine bases, slopes, and dump sites should be strengthened by backfilling and other measures. The stability of the base and bottom of the oil–water co-storage mode is urgently required. Accordingly, the basement of open-pit mine needs to be backfilled with tailings or waste rock and other materials to the bottom of the pit. These waste materials mainly come from the dump materials around the west and east open-pit mines. In Fushun open-pit mines, the comprehensive treatment of backfilling foot and water storage into the lake is mainly used to improve the stability of the basement and slope. The north side of the West open pit in Fushun is an anti-dip stratiform slope, which has a gentle upward slope and a steep downward slope angle. In order to improve the stability of the lower half of the slope, tailings or waste rock and other materials can be used to backfill the bottom of the pit as a whole, and the width of the transition step can be determined consequently. There are many buildings and dense population around the mining boundary, especially in the northeast of Fushun. Therefore, local slope cutting is necessary to strengthen the stability of the eastern slope. At the same time, the annual drainage project should be abandoned; instead, artificial rainfall and the fourth alluvial layer are to be relied on to fill the mine with water (Wang et al., 2021). The basement backfilling can realize land reuse of the dump by using the surrounding dumps' stacked waste. For the subsequent surface remediation of the dump, vegetation restoration suitable for the local climate should be selected after the deformation is stabilized, mainly including grassland and shrub restoration.
In terms of cultural tourism, the water storage layer of the reservoir can improve the climate and water supply conditions of the nearby area by regulating local temperature and precipitation, which promotes the development of urban health and art industry. Relying on the environmental effects of the central forest park, it can foster urban health and leisure industries, change the current productive capacity of industrial land, and integrate the development of industrial art and leisure atmosphere, thus creating a wide range of leisure life in the city.
4.1.2 Benefit Analysis
Environmentally, the land use of the dump can be changed after backfilling, which solves a series of pollution problems in the surrounding environment of abandoned open mines and improves the stability of the base and slope of the pit. At the same time, the surface landscape will form a surface pattern of lakes, forest, and mountains coexisting after the targeted surface restoration, which would in turn enrich the surface landscape.
In terms of economy, according to Fushun's development strategy, the petroleum industry is one of the pillar industries of Fushun and the key to the transformation of the city's industrial structure. According to this model, oil is stored in the lower part of the open pit and water in the upper part, making the open pit not only a huge oil storage tank but also a battery. With the adoption of the co-storage model, the entire open-pit space can generate revenue separately, extending the benefits of the project beyond a single energy storage project, which also promotes the diversification of oil sources. The single-pit oil–water co-storage mode can be applied to the single-pit gravity dam reinforcement mode, multi-pit linkage energy storage mode, and multi-pit and dump linkage energy storage mode, which provides a multi-energy storage mode for PHES. Therefore, the costs and benefits of single-pit oil and water co-storage scheme are not to be calculated separately.
4.2 The Single-Pit Gravity Dam Reinforcement Mode
The core engineering of single-pit gravity dam reinforcement mode is the potential energy difference between artificial gravity dam and two storage containers in an open-pit mine. Artificial gravity dam separates the open-pit mine into adjacent energy conversion and utilization area and oil storage area. In the energy conversion and utilization area, one end of the pipe is connected to the outlet of the pump, and the other end is connected to the oil storage area through the artificial gravity dam (Figure 4). When electrical energy is abundant in the area, water resources are transferred from the low place (energy conversion and utilization area) to the high place (upper part of oil storage area) through the pumping station, converting electrical energy into potential energy which in turn is to be stored in the oil storage area, thus achieving energy conversion and various forms of storage. When there is a lack of electric energy in the area, the drainage pipe is opened, and the water stored in the upper space of the oil storage area enters the drainage pipe from the water inlet, flows out from the outlet to the energy conversion and utilization area, converts the potential energy of water resources into electric energy, and feeds back to the power grid through the hydraulic generator set (Cao et al., 2021) (Figure5).
[image: Figure 4]FIGURE 4 | PHES with gravity dam reinforcement mode in West open-pit mine.
[image: Figure 5]FIGURE 5 | Cross section of PHES with gravity dam reinforcement mode in West open-pit mine (redrawn from Cao).
4.2.1 Supporting Treatment Scheme
In terms of multi-energy complementarity, the stability of the surrounding rocks is a prerequisite and a decisive factor for PHES of abandoned open-pit mines, which can ensure the air tightness of the underground space (Bian et al., 2021). The slope surface of Fushun West and East open pits is highly weathered, with the surface soil deficient and water holding capacity weak. Therefore, it cannot undergo short-term natural ecological restoration. The deformation of the north and south sides of the pit is basically controlled by the reinforcement of the gravity dam, the pressing foot project of the north and south sides, and the local backfilling in the west. Subsequently, some treating projects can be carried out in the north slope deformation area, including slope cutting reinforcement, slope surface protection, and vegetation planting, to control further deformation of the north side of the mining pit, which provides a good foundation for construction (Li et al., 2018).
In terms of cultural tourism, the model needs to control the sliding deformation of the south slope, by comprehensive treatment of backfilling foot and water storage, and ensure the stability of the reservoir and surrounding terrain. This will provide a good foundation for subsequent development of cultural tourism. When an artificial gravity dam is built in Fushun West open-pit mine, the average drop of upper and lower reservoirs is about 200m, which will expose a large area of the stratum profile of the upper and lower reservoirs and the surrounding exposed strata. It can be used as a good place for students of mining, geology, and other professional colleges to conduct in situ learning and practice. Measures should be taken to restore the mining landscape by protecting the existing strata, structural phenomena, fossils, etc., and combine the existing coal museum with the amber museum. Great efforts should be made to comprehensively develop industrial tourism around Fushun and promote the history of Fushun mining civilization. At the same time, according to the direction of the slope, the side of the wider mining pit is used to build commercial funeral grounds, large outdoor recreation facilities, and physical training bases, which can effectively save urban land resources and construction costs.
4.2.2 Benefit Analysis
In terms of transportation, as the stability of the slope of the open-pit mine on both sides is improved, the traffic on both sides of the open-pit mine is well connected. The two ends of the artificial gravity dam are connected with the slope of the mine, and the surface at both ends is at the same height as the corresponding slope surface. The top width of the artificial gravity dam is 20–50 m, and four to eight reinforced pavements are laid according to the demand of the traffic volume on both sides of the open-pit mine.
Environmentally, the benefit is mainly reflected in the repair of the slope. The stability of the slope can be greatly improved by the backfilling of earthwork. At the same time, backfilling also solves the problem of waste disposal and alleviates the pollution of the mine.
In terms of economy, the plan enhances crude oil storage and pumping storage. The construction of a pit oil storage project is a national strategic investment, and it is impossible to exactly predict the potential profits due to the fluctuation of international crude oil. In addition to ensuring the stability of electric power supply in the region, the abandoned pumped-storage power station also needs to undergo environmental restoration and geological disaster control. The benefits of environmental investment in each mode are sustainable for cities and residents and can be partly reflected through the improvement of local climate such as temperature and precipitation. Therefore, the environmental benefits cannot be calculated, either. PHES supplies power at peak and pumps water at low peak. The capacity of pumped storage is related to the water storage capacity and momentum of the open pit. When calculating the cost of power station, this paper refers to the standard of the total construction cost [EPC (EPC includes the core Project Engineering, Procurement and Construction cost) price] of 250 MW Kidston PHES, which is estimated to be $1.9 million/MW of installed capacity. The calculation formulas of power generation of PHES are shown in Eqs 1, 2.
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where E denotes power generation; [image: image] is the density of water; [image: image] is the energy conversion efficiency of the generator; V stands for the water storage capacity of the reservoir; g refers to gravitational acceleration; [image: image] denotes the height difference between upper and lower reservoirs; N is the installed capacity of generator; and T stands for power generation time.
Based on this, the installed capacity of different modes of PHES of Fushun abandoned open pits is calculated (Han et al., 2020). According to the peak–valley electricity price of Northeast power grid, the daily utilization time is determined to be 7.5 h; the electricity price at the valley is $0.055/kWh, and that at the peak is $ 0.164/kWh. The single-pit gravity dam reinforcement mode only calculates the cost and benefit of constructing an artificial gravity dam in the West open-pit mine, with the installed capacity of 1,200 MW. The cost of this mode is about $2.28 billion, and the annual income is $358.3 million. It greatly promotes development of the local economy and is conducive to the transformation of resource-exhausted cities.
4.3 The Multi-Pit Linkage Energy Storage Mode
The multi-pit linkage energy storage mode is relatively dependent on the engineering environment, requiring sufficient height difference and a relatively close distance between the open-pit mines and the reservoirs. Implementation of this mode depends on the construction of upper and lower reservoirs, including the availability of nearby reservoirs or lakes matching their storage volumes. The West and East open-pit mines are about 3 km away from Hun River, forming a certain height difference between Hun River and the West and East open-pit mines. Accordingly, the Hun River can be taken as an upper reservoir. Therefore, the plan is to set Hun River as the upper reservoir and transform the West and East open-pit mines into the lower reservoir so as to create a PHES (as shown in Figure 6).
[image: Figure 6]FIGURE 6 | The multi-pit linkage energy storage mode.
4.3.1 Supporting Treatment Scheme
In terms of multi-energy complementarity, a large-scale distributed intelligent energy storage power generation system is to be built through the parallel pumping storage peak-regulating system of several mines with goafs. This makes up for the insufficient peak-regulating capacity of the deficient power grid.
In terms of ecological restoration, water circulation is the guarantee of water source and quality and is also an important factor for the later use of PHES (Pujades et al., 2016). During the water cycle of PHES, it is fairly necessary for the reservoirs to maintain an appropriate water level to avoid overflow, water shortages, or over-exploitation, which can lead to large groundwater levels. Water quality also affects the water cycle and the stability of surrounding rocks (Pujades et al., 2017). Hun River flows through several cities in Liaoning Province, where traditional heavy industry is relatively developed. Besides, this river has basically become the main channel for urban wastewater discharge along the coast. Therefore, more attention needs to be paid to the water quality of the Hun River. It can effectively prevent equipment of PHES from being damaged by contaminated groundwater. Sedimentation, filtration, biochemistry, and hydration are required to ensure the water quality of the reservoir.
In terms of cultural tourism, an ecological exhibition park and a wetland park can be built on the south side of Hun River, which can connect the upper and lower reservoirs, protect the underground pressure steel pipe pipeline, and provide a new place for teenagers and citizens to relax and learn. An ecological exhibition park is a demonstration base of environmental protection buildings, which can adopt the integrated development mode of leisure and entertainment display. An ecological wetland park makes full use of the current water body and restores and enriches the local biological ecological chain based on comprehensive ecological management so as to ultimately establish a Fushun urban ecological protection zone.
4.3.2 Benefit Analysis
In terms of transportation, the plan can enhance communication between the north and the south, improve the layout of Fushun open-pit mine around roads, railways, and other transportation, and promote the advantages of Fushun transportation. Fushun's main road transportation system is concentrated in the north of Hun River. Due to long-term coal mining, the density of road transportation network in the south of Hun River is far from meeting the needs of urban development. The urban transportation of Fushun can be improved through multi-pit linkage energy storage mode.
In terms of environment, the mode is mainly embodied in the sewage disposal and the stability of the slope. Similar to mine artificial gravity dam reinforcement mode, this mode needs to backfill earthwork mines and solve the problems of slope landslide. The multi-pit linkage energy storage mode will set Hun River as the upper reservoir, and the water quality of the Hun River is affected by the industry and residents around. Compared with other modes, this scheme has higher requirements for water quality control, avoiding the damage of polluted groundwater to equipment of PHES, and realizing the upgrading of industrial structure in the process of pollution control. By adjusting the industrial structure, the pollution to the river can be fundamentally reduced.
In terms of economy, the multi-pit linkage energy storage mode only calculates the cost and benefit of PHES with Hun River as the upper reservoir and West open-pit mine as the lower reservoir, with an installed capacity of 3,600 MW. The cost of this mode is about $6.84 billion, with an annual income of $1.08 billion. Compared with the single-pit gravity dam reinforcement mode, the project cost is higher. At the same time this mode has a certain influence on the urban traffic: with a large number of urban constructions between the upper and lower reservoirs, the implementation of this mode needs to be carried out through the city, including on-site construction drilling platform and distribution equipment transportation. This will inevitably exert certain impact on the city traffic and life.
4.4 The Multi-Pit and Dump Linkage Energy Storage Mode
The terrain of the surrounding dump is higher than that of the open-pit mine. By taking advantage of the natural geographical advantages, the difference of water level and height between the dump and the west and east open-pit mines can be more than 200 m, which facilitates construction. In the multi-pit and dump linkage energy storage mode, both west and east open-pit mines are transformed into lower reservoirs, and the dumps are set as the upper reservoirs (Figure 7).
[image: Figure 7]FIGURE 7 | The multi-pit and dump linkage energy storage mode.
The multi-pit and dump linkage energy storage mode is similar to the multi-pit linkage energy storage mode in that they both need to have certain height difference between the upper and lower reservoirs. Contrarily, by making use of the geographical advantage of the drainage field, the former can form the largest water level decline and the best reservoir area, thus giving full play to the advantages of crude oil reserves and pumped storage more easily. However, in this case, with the long distance between the upper and lower reservoirs, the laying distance of the pressure steel pipe is long correspondingly, which pushes up the engineering quantity and cost. This should also be considered in the implementation of the mode (Figure 8).
[image: Figure 8]FIGURE 8 | Schematic diagram of the linkage energy storage mode system between multi-pit and dump.
4.4.1 Supporting Treatment Scheme
In terms of multi-energy complementarity, this scheme can be combined with clean energy, such as solar energy, wind energy, and other clean energies. To be specific, a water photovoltaic system should be constructed to combine photovoltaic power stations and PHES into the power supply so as to participate in peak regulation. When the output of the daytime photovoltaic power station is greater than 0 and bears the load of the power grid, the PHES can reduce the output in the corresponding time period, and the reservoir reserves more water energy. At night, PHES is used as the main power station to compensate for power shortages caused by nighttime photovoltaic power generation.
In terms of multi-energy complementarity, the pressure foot measures and underground storage in the west and east open pits require a lot of earthwork to support the dump. The earthwork from the dump is diverted to the backfill in the west and east open pits. The depressions created by the excavation can be developed into upper reservoirs, which also reduces the risk of landslides caused by rainwater accumulation. The difficulty in the subsequent construction of the upper storage of the dump is to prevent the leakage caused by the settlement and deformation of the backfill earth and rock on the south side of the reservoir basin. Therefore, it is necessary to carry out the technical research on the construction of artificial lake on the backfill foundation and adopt impermeable materials and corresponding treatment technology. At the same time, coal mining reclaimed years shall be reformed to establish an ecological restoration demonstration project, the integration of aquaculture and aquatic plant, and the construction of PHES in the abandoned mines. The soil pollution in the dump site is relatively serious. Therefore, it is necessary to change the original single step into the terrace slope. By covering the site with out-soil or adopting oil shale semi-coke material, the soil condition can be improved. Meanwhile, vegetation with soil fixation, purification, afforestation, and medicinal values should be planted (Xiao et al., 2021b). In addition, more efforts should be made to promote the intelligent management and maintenance of the abandoned mines for environmental information and unmanned information supervision, including remote monitoring, automatic analysis, and early warning.
In terms of cultural tourism, the mode is to excavate the west and east open-pit mines, dump sites, and existing landscapes to form a landscape with distinct local characteristics. At the same time, it creates the life memory experience section, the mine industry exhibition section, the ecological culture leisure, and industrial scientific development section, to improve the ecological benefit of the area around the original industrial facilities. And by integrating the upper and lower reservoirs into the ecological corridor, a unique greenway landscape can be created, which highlights the relationship between the landscape and the history of the city.
4.4.2 Benefit Analysis
In terms of the environment, the nearby dump can provide earthwork for gravity dams; after backfilling, the depressions formed by the excavation would be developed into the upper reservoir, requiring no other treatments.
In terms of economy, the multi-pit and dump linkage energy storage mode only calculates the cost and benefit of PHES with the East dump as the upper reservoir and the West open-pit mine as the lower reservoir, with an installed capacity of 7,200 MW. The cost of this mode is about $13.68 billion, and the annual income is $2.15 billion. Compared with other modes, this mode costs a lot more, but it has “two pits and three sites,” which provides abundant space for sustained crude oil storage and pumped storage in the later stage. The whole project can be divided into several construction periods and implemented in stages, which helps ease the investment pressure. At the same time, it can use Chinese and Russian oil pipeline for storage; on this basis, a new system of refining and chemical industry can be established, which may greatly reduce the demand for oil and promote the sustainable development of metropolitan areas.
5 DISCUSSION
The new model of comprehensive utilization of abandoned open pits is more complex than the traditional PHES and oil storage systems. In order to analyze the application conditions and risks of abandoned open-pit mines in a comprehensive, systematic, and accurate way, the advantages and disadvantages of each mode are compared and analyzed. The results are shown in Table 1. As can be seen from Table 1, the single-pit oil–water co-storage mode can make full use of the open-pit space and utilize mine waste to stabilize the base layer. Oil is stored in the lower part of the open pit and water in the upper part, making the pit not only a huge oil storage tank but also an accumulator of battery. However, the scheme puts forward high requirements on the stability and safety level of the oil storage system. The single-pit gravity dam reinforcement mode is a combination of oil reserves and pumped storage energy, which greatly improves slope stability. However, its disadvantages are obvious as well. Mine backfilling and gravity dam construction would involve a large amount of earth backfilling, and there is no repair of the surface of the dump. The multi-pit and dump linkage energy storage mode is relatively simple, but its engineering wiring goes through the city, increasing the risk of the construction. The dispersion between Hun River and the two lower reservoirs is relatively small, which inevitably limits the benefits. Compared with the first three modes, the multi-pit and dump linkage energy storage mode has a longer engineering period and relatively high cost, but it has the highest overall benefits in terms of transportation, environment, and economy. The scheme takes the dump as the upper reservoir, which can not only meet the demand of mine backfilling but also solve the environmental problems of the dump. Combined with the oil–water co-storage scheme, the establishment of PHES can greatly alleviate the oil demand and promote the sustainable development of metropolitan areas.
TABLE 1 | Advantages and disadvantages of project implementation of PHES of abandoned open pit.
[image: Table 1]6 CONCLUSION
PHES of abandoned open-pit mines is a new research focus in the world, which helps to improve the mining environment and reduce geological disasters. In this sense, it is expected to become a new economic growth point for the development of renewable energy industry. Through the analysis and research of Fushun abandoned open-pit mines, the following tasks are completed in this paper: 1) The construction modes of four abandoned open-pit mines are described systematically. 2) Comprehensive management schemes for multi-energy complementarity, ecological restoration, and cultural tourism are proposed for different modes of abandoned open-pit mines. 3) With detailed analysis of the overall benefits in terms of transportation, environment, and economy of different modes and the comparison of advantages and disadvantages of various modes, the project initiators and designers for PHES of abandoned open pit both at home and abroad can select the construction mode in accordance with the actual geographical location and geological conditions. Through the case study of Fushun open-pit mines, this paper aims to provide a model for the reuse of abandoned open-pit mines internationally. In future studies, the following elements need to be considered from a systematic perspective: the application of renewable clean energy, the combined dispatching of smart power grid, and the changing trend of the supply ratio of traditional energy to new energy. This paper provides a valuable reference for giving full play to the utilization effect of PHES in abandoned open-pit mines.
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To investigate the strength and deformation characteristics of Q2 remodeled loess, soil samples from the Lishi area in Shanxi Province were adopted to examine the effects arising from the principal stress axis direction angle α and the medium principal stress ratio b on the shear and non-coaxial properties of remodeled loess based on the hollow cylindrical torsional shear system. As indicated by this study, when b was constant, the generalized shear stress ratio decreased with the increase in α at 0°–45°, while achieving the minimum value when α = 45°; α increased again with the increase in the principal stress axis direction angle at 45°–90°. When α was 0–45°, the generalized shear stress ratio tended to decrease with the increase in the intermediate principal stress ratio b. When α was 60°–90°, the shear strength ratios at different intermediate principal stress ratios were obtained as: strength at b = 0.5 > strength at b = 1 > strength at b = 0. Moreover, after the degree of strength volatility of this remodeled loess was defined to determine its breaking strain standard, it was found through a comparative analysis that when the generalized shear strain of this remodeled loess was 6.5%, the strength of this remodeled loess was over 90%. Thus, this study suggested the use of its generalized shear strain of 6.5% as its breaking strain standard. In addition, when α was at 0–45°, the direction angle of strain increment increased with the increase in the direction angle of the principal stress axis and reached the peak at 45°. When α was at 60°–90°, the direction angle of strain increment decreased with the increase in the direction angle of the principal stress axis, i.e., the non-coaxial characteristics of the remolded loess first increased, then decreased, and further tended to be coaxial.
Keywords: Q2 remolded loess, shear properties, non-coaxial characteristics, principal stress orientation angle, intermediate principal stress ratio
INTRODUCTION
In general, the stress state of soil in traffic engineering has changed in the direction of the principal stress axis. Due to the direction of the principal stress axis, the actual stress state of the soil can be simulated realistically. Before the 1980s, impacted by the immaturity of science and technology, there had been no experimental equipment capable of changing the magnitude and direction of soil principal stress simultaneously, and the experimental research on principal stress rotation had been rare. With the continuous development and improvement of test instruments (e.g., the hollow cylindrical torsion shear instrument with the principal stress axis continuously rotating) (Dong et al., 2017b; Xu et al., 2017; Shen et al., 2006; Yao et al., 1996), scholars worldwide have extensively investigated the shear properties and deformation characteristics of soils under complex stress, and they have achieved certain results. As reported by Miura et al. (1986), with the increase in the principal stress axis direction angle, the maximum shear strain of loose sand increased continuously, and the dense sand showed first the appearance of dilatancy, followed by shear shrinkage. Researchers also conducted corresponding experiments on the strength of geotechnical materials (Fan et al., 2019; Fan et al., 2020; Jiang et al., 2016; Liu et al., 2020(a); Liu et al., 2020(b); Wang et al., 2022(a); Wang et al., 2022(b); Wang et al., 2020; Wang et al., 2021; Zhou et al., 2022; Xu et al., 2022). Symes et al. (1985) suggested that the rotation of the principal stress axis had a non-negligible effect on the stress-strain characteristics of saturated sand. Subsequently, according to Nakata et al. (1998) and Vaid et al. (1990), the principal stress axis direction angle could have an important effect on the deformation of sand through the shear test of the principal stress axis rotation.
In addition, impacted by the differences in the mechanical properties of the soil along each direction, the non-coaxial properties of the reshaped loess should be investigated in depth. Hu et al. (2018) performed hollow cylindrical torsional shear tests on pulverized fine sand under principal stress axial rotation. They found that the medium principal stress coefficient significantly affected axial, shear, and body strains. Wang et al. (2018) performed a clay drainage torsional shear test and suggested that the middle principal stress ratio and the principal stress axis direction angle significantly affected the non-coaxial effect of clay. Weng et al. (2018) performed torsional shear experiments with two different stress paths and reported that the shear strength of reshaped loess was significantly correlated with the middle principal stress coefficient b and the principal stress axis direction angle α. When the principal stress direction angle changed cyclically, there would be a stress-strain hysteresis phenomenon (Chen et al., 2015; Dong et al., 2017a; Feng et al., 2018). also performed directional shear experiments on remodeled loess in different principal stress axis directions. They suggested that the principal stress rotation significantly affected the strain increment of remodeled loess.
In general, directional shear tests and principal stress rotation tests have been extensively performed, whereas there have been rare research results on the shear characteristics and non-coaxial characteristics of reshaped loess based on different middle principal stress coefficients and principal stress axis directions. Accordingly, in this study, the hollow cylindrical torsional shear system was adopted for experiments on the loess in the Lishi area under standard consolidation drainage conditions, and the effects arising from different principal stress axis directions and medium principal stress coefficients on the directional shear characteristics and non-directional shear characteristics of Q2 remodeled loess were investigated, as well as the effect arising from coaxial properties.
TEST PROGRAM
Testing Apparatus and Soil Sample
The hollow cylindrical torsion shear instrument produced by GCTS Company in the United States was employed as the test instrument adopts, as presented in Figure 1.
[image: Figure 1]FIGURE 1 | Test device
The soil samples applied in the test were taken from the Lishi area of Shanxi Province. The soil samples were light yellow, with a considerable number of pores and scattered characteristic. Table 1 lists the basic physical parameters of the soil samples.
TABLE 1 | Basic physical parameters of soil sample.
[image: Table 1]To clarify the mineral composition content of loess in the Lishi area, an X-ray diffractometer was employed to measure its basic mineral composition content. Table 2 lists the test results.
TABLE 2 | Mineral content of loess in Lishi area (%).
[image: Table 2]To make the state of reshaped sample closer to the state of engineering soil, the optimal moisture content of the soil sample should be controlled, and the sample should be compacted. In accordance with the standard compaction test results under different moisture content conditions (Figure 2), it was concluded that the optimal moisture content of the Q2 loess was 16.4%, and the maximum dry density was 1.69 g/cm3.
[image: Figure 2]FIGURE 2 | Results of standard compaction test
A certain pre-pressure should be applied to the soil sample to ensure that the remodeled soil sample maintains a normal consolidation state during the shearing process (Figure 3). The soil maintained normal consolidation during the shearing process, so the effective consolidation pressure applied in the test was 200 kPa.
[image: Figure 3]FIGURE 3 | e-lg p’ relationships in oedometer test
Preparation of soil samples: The optimal moisture content and the maximum dry density were measured using the standard compaction test as 16.4% and 1.69 g/cm3, respectively. A certain amount of loose soil was taken, dried in an oven for over 8 h, and then crushed. After the 5 mm Geo-sieve was completed, the soil sample was mixed under the sieve, and the mixed soil sample was placed into a plastic bag and sealed for over 2 days, so the loess was evenly wetted. The required wet soil mass was calculated according to the sample size and the maximum dry density, the wet soil was divided into 10 layers, and the compaction height of each layer of soil samples was controlled to be the same. Next, the soil samples were uniformly pressed.
Soil sample saturation consolidation: the prepared remodeled soil sample was placed into the saturator. Subsequently, the saturator was put into the vacuum saturation cylinder for air extraction. The pipe clamp was slowly opened, and clean water was poured into the cylinder till the liquid level exceeded the soil sample saturator. Afterward, the water injection ended, and the sample was kept in the water for over 10 h to ensure that the sample was saturated with water. Next, the water in the pumping cylinder was discharged to obtain a saturated reshaped soil sample.
Test Procedure
The parameters applied in the test are written below: 
[image: image]
[image: image]
[image: image]
[image: image]
where σz denotes the axial stress of the specimen; σθ represents the circumferential stress; τzθ expresses the torsional shear stress; σr is the radial stress; α represents the angle between the stress direction and the axial direction; σ1 denotes the maximum principal stress; σ2 is the middle principal stress;σ3 is the minimum principal stress.
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Where b denotes the middle principal stress coefficient; p represents the average principal stress of the unit body; p′ is the average effective stress of the unit body; q is the generalized shear stress of the unit body; η denotes the generalized effective deviatoric stress ratio.
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Where γ denotes the generalized shear strain; εv, ε1, ε2, and ε3 represent the bulk strain, the maximum principal strain, the medium principal strain, and the minimum principal strain, respectively.
After soil consolidation was completed, the direction angle of the principal stress axis and the middle principal stress coefficient were adjusted, based on the adjustment time of 1h, and the shear rate was set to 0.2 kPa/min. A total of 21 remodeling soil samples were examined and fell into three groups in accordance with different middle-principal stress ratios. The direction angles of the principal stress axis were 0°, 15°, 30°, 45°, 60°, 75°, and 90°, respectively, and the middle principal stress coefficient b corresponding to the respective deflection angle was 0, 0.5, and 1, respectively. Table 3 lists the specific test plan.
TABLE 3 | Pilot scenarios.
[image: Table 3]To perform the fixed shear test at different principal stress axis direction angles, the direction angle α of the principal stress axis and the middle principal stress coefficient b should be controlled, respectively. Figure 4 presents the shear stress path measured by the test. The deviatoric stress is expressed as (qc = σ1-σ3).
[image: Figure 4]FIGURE 4 | Actual loading stress path; (A) b = 0 qc∼α; (B) b = 0.5 qc∼α; (C) b = 1 qc∼α
According to Figure 4, the stress path of the sample fluctuated significantly during the initial loading process. At the middle stage of loading, the test instrument could more effectively control the loading path and realize fixed shearing with different middle principal stress ratios and different principal stress axis directions.
TEST RESULTS AND ANALYSIS
Influence of Principal Stress Orientation
Figure 5 presents the generalized stress ratio-strain curves of different principal stress axis orientation angles based on different middle principal stress coefficients. As indicated by the figure, at the initial stage of shearing, the shear strain of the reshaped loess increased rapidly when the generalized shear stress ratio rapidly increased. During the early shearing, since the reshaping of the loess had high strength, the speed of the increase of strength ratio was higher than the growth of the shear strain rate. With the further increase in the shear stress, the curve inflection point began to appear, and the loess began to reshape. In the late shearing, the remolded sample strain grew quickly, and its strength ratio almost changed to the level of growth.
[image: Figure 5]FIGURE 5 | Curves of generalized shear stress ratio-strain diagram at different principal stress direction angles: (A) b = 0; (B) b = 0.5; (C) b = 1
By comparing and analyzing the generalized shear stress ratio-strain development curves of different principal stress axis direction angles α under the same middle principal stress coefficient b, it was found that when the middle principal stress coefficients b = 0 and b = 0.5, the reshaped loess exhibited strain hardening characteristics and the strain at failure could reach nearly 15%; when the principal stress coefficient b = 1, the remodeled loess exhibited a strain-softening effect and the strain at failure was relatively small, approximately 3–5%. Moreover, the direction angle of the principal stress axis significantly affected the q/p'-γ relationship of the specimen: when α was between 0° and 45°, the stress ratio tended to decrease with the increase in the direction angle of the principal stress axis, and at 45°. When α was at 45°–90°, the stress ratio increased again with the increase in the direction angle of the principal stress axis.
Influence of Middle Principal Stress
Figure 6 presents the q/p'-γ change curves at different middle-principal stress ratios under the same principal stress axis direction angle. As revealed by the above figure, the change curve of the strength ratio of the remodeled loess followed a consistent change rule in different principal stress axis directions. For the growth rate of strain, with the further increase in the shear stress, the curve began to show an inflection point, and the remodeled loess began to yield. At the later stage of shearing, the strain of the remodeled soil increased rapidly, and the strength ratio changed almost horizontally.
[image: Figure 6]FIGURE 6 | Curves of generalized shear stress ratio-strain diagram at different intermediate stress parameters: (A) α = 0°; (B) α = 15°; (C) α = 30°; (D) α = 45°; (E) α = 60°; (F) α = 75°; (G) α = 90°
By comparing and analyzing the generalized shear stress ratio-strain development curves of different middle principal stress coefficients at the same principal stress axis direction angle, it was found that the effect of b increased with the increase in generalized shear strain. When the direction angle α of the principal stress axis was 0–45°, the generalized shear stress ratio tended to decrease with the increase in the middle principal stress coefficient b. When α was at 60°–90°, the strength ratios at the three stress ratios are expressed as shear strength at b = 0.5 > shear strength at b = 1 > shear strength at b = 0. When the middle principal stress coefficient b changed from 0 to 1, the stress state of the reshaped soil sample varied from the state of triaxial compression to the state of triaxial tension. The compressive capacity of the soil sample was higher than the tensile capacity, so its plastic dilatation capacity tended to decrease in the shearing process.
Shear Failure of Remolded Loess
Indicated by existing research, for soil failure with a complex stress path, the generalized shear strain value allowed under certain conditions has been generally employed as the failure criterion. Guo et al. (2003) investigated Fujian standard sand using a geotechnical static-dynamic hydraulic triaxial-torsional multifunctional shear instrument. They suggested the generalized shear strain of 5% as its failure criterion. As reported by Wang et al. (1996), when the generalized shear strain was 6.5%, it should serve as the failure standard of the soil material for the core wall of the waterfall ditch. Chen et al. (2005) studied the original and remodeled soft clay in Xiaoshan using a multi-functional triaxial tester, and they took the turning point with the dynamic stress-strain curve increasing significantly as its failure point. Zheng (2011) presented the strength development ratio of clay under complex stress paths by defining the strength development degree. They found that the generalized shear strain of 8% should serve as the failure standard for remodeling soft clay. Shen et al. (1996) conducted a conventional dynamic torsional shear test and dynamic principal stress axis rotation test based on a dynamic torsional shear instrument with two-directional vibration, and they further confirmed the generalized shear strain of 10% as the failure criterion for dynamic cyclic rotation of sandy soil.
As revealed by the above research, the degree of strength development could intuitively reflect the degree of development of the material’s strength. Accordingly, for the Q2 remodeled loess in the test of this study, the strength development degree of the remodeled loess is also written as S = q/qf, where q denotes the generalized shear stress during the loading process of the sample, and qf is the failure peak generalized shear stress of the sample. The directional shear test results at different principal stress axis direction angles based on different middle principal stress ratios were adopted to achieve the strength development results with the generalized shear strain suggested above, as listed in Tables 4–T6.
TABLE 4 | Strength exertion S of the remold loess (b = 0).
[image: Table 4]TABLE 5 | Strength exertion S of the remold loess (b = 0.5).
[image: Table 5]TABLE 6 | Strength exertion S of the remold loess (b = 1).
[image: Table 6]According to the above table, for the strength volatility of this remodeled loess obtained under different Intermediate principal stress ratios, the relative strength reduction of the remodeled loess can reach more than 90% when the generalized shear strain is 6.5%. Thus, for this remodeled loess, it would be recommended that its generalized shear strain of 6.5% should serve as its breaking strain standard.
Based on the failure strain standard determined by the strength volatility, the generalized stress ratios of different principal stress axis direction angles at different middle principal stress ratios are expressed on the same coordinate, as presented in Figure 7. According to the above figure, when the middle principal stress coefficient was definite, the generalized peak shear stress ratio first decreased and then increased with the increase in the principal stress axis direction angle, and the generalized peak shear stress was the smallest when α = 45°.
[image: Figure 7]FIGURE 7 | Strength ratio under different inclinations of the principal stress direction angle
Non-Coaxial Properties of Remodeled Loess
Figure 8 presents a schematic diagram of the non-coaxial properties of the soil, where: ασ denotes the principal stress axis direction angle, αdε represents the principal strain increment direction angle, δ expresses the non-coaxial angle, the stress increment is AB (ds), and the strain increment is AC, the origin of the coordinate system is O.
[image: Figure 8]FIGURE 8 | Stress path and non-coaxial behavior of soil mass
Since the non-coaxial property of soil has been found as the property that the direction of plastic strain increment is not co-axial with the direction of stress, it is difficult to calculate the elastic deformation of soil accurately from the total strain. Thus, the total strain increment direction was used instead of the plastic strain increment in this study.
The calculation formula is written as: 
[image: image]
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Where dτzθ denotes the increment of the shear stress; dσz represents the increment of the axial stress; dσθ expresses the increment of the circumferential stress; dγzθ is the increment of the shear strain; dεz denotes axial strain increment of the specimen during the shearing process; dεθ represents circumferential strain increment of the specimen during the shearing process.
Figure 9 illustrates the variation characteristics of the directional shear non-coaxial strain increment of the remodeled loess. As revealed by the figure, the anisotropy of the soil sample was insignificant at the initial angle, whereas the stress-strain of the soil sample still showed significant non-coaxial characteristics. Moreover, the non-coaxial characteristic increased and then decreased with the increase in the principal stress axis direction angle, and tended to be co-axial. From Figures 1–3, the medium principal stress coefficient had a significant effect on each strain component, and the non-coaxial characteristic was more obvious with the increase in the medium principal stress ratio.
[image: Figure 9]FIGURE 9 | The non-coaxial characteristics of the remolded loess in the deviatoric plane: (A) b = 0; (B) b = 0.5; (C) b = 1
Anisotropy is usually considered to be the root cause of non-coaxial (Desrues J et al., 2002). Figure 10 shows the change of the direction angle of the strain increment under different middle principal stresses. As indicated by the above figure, the effect of the direction angle of the different principal stress axis led to the anisotropic soil stiffness, thus making the non-coaxial phenomenon significant. When α was at 45°, αdε reached a peak. When α was at 0° and 90°, αdε reached a trough. In general, the direction angle of strain increment first increased and then decreased with the increase in generalized stress, i.e., the non-coaxial characteristics of the reshaped loess first increased and then decreased.
[image: Figure 10]FIGURE 10 | Variation of strain increment angle of remolded loess at different medium principal stress ratios: (A) b = 0; (B) b = 0.5; (C) b = 1
CONCLUSION

(1) When the principal stress ratio b was the same, the generalized shear stress ratio of α tended to decrease at 0°–45°, and the generalized shear stress was the smallest when α = 45°, and the generalized shear stress tended to increase when α was 45°–90°. The trend revealed the strength anisotropy of the soil. Moreover, with the increase in the middle principal stress ratio, the generalized tangent modulus reached the maximum value when b = 0.5. On the whole, the generalized shear modulus of the remodeled loess showed a trend of first increasing and then decreasing with the increase in the middle principal stress ratio.
(2) When the direction angle α of the principal stress axis esd 0–45°, the generalized shear stress ratio tended to decrease with the increase in the middle principal stress coefficient b; when α was 60°–90°, the strength ratios under the three stress ratios indicated that: shear strength at b = 0.5 > shear strength at b = 1 > shear strength at b = 0. During the growth and change of the middle principal stress coefficient b from 0 to 1, the stress state of the reshaped soil sample varied from the state of triaxial compression to the state of triaxial tension. The compressive capacity of the soil sample was higher than the tensile capacity, so its plastic dilatation capacity gradually decreased in the shearing process.
(3) As indicated by the comparative analysis, when the generalized shear strain of the remodeled loess was 6.5%, its strength development reached over 90%. Accordingly, it is recommended to employ the generalized shear strain of 6.5% as the failure strain standard for the Q2 remodeled loess.
(4) When α is 0–45°, the direction angle of the strain increment increases with the increase in the direction angle of the principal stress axis, and reaches a peak at 45°, and when α is 60°–90°, the direction angle of the strain increment increases. It decreases with the increase in the direction angle of the principal stress axis, that is, with the increase in the direction angle of the principal stress axis, the non-coaxial characteristic first increases and then decreases, and gradually tends to be coaxial. With the increase in the generalized stress, the direction angle of the strain increment of the remodeled loess develops first in a positive direction and then in a negative direction under different middle-principal stress ratios, that is, the non-coaxial characteristic first increases and then decreases.
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In the process of underground energy mining, the stability of roadway support is an important guarantee. In order to study the application of the anchor cable-truss support technology in water-rich soft rock roadways, the mechanical analysis of the anchor cable-truss structure is carried out, and the surrounding rock deformation of different supporting methods is numerically simulated under the consideration of the fluid–solid coupled interaction. We observed that the anchor cable (rod)-double arch truss coupling support can control the deformation of the surrounding rock and the expansion of the plastic zone well. The maximum vault subsidence of the roadway is 0.017 m, the horizontal convergence is 0.054 m, and the deformation of floor heave is 0.02 m, which are 3.8, 16.3, and 4% of the deformation under unsupported conditions, respectively; the roadway deformation is effectively controlled. The research results have certain guiding significance for the support design of the water-rich broken soft rock roadway.
Keywords: fluid–structure coupling, anchor-truss support, numerical simulation, water-rich soft rock, surrounding rock deformation
1 INTRODUCTION
With the development of underground mine engineering, water-rich and broken soft rock formations are often encountered; the roadway in this kind of stratum will encounter problems such as collapse or large deformation of the vault during construction and use, which will affect the construction progress or normal use, and even cause equipment loss and casualties seriously.
In previous studies, the weakening effect of water on the mechanical parameters of the surrounding rock mass was mainly considered, such as reducing the compressive strength and elastic modulus of the rock mass and reducing the shear strength of the rock mass. Less consideration is given to the effect of water seepage on the surrounding rock mechanics of the roadway (Miao et al., 2004; Yang and Wang, 2006; Ma et al., 2007; Guo et al., 2008; Jing, 2009; Li, 2010; Xie et al., 2010; Zuo et al., 2011; Lu, 2012; Zhang et al., 2014). In this article, the supporting technology of water-rich broken soft rock roadway under seepage action is studied from the perspective of fluid–structure coupling. In the modern roadway support technology, anchor mesh and cable coupling support are generally used to support the soft rock roadway, which can control deformation and restore stability of the roadway. However, due to the poor supporting ability of the anchor mesh cable, the surrounding rock cannot be stable with the passage of time, although the surrounding rock displacement has been greatly controlled for the deep high-stress water-rich broken rock roadway. The arch truss structure is a new mechanical structure; the structure of the truss itself transforms the bending moment into the tension and compression axial force of the rod, and the arc form of the arch transforms the bending moment into the axial force, and the truss arch perfectly combines the two structures organically to achieve the best supporting effect (Yan et al., 2012; Ghabraie et al., 2013; Suchowerska et al., 2014; Yang et al., 2014; Wang et al., 2016; Yan et al., 2017; Wang et al., 2018a; Gao et al., 2018; Li et al., 2019; Su et al., 2019; Yan et al., 2020; Qiu et al., 2022).
2 RESEARCH ON DEFORMATION CHARACTERISTICS OF THE BROKEN SOFT ROCK ROADWAY CONSIDERING FLUID–SOLID COUPLING
Due to the diagenesis of the rock mass and various physical, chemical, and biological destructive effects, the rock mass in nature has defects such as joints, cracks, and weathering cracks. Groundwater occurs in it, and the migration produces hydrostatic pressing and seepage water pressure; these water pressures affect the rock stress field. At the same time, the effective stress field of the rock also affects the water permeability, which is called the fluid–solid of the seepage field and the stress field. Whose picture is shown in Figure 1 (Meguid et al., 2008; Sadaghiani and Dadizadeh, 2010; Huang et al., 2013; Wang et al., 2018b).
[image: Figure 1]FIGURE 1 | Diagram of the fluid–structure interaction.
2.1 Influence of Seepage on the Mechanical Action of Rock Mass
In the stress-seepage coupling field, the change in seepage control factors will lead to the change in the coupling field and then affect the stress and displacement distribution of the surrounding rock support. The controlling factors of the seepage field affect rock mass and roadway through the fluid–structure coupling effect. According to the effective stress point of view, σ =σ′+μ, for a certain surface, the total stress perpendicular to the normal direction of the surface is derived from the sum of the effective stress and the pore water pressure. Therefore, when the total stress is constant, the greater the pore water pressure, the less the effective stress acting on the rock mass (Wijk, 1978; Cai et al., 2015; Kai et al., 2015; Chen et al., 2016; Li, 2017; Frith et al., 2018).
Compared with those without fluid–structure coupling, the subsidence value and influence range of the vault and surface after tunnel excavation considering fluid–structure coupling are much larger, and seepage is easy to cause engineering accidents such as large deformation of rock mass and mountain cracking. Peripheral convergence is smaller than that in the case of fluid–structure coupling. The curve of each survey line with the excavation step is very different from that without consideration of fluid–solid regulation.
2.2 Effect of Seepage on Mechanical Parameters of Surrounding Rock Mass
Groundwater seepage will have an impact on the physical, chemical, and mechanical properties of the rock mass. The physical effect is mainly the weakening of the rock mass by water, which promotes the expansion of the original cracks, reduces the strength of the rock mass, and reduces cohesion. Chemical action refers to the dissolution, corrosion, and redox destruction of rock mass by water, which greatly reduces its compressive strength and elastic modulus. Some weak rocks may even collapse and lose strength due to the action of water (Frith and Thomas, 1998; Fuller, 1999; Mark et al., 2001). Formula (1) is the relationship between the uniaxial compressive strength and elastic modulus of the rock and the water content:
[image: image]
where [image: image] and [image: image] are the uniaxial compressive strength before and after the rock is immersed in water; [image: image] and [image: image] represent the elastic modulus before and after the rock encounters water; [image: image] and [image: image] represent the coefficient related to lithology; [image: image] is the change in the moisture content. It can be seen from the formula that within a certain range, the compressive strength and elastic modulus of rock decrease linearly with the increase in the moisture content.
At the same time, the physical and chemical effects of water also lead to the reduction of cohesion and the internal friction angle in the rock. They are expressed as follows:
[image: image]
[image: image]
where c represents cohesion; [image: image] represents the internal friction angle; [image: image] represents saturation. It can be seen from the formula that as saturation increases, cohesion and the internal friction angle of the rock mass decrease significantly.
2.3 Numerical Simulation of the Roadway Surrounding Rock Deformation Considering the Fluid–Structure Interaction
After the excavation of a water-rich broken soft rock roadway, the deformation and stress characteristics of rock mass and support structure are very different due to the influence of the seepage field. Through Flac3d numerical simulation, the construction model of the ordinary roadway and the fluid-structure coupling model were established, respectively, for comparative study, and the influence law and the degree of seepage field on the deformation of the surrounding rock support structure of the water-rich broken soft rock roadway were obtained.
2.3.1 Basic Assumptions

1) It is assumed that the surrounding rock of the model is a homogeneous and isotropic seepage media;
2) The pore water is still in the original rock state, and the roadway becomes stable seepage after excavation, and it obeys Darcy’s law of seepage;
3) The model adopts the Mohr–Coulomb constitutive model;
4) Supporting structures such as anchor cables (rods) and trusses are calculated based on linear elastic materials.
2.3.2 Model Scope and Boundary Conditions
In order to ensure that the roadway is not affected by boundary constraints and to make the calculation simple, we took 35 m on the left and right sides of the roadway axis, 6 m for the front and back; in the vertical direction, we took 35 m for the upper and lower sides. In order to restore the deep in situ stress state, the model adopts uniformly distributed loads on the front and back, with a pressure measurement coefficient of 1.7; the bottom is a fixed boundary, and the upper boundary is set as a uniform load stress boundary, which is determined by the simulated depth and the average weight of the upper overlying rock. The mechanical parameters and seepage parameters of the model are obtained from experiments on uniaxial compression strength and triaxial seepage. Whose picture is shown in Figure 2 and Figure 3.
[image: Figure 2]FIGURE 2 | Boundary conditions.
[image: Figure 3]FIGURE 3 | Numerical model.
2.3.3 Test Results and Analysis
After the excavation of the roadway, the surrounding rock pore water pressure distribution cloud map is shown in Figure 4; the top and bottom of the roadway gather high pore water pressure, and the hydraulic gradient is large, which has a large seepage pressure on the surrounding rock of the roadway, and affects the effective stress field distribution directly, leading to a greater impact on the displacement field of the surrounding rock of the roadway and the deformation of the supporting structure.
[image: Figure 4]FIGURE 4 | Pore water pressure distribution.
Numerical simulation experiments considered three working conditions, namely, ordinary working conditions, considering fluid–structure coupling conditions, and considering both fluid–structure coupling and the weakening effect of water on rock mechanical parameters. Judging from the results of numerical simulations, in Figure 5A and Figure 5D, the fluid–structure coupling interaction is not considered, the maximum amount of roadway vault subsidence is 0.43 m, the maximum bottom heave volume is 0.30 m, and the maximum convergence amount of the side siding on both sides is 0.617 m, and in Figure 5B and Figure 5E, the maximum subsidence of the roadway under consideration of the fluid–structure coupling is 0.36 m, the floor heave is 0.20 m, the horizontal convergence is 0.45 m, and the deformation is less than the working condition without considering the seepage effect. This is mainly because the pore water pressure of the vault and floor reduces the effective stress of the surrounding rock, resulting in a reduction in the amount of deformation; Figure 5C and Figure 5F take into account the influence of groundwater seepage on the stress field and consider the weakening of the mechanical parameters of the rock mass; the maximum amount of dome subsidence reaches 0.44 m, the maximum amount of floor heave is 0.33 m, and the maximum convergence of the two sides is 0.50 m; the vertical deformation exceeds the normal working condition, indicating that considering the influence of fluid–structure coupling, the weakening effect of water seepage on mechanical properties of rock mass exceeds that of mechanics, and the deformation of the surrounding rock is more serious, and the stability is worse.
[image: Figure 5]FIGURE 5 | Vertical and horizontal displacement nephogram of three different situations. (A) Vertical displacement cloud diagram without considering the seepage effect. (B) Vertical displacement cloud image considering the seepage effect. (C) Vertical displacement cloud image considering the seepage effect and weakening of rock parameters by water. (D) Horizontal displacement cloud diagram without considering seepage. (E) Horizontal displacement cloud image considering seepage. (F). Horizontal displacement cloud image considering seepage and weakening of rock parameters by water.
It can be seen from the three graphs in Figure 6A that the deformation curves at different positions under the three working conditions have consistent characteristics relatively; taking the dome sinking curve as an example, the curve that does not consider the fluid–structure coupling effect is the steepest; it shows that the deformation speed is fast under the action of higher effective stress; under the action of seepage in Figure 6B, the pore water pressure reduces the effective stress, the deformation speed slows down, and the final deformation amount is small. Due to the weakening effect of water on the mechanical properties of the surrounding rock, the compressive strength, elastic modulus, cohesion, and internal friction angle of the rock all have a tendency to decrease, and the amount of deformation expands and exceeds the final deformation amount under ordinary working conditions. The fact that needs to be explained here is that the final level of convergence and stability in Figure 6C is smaller than the normal working condition, which may be caused by the weakening effect being smaller than the mechanical influence of the pore water pressure.
[image: Figure 6]FIGURE 6 | Displacement curve in a different position. (A) Vault sinking curve under three working conditions. (B) Drum curve of the roadway floor under three working conditions. (C) Horizontal convergence curves of side edges in three working conditions.
3 MECHANISM OF THE ANCHOR CABLE (ROD)-TRUSS COUPLING SUPPORT
From the results of the numerical simulation test in the previous section, it can be seen that the deformation of the roadway is large, which will seriously affect the normal use of the roadway; therefore, it is necessary to control the deformation of the roadway through various supporting technologies. The anchor-cable-truss coupling support researched in this article is a new technology to control the deformation of deep broken soft rock roadways in recent years, which combines active support and passive support well.
3.1Stress Analysis of the Anchor Cable (Rod)-Single Arch Truss Support
In engineering applications, the truss structure is symmetrical, but due to the anisotropy of the surrounding rock and seepage effects, the load it receives is asymmetrical. Here, for the convenience of analysis, it is simplified to the symmetrical form in the Figure 7. The truss structure is a one-time statically indeterminate structure; the redundant constraint in the fixed hinge support on the bottom side is released and replaced with an unknown force X, the fixed support is converted to a single link support, and the whole truss becomes a statically determinate structure; its mechanical equilibrium equation is described as follows (Kang et al., 2009):
[image: image]
where [image: image] indicates the displacement of point N2 along the x direction of the truss structure under the action of the unknown force X=1; [image: image] means that the truss structure is only subject to external loads and the displacement of point N2 along the x direction. The influence of shear and axial force is ignored.
[image: image]
In the formula, [image: image] and [image: image], respectively, represent the bending moment generated by each segment of the truss structure under the action of X =1 and only external load; ds is the infinitesimal element along the axial length of the support in the structure; E and I are the truss, respectively, corresponding to the elastic modulus and moment of inertia.
[image: image]
[image: image]
[image: Figure 7]FIGURE 7 | Single arch truss analysis diagram by external forces.
3.2 Stress Characteristics of the Anchor Cable (Rod)-Double Arch Truss Support and the Force Characteristics of the Anchor Cable (Rod)-Double Arch Truss Support
In the deep water-rich broken soft rock roadway, the stress on the surrounding rock of the roadway not only causes serious deformation of the roof and two sides but also has a large amount of bulging of the roadway floor heave, and the instability of the floor, in turn, aggravates the two sides of the arch foot and roof. Therefore, special reinforcement treatment should be carried out on the floor heave of the roadway. For deep mine roadways, the anchor cable (rod)-single arch truss support technology cannot effectively control the floor heave of the roadway; the truss on the floor is also designed as an arch to form a double-arch truss support structure, whose picture is shown in Figure 8.
[image: image]
[image: image]
[image: Figure 8]FIGURE 8 | Double arch truss analysis diagram by external forces.
Substituting [image: image] and [image: image] into Equation 7, the excess restraint force x, structural reaction force, and internal force can be obtained according to the statically determinate structure analysis method (Fahimifar and Ranjbarnia, 2009). Calculation of the bending moment of each section of the bracket according to the superposition principle is as follows:
[image: image]
The stress of the support structure should have a certain safety reserve:
[image: image]
where [image: image] represents the maximum bending moment generated by the support structure under load, Wz is the axial flexural modulus of the support structure, and [σ] is the permissible stress of the support material, that is, the strength of materials.
Similarly, the deformation analysis of the support structure also takes the excess binding force and load as the external load and calculates according to the statically determinate structure:
[image: image]
In this equation, Mp is the bending moment of the simplified truss structure under the combined action of the external load and surplus unknown force X, [image: image] and [image: image] are the structural bending moment and support reaction force caused by the virtual unit force p=1 of the basic structure, [image: image] and [image: image] are the temperature change and support movement borne by the basic structure; the actual temperature variation and canopy leg movement are borne by the support in roadway operation.
3.3 Stress Analysis and the Coupling Principle of the Anchor Cable (Rod)–Truss Structure
The structural system of the bracket after the supplementary implementation of the anchor cable support is statically indeterminate, and the number of times of statically indeterminate is n. Whose picture is shown in Figure 9 and Figure 10. The force method is used to solve the problem; first, the horizontal link constraint is released in the fixed hinge support F and replaced with the unknown force X; then, the anchor cables are released in the bracket in turn, and they are replaced with unknown forces X2,..., Xn in turn, according to the support. If the structural deformation and the restraint anchor cable deformation are coordinated with each other, the force law equation of the supporting structure can be written as follows (Ranjbarnia et al., 2014):
[image: image]
where [image: image] is the structure acted by the unknown force Xj=1, the displacement along the Xi direction produced at Xi (I, j = 1, 2,...n); [image: image] is the displacement along the Xi direction generated at Xi when only a certain external force is applied; Kc is the linear stiffness coefficient of the anchor cable.
[image: Figure 9]FIGURE 9 | Supporting structure mechanics model of the single arch.
[image: Figure 10]FIGURE 10 | Supporting structure mechanics model of the double arch.
The influence of the shear force and axial force in bearing deformation of support is also ignored:
[image: image]
where Mi, Mj, and Mp are Xi and Xj, which are 1, respectively, and the bending moment of each section of the truss structure is only under the action of the external load, ds is the micro-element of the structure along the axis of the stent, and E and I are the elastic modulus and moment of inertia corresponding to the support structure, respectively.
It is stipulated that the bending moment makes the inner fiber of the arch to be positive; the relevant parameters in the force method equation are calculated based on formula (10), and the unknown force is solved by substituting them into the equation, and then, the internal force, stress, and deformation of the basic structure of the force method are analyzed.
After adopting the anchor cable support technology, the stress concentration of the surrounding rock of roadway is improved to some extent, but due to the characteristics of high expansion, high joint, and high stress of deep broken soft rock, there will still be a stress concentration phenomenon at key positions, resulting in local large deformation. The anchor cable-truss coupling support technology adopts reserved deformation space coupling support, which can release the expansion energy of the surrounding rock effectively. Using double arch truss structure with strong surface protection ability and anchor rope truss arch structure strength of the surrounding deep rock to mobilize the complementary advantages, we improved the integrity of the supporting structure, and through the surrounding rock deformation and reserved space transformation to prevent harmful deformation, with high rigidity of truss with anchor rod support, we improved the support strength and prevented the harmful distortion of joint fissured surrounding rock (Li et al., 2016).
4 COMPARATIVE STUDY ON THE NUMERICAL SIMULATION OF DIFFERENT SUPPORTING EFFECTS CONSIDERING THE FLUID–STRUCTURE INTERACTION
On the basis of the tunnel excavation model established in section 1.3, a comparative study on numerical simulation of different support modes is carried out considering the fluid–structure interaction. The numerical simulation calculation of the anchor cable (rod) support, anchor cable (rod)-single arch truss coupling support, and anchor cable (rod)-double arch truss coupling support are carried out, respectively, and the supporting effect is compared and analyzed (Ghadimi et al., 2016).
Figure 11 shows the plastic zone of the surrounding rock of the roadway under the three support methods. Under the action of the anchor cable support, the plastic zone of the roadway is elliptical because the tectonic stress is greater than the gravity stress; the long axis of the ellipse is in the vertical direction, and the plastic zone affects the range 2–3 times the diameter of the roadway; however, the influence range of the plastic zone at the bottom of tunnel 3 is relatively large, the coupling support of the anchor cable (rod) and double arch truss solves this problem well, and the range of the plastic zone is only 1.3 times that of the tunnel, achieving a good supporting effect.
[image: Figure 11]FIGURE 11 | Plastic zone by different ways of supporting.
Figures 12, 13 show the displacement cloud diagrams of the anchor cable (rod) support and the anchor cable (rod)-single arch truss support roadway; it can be seen from the figure that the arch of the formerly supported roadway has the largest amount of subsidence being 0.14 m, the bottom drum is 0.12 m, and the horizontal convergence is 0.27 m. Compared with unsupported roadway, the deformation is under certain control, but it cannot meet the support requirements. The latter type of the support reduces the settling of the vault to 0.036 m, which is 25.5% of the former; the horizontal convergence is 0.20 m, which is 74% of the former; the bottom heave volume is 0.10 m, which is 71.4% of the anchor cable (rod) support. It can be seen that the anchor cable (rod)-single arch truss support has played a significant role in controlling the sinking of the vault, but because the bottom of the truss is a straight structure, the bending resistance is poor, and the bottom plate deformation cannot be effectively controlled.
[image: Figure 12]FIGURE 12 | Displacement of the anchor rope (rod) support.
[image: Figure 13]FIGURE 13 | Anchor rope (rod)–a single arch truss support displacement.
The anchor cable (rod)-single arch truss is designed as a closed overall structure; through the optimized design of the structure, the need for bending and torsion resistance of the truss structure is effectively transformed into tensile, shear, and compression resistance, and the disadvantages of the truss structure turn into an advantage. It can be seen from Figure 14 that with the anchor cable (rod)-double arch truss support, the maximum vault subsidence of the roadway is 0.017 m, the horizontal convergence is 0.054 m, and the bottom heave volume is 0.02 m, which are deformations under the condition of no support 3.8, 16.3, and 4% of the amount; the roadway deformation is obviously controlled.
[image: Figure 14]FIGURE 14 | Anchor rope (rod)–a double arch truss support displacement.
Figures 15A,C, respectively, show the distribution of the bending moment of the single arch truss and double arch truss before the anchor cable (bar) support is applied, while Figures 15B,D, respectively, show the distribution of the bending moment of the single arch truss and double arch truss after the anchor cable (bar) support is applied. As can be seen from the figure, the potential dangerous surface of the truss, namely, the key parts are located at the bottom angle and side of the truss, especially the bending moment at the bottom angle increases significantly, so the cold pressing one-time molding should be adopted during construction, and the connection must strictly meet the requirements. After the anchor cable (rod) is applied, the bending moment of the truss decreases. The anti-arch structure at the bottom of the roadway not only controls the bottom plate but also reduces the bending moment of the truss; because the anti-arch structure at the bottom of the roadway improves the overall stability of the truss, the bending moment of the haunch, two sides, and basic angle decrease obviously.
[image: Figure 15]FIGURE 15 | Bending moment distribution of the structure. (A) Bending moment distribution of single arch truss in front of the anchor cable (rod) support. (B) Bending moment distribution of the single arch truss after support. (C) Bending moment distribution of the single arch truss in front of the anchor cable (rod) support. (C) Bending moment distribution of the single arch truss after support.
Truss support also has an impact on the anchor cable (bar). Figures 16A,B, respectively, show the axial force of the anchor cable (bar) under the two working conditions of the former without the truss support and the latter with the truss support under the same other conditions. The width of the black line represents the magnitude of the axial force. It can be seen from the figure that after the truss is applied, the axial tension of the anchor cable (rod) is greatly reduced, and the cost of anchor cable rod support can be greatly reduced in engineering practice. At the same time, it can be known that the two support modes interact with each other so that the self-bearing capacity of the roadway surrounding rock can be maximized, and the truss–shallow surrounding rock–anchor cable (rod)–deep surrounding rock are fully coupled to achieve the best support effect.
[image: Figure 16]FIGURE 16 | Axial force on the front and rear anchor cables supported by truss. (A) Axial force on the anchor cable (rod) without the truss support. (B) Axial force of the anchor cable (rod) after truss support.
5 CONCLUSION
In this article, the effect of fluid–structure coupling on deformation characteristics of the surrounding rock is studied from the mechanical effect of groundwater seepage on the surrounding rock mass and the weakening effect on physical and mechanical parameters of the rock mass. It is concluded that the pore water pressure reduces effective stress under seepage action, which slows down the deformation speed of the surrounding rock and finally reduces the deformation amount. Due to the weakening effect of water on the mechanical properties of the surrounding rock, the compressive strength, elastic modulus, cohesion, and internal friction angle of the rock all have a decreasing trend, and the amount of deformation expands and exceeds the final deformation under ordinary conditions.
Numerical simulation analysis of the supporting effects of different supporting methods is carried out under the consideration of the fluid–structure coupling effect, and it is observed that the anchor cable (rod)-double-arch truss coupling support can control the surrounding rock deformation and the expansion of the plastic zone well; the maximum vault subsidence of the roadway is 0.017 m, the horizontal convergence is 0.054 m, and the floor heave volume is 0.02 m, which are 3.8, 16.3 and 4% of the deformation under unsupported conditions, respectively. Roadway deformation is obviously controlled. To maximize the self-supporting capacity of the surrounding rock of the roadway, the truss–the shallow surrounding rock–the anchor cable (rod)–the deep surrounding rock are fully coupled to achieve the best support effect.
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Rock types and coal

Medium sandstone
Mudstone

Fine sandstone
Coal

Rock types
and coal

Medium sandstone
Mudstone

Fine sandstone
Coal

Rock types
and coal

Medium sandstone
Mudstone

Fine sandstone
Coal

Intact rock

E/(GPa) (MPa)
7.33 41.51
587 33.06
303 15.97
272 10.93

Matrix properties

RQD Rock mass
En(GPa) m(MPa)
88 391 27.94
% 341 2348
87 1.56 10.47
82 1.12 6.25

Contact properties

Density (kg/m3)

2,550
2,350
2,650
1,450

E (GPa)
Ta
391
3.41

1.55
1.12

_Target vakue; C—Calbration value.

Ca

4.05
324
1.62
119

E (GPa) Kn (GPa/m)

391 5779
341 501.4
1.55 397.2
1.12 2435
Error (%)

358

-4.99

452

6.25

ka(GPa/m)
1156
1003
795
488
ucs (MPa)

Ta ca
27.94 290.37
2348 21.94
1047 10.83
625 580

Cohesion (MPa) Friction angle Tensile strength
0 (MPa)
95 38 285
7.6 37 224
59 35 098
28 32 064
Error (%) BTS (MPa) Error (%)
Ta Ca
511 279 285 215
-656 235 240 212
3.92 1.05 1.00 -4.76
720 063 059 -6.35
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Anchor cables

Rock bolts

Structure

Properties

Exposed perimeter (m)

Tensile yield Strength (kN)

Shear coupling spring cohesive strength (MPa)
Shear coupling spring stiffness (GPa)

Shear coupling spring frictional resistance ()
Normal coupling spring cohesive strength (MPa)
Normal coupling spring stiffness (GPa)

Area of cross-section (m?)

Modulus of elasticity (GPa)

Yield strength in tensile (kN)

Modulus of elasticity (GPa)

Yield strength in tensile/compressive (MPa)
Normal/Shear stiffness of interface (GPa/m)

Value

0.06
4300
10
80
45
2000
200
3.8E-4
2000
198.0
200
500/500
10/10
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The single-pit oil-water co-
storage mode

The single-pit gravity dam
reinforcement mode

The multi-pit and dump
inkage energy storage mode

The multi-pit and dump
inkage energy storage mode

B, billion: M, million.

Advantage

The engineering quantity is much lower than that of
simple ol storage scheme

Waste materials in mining area are used to reduce the
extrusion pressure of the storage layer on the o tank
and avoid polltion problems, including the leakage of
il storage caused by tank rupture and polution of
underground environment

The construction area does not cross the lower part of
the city, with high engineering safety

The stabilty of the pit slope is improved, and the road on
the surface also links the traffic.on both sides of the large:
open pit through the construction of artificial gravity dam
It can strengthen the treatment and maintenance of
slope and backiled area

The system is relatively simple

With the geographical advantages, the height difference
of the water level above 200 m can be formed between
the drainage dump and the West and East open-pit
mines, and the optimal reservoir area can be formed
The construction area does not cross the lower part of
the city, so the project has high safety

After the earthwork of the dump is used for backfiling
the West and East open-pit mines, the depression
formed by excavation is just developed into the upper
reservoir, and other means of trace restoration are not
needed

Itis convenient to divide the whole project into several
construction periods and implement them in sections,
which is helpful to relieve the investment pressure

Disadvantage

The geological foundation requires high stabiity

The safety level of o storage and energy storage system
is high

The earthwork for filing the West open-pit mine commes
from the dump, but this scheme does not consider the
surface restoration of the dump

The project requires construction across the city, which
is risky

The dispersion between Hun River and the two lower
resenvoirs is relatively weak, and the benefits are imited
The energy storage process may cause strong erosion of
the riverbed of Hun River, which aggravates the
engineering risk

The dump is far away from the West and East open-pit
mines, with a long pipeline laying distance

The water system of each project is relatively complex,
which requires considerable project planning

Cost Benefit
$2.28B  $358.3M
$6.84B  $1.08B

$1368B $2.15B
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Measuring
point

M1
M2
M3

Um

65
95
125

H/m

10

Aperture/
mm

120

Single
dose/kg

49

Column
spacing/m

5

Row
spacing/m

4

Measured peak vibration
velocity of single hole/cm/s

1.242
0.785
0.341

Main frequency of
vibration/Hz

19.63
17.09
122
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Measuring point

Ground surface settlement of section 1 (DBC35990-3)

The vault settlement in tunnels of section 1 (GDC35990-1)

The horizontal deformation in tunnels of section 1 (SDJ35990-1)
Ground surface settlement of section 2 (DBC36010-3)

The vault settlement in tunnels of section 2 (GDC36010-1)

The horizontal deformation in tunnel of section 2 (SDJ36010-1)
Ground surface settlement of section 3 (DBC360200-3)

The vault settlement in tunnel of section 3 (GDC36020-1)

The horizontal deformation in tunnel of section 3 (SDJ36020-1)

Monitoring value

6.4
a1
6.1
63
88
5.4
48
86
62

3D calculated value

3.32
5.49
2.49
321
5.44
1.86
3.13
5.13
1.66
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Delay
time/ms

22

27

50

Zero
distance/m

65
95
125
65
95
125
65
95
125
65
95
125

Peak vibration
velocity/cm/s

0.701
0.477
0.305
1.246
0.747
0.314
0.770
0.507
0.369
2312
1.367
0.830

dominant frequency/
Hz

9.46
15.869
56.152
19.531
18.311
19.531

17.09
13.123
13.428
28.076
19.226
18.921
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Measuring point ~ L/m v, o sl Error rate/%

M1 65 1.246 1.0536 0.1924 154
M2 96 0.747 0.6565 0.0905 121

M3 126 = & = =
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Case number

Ho/m

20.40
18.49
16.50
17.60
33.00
1250
14.50
18.96
18.15
2055
1250
1295
13.95
2320
17.30

Ao/

1474
11,490
13,000
33,500

2,495
20,000

7,600

3,870

3,920
30,722
12,600
10,878
62,000

4,139

2,290

Construction method

Sequential method
Sequential method
Sequential method
Sequential method
Forward inverse combination method
Sequential method
Sequential method
Forward inverse combination method
Sequential method
Sequential method
Sequential method
Sequential method
Sequential method
Sequential method
Sequential method

Spm/mm

2894
86.71
40.70
20.00
49.20
2850
19.60
57.31
3865
4332
20.90
27.45
21.82
43.85
36.03





OPS/images/feart-10-770888/feart-10-770888-t003.jpg
Strain type

Double-holes nterval pillar
method

Sector expansion method

Gate climbing method

The
maximum

principal
strain

4,452.26

3,946.15

3,786.34

Position

The arch bottom of the
horsehead gate

“The arch bottom of the tunnel

‘The arch bottom of the tunnel

The

minimum

principal
strain

-11,734.92

-10,101.22

-11,495.45

Position

The spandrel of the
horsehead gate

The spandrel of the
horsehead gate

The arch foot of the
horsehead gate

The
minimum
shear strain

5,848.53

6,042.16

5,901.67

Position

The spandrel of the
horsehead gate

The arch foot of the
horsehead gate

The arch foot of the
horsehead gate
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Working condition

Construction content

Construction diaphragm wall, area G support 1, temporary pavement system

The foundation pit shall be excavated to 2.26 m and constructed as area A, B, and D support 1

Excavate area A to —4.60 m and erect support 2
Excavate area B to ~2.14 m and erect support 2
Excavate area B to -5.04 m and erect support 3
Excavate area C to ~3.68 m and construct support 2
Excavate area D to -2.14 m and erect support 2
Excavate area D to -5.04 m and erect support 3
Excavate area A o -9.10 m and erect support 3
Excavate area B to ~7.94 m and erect support 4
Excavate area B to ~10.84 m and erect support 5
Excavate area C to ~9.68 m construct support 3
Excavate area D to ~7.94 m and erect support 4
Excavate area D to -10.84 m and erect support 5
Excavate area A o ~12.40 m and construct support 4
Excavate area A to ~15.29 m and construct bottom plate
Excavate area B to ~13.81 m and construct bottom plate
Excavate area C to ~13.78 m and construct bottom plate
Excavate area D to ~13.81 m and construct bottom plate

Completion time

2020.03.15
2020.09.15
2020.09.26
2020.10.04
2020.10.18
2020.12.03
2020.12.06
2020.12.07
2020.12.10
2020.12.20
2021.01.01
2021.02.20
2021.02.22
2020.02.25
2021.02.28
2020.03.03
2021.03.11
2021.04.10
2021.04.14
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Directions

Extreme value
Double-holes interval pillar method
Sector expansion method

Gate climbing method

0.90
0.92
0.92

Min
-0.72
-0.40
-0.41

Max
375
3.65
374

Min
-3.49
-3.32
-3.37

Max
5.60
5.31
5.38

Min
-5.59
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Soil horizon

®s plain fil

@ dlay

@ sity clay

®s sit

@, sand with silt
®; sity clay

®; clay

®: sity clay

@; sity clay

@; silty soil with silt

Moisture content
W%

320
26.9
29.8
286
26.3
30.2
258
285
316
286

Specific gravity
[cA

2.73
2.74
2.73
2.69
2.69
2.73
2.74
2.73
2.72
270

Force of
cohesion c/kPa

15
43.0
25,5

6.0
38
208
54.9
29.7
276
108

Internal friction
angle ¢/(°)

12
155
1241
25.4
31.8
143
16.1
13.8
15.0
234

Modulus of
compression E,/MPa

8.10
691
10.69
12.50
6.01
8.36
6.41
5.32
9.45
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Category

Miscellaneous fil
Plastic red clay

Intensely weathered dolomite
Moderately weathered dolomite
Primary support

Temporary support

Unit weight
(kN/m®)

18
17.1
27
275
25
78

Modulus (MPa)

181
100

250
28
28

Poisson’s ratio/v

03
03
0.18
0.15
02
03

Friction angle

0

12
10
25
30

Cohesive (kPa)

16
30
100
300

Thickness Length
(m)

w~w

10
0.3
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Method Double-holes interval pillar Sector expansion method Gate climbing method

method
Maximum radius of the plasticity zone of the main tunnel 31m 340m 321m
Maximum radius of the plasticity zone of the transfer sector 6.38m 708m 6.84m

Maximum equivalent plastic strain 0.001189 0.001425 0.001229
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Rock name Density (kg/m®) Young’s modulus (GPa) Uniaxial compressive strength Poisson’s ratio
(MPa)

Coal 1,318.92 1.28 20.78 0.24
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Key points

Vault
Shoulder left
right
Sidewall left
right
Arch feet left
right
Arch bottom

Pavement midpoint

The bolded valses am fensile stress.

Scheme A Scheme B Scheme C Scheme D
Omax Omin Omax Omin Omax Omin Omax Omin
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
-5.38 -56 -2.15 -2.35 215 -231 -2.14 231
-5.33 634 -1.56 -25 -1.36 -2.48 -1.06 -2.62
-5.84 -7.96 -2.16 335 213 -32 214 -3.04
347 -108 159 -0.58 142 -044 128 -031
136 -564 058 221 058 -2.08 076 -2.39
1.02 -563 146 -6.15 134 -56 126 -6.34
131 -5.48 131 -5.49 12 -4.84 1.02 -4.05
168 -2 -17 211 -135 -206 -1.63 -1.92
01 -008 o1 -0.08 009 -008 0.26 -0.02
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Scheme A B

specific measures  replacing the imverted arch v v/

replacing lining v
install anchor shank
install prestressed bolts

2o | 0

1) Replacing the inverted arch and lining: frst, the inverted arch and sidewalk are
excavated and then replaced with concrete of the same strength and thickness. 2) Install
anchor shank: seven anchor shanks with alength of 6 m and spacing of 1 m x 1 m were
appliedi 10 the left and right sidewalls. 3)Installprestressed bolts: seven prestressed bolts
are applied on the left and right sidewalls. Their prestress is 10 tons, the length is 6 m,
and the spacingis 1 m x 1 m. 4) y represents the comesponding measures taken by the
Smeinat anhase.

e < 2 | O
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Position

Vault

Shoulder span

Sidewall

Arch feet

Arch bottom
Pavement Midpoint

Simulated lining deformation (mm)

Simulated lining stress (MPa)

X displacement

-19.82
31.23
-46.84
441
-72.03
0.63
-40.58
-21.32
-21.39

¥ Displacement

-6.46
-0.52
10.15
30.52
69.85
44.37
58.29
121.69
138.02

Omax. Omin
-5.55 -6.20
-5.32 672
-6.99 -7.45
5.35 A
1.69 -7.47
497 -17.29
6.17 -17.55
-3.19 -4.23
0.19 -0.41

Measured data
1 (mm)

131.3

Measured data 2 (mm)

Measured data Monitoring time

35 2014/9/12-2015/5/29
F)
/ /
-10.2 2014/9/12~2015/5/31
/ /
/
/
/
38.7 2014/9/12~2015/5/29
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Support materials

Asphalt Concrete Surface

C35 concrete surface

C15 concrete cushion/Backfill/bottom
drain

Sand Pebble

C25 plain concrete

C25 reinforced concrete/side drain/cable
trench

C20 shotcrete

HRB335 Rebar

D25 hollow grouted bolt

B22 mortar bolt

Elasticity
modulus
(GPa)

31.0
31.0
26.0

6.0
295
299

21.0
210
200
200

Poissn’s
ratio

02
02
02

0.25
0.2
0.2

02
027
03
03

Specific
weight
(KN/m?)

22
22
22

23
22
25

22
785
785
785

Axial
compression
(MPa)

175
175
75

125
125

~~~2

Bending
compression
(MPa)

19.0
19.0
85

Tensile
strength
(MPa)

164
164
093

13
13

1.0
268
268
268
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Rock mass Rate of water content Free Softening coefficient
(%) expansion rate (%)

Maristone 6.25 0.016-0.094 0.20-0.65
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Rock mass

marlstone range
Average
Limestone range
average

Deformation modulus
(GPa)

1224157
14
4.24-16.74
100

Poisson’s ratio

0.3-0.35
0.33

0.25-0.30
0.28

Cohesion (MPa)

0.19-0.36
0.27
0.7-15
11

Internal friction
angle ()

28.8-31.0
30.0

39.0-50.0
45

Specific weight
(kN/m®)

19.9-26.6
2338

23.0-25.0
240
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Axial force of the lining (unit: KN) Bending moment of the liging (unit: kKN-m)
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Load
model

Cycles

Am)

Total dissipated
energy (kJ)

1.23
4.39
8.16
13.99
21.27
31.03

ication cycle loading

Damage
variable D

0.01
0.03
0.06
o1
0.16
0.24

Constant amplitude cycle loading

Total dissipated
energy (kJ)

17.03
27.35
36.62
454
55.43
63.79

Damage
variable D

014
021
0.26
0.30
0.34
0.38

Section cycle loading

Total dissipated
energy (kJ)

29
434
564
692
8.16
9.38
12.94
17.06
21.04
24.94
28.81
3251

Damage
variable D

0.04
005
0.07
009
0.10
0.12
0.16
022
027
032
036
041
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Load
model

Cycles

Amplification cycle loading

Total

energy
kJ

5.56
17.94
32.66
51.89
75.21

110.81

Elastic
energy
KJ

4.33
14.78
28.89
46.06
67.93

101.05

Dissipated
energy

kJ

1.23
3.16
3.77
5.83
7.28
9.76

Constant amplitude cycle loading

Total
energy
kJ

121.12
114.78
113.81
1133
116.54
113.87

Elastic
energy
kJ

104.09
104.46
104.54
104.52
106.51
105.51

Dissipated
energy
KJ

17.03
10.32
927
8.78
10.03
8.36

Total
energy
kJ

16.49
14.96
14.89
14.81
148
14.72
50.01
50.76
50.57
50.54
50.46
50.34

Elastic
energy
kJ

13.69
13.62
13.69
13.53
13.56
135
46.45
46.64
46.59
46.64
46.59
46.64

Section cycle loading

Dissipated
energy
kJ

29

1.44
13

1.28
1.24
122
3.56
412
3.98
39
3.87
3.7
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Soil
layer

Compacted Qs Malan loess
Uncompacted Qs Malan
loess

Uncompacted Q; Lishi loess

Water
content
@ (%)

1.6
103

12.2

Dry density
palg-cm™)

175
1.38

147

Saturation
Sr (%)

571
286

39.7

Void
ratio E

0545
0963

0.835

imit
WL (%)

235
248

25.0

Plastic
limit

WP (%)

153
157

15.8

Cohesion c (kPa)

Internal friction
angle ¢(°)

Natural ~ Saturated

50.65 3335
34.15 14.90
38.05 24.86

Natural ~ Saturated

26.31 23.93
23.70 18.80
25.50 21.70
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Content Physical quantity Dimension Model
to prototype ratio

Geometric quantity Length ] 1N
Area 5] NP
Volume 5] 1Ae

Material properties Water content Liu et al. (2020a) 11
Void ratio Liu et al. (2020a) 111
Density V] 11
Volumetric weight ML2T3) N
Cohesion ML'T2) 11
Internal friction angle Liu et al. (2020a) 111

Centrifugal model response Displacement ] N
Time (seepage, consolidation) m 1NP

Stable safety factor Liu et al. (2020a) 1
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Project

Freezing tube
Temperature tube

Number of frozen holes

Total length of freezing tube
Freeze curtain thickness
Average frozen-wall temperature

Parameter

89 x 10 mm, 20 # low carbon steel seamess steel pipe
®89 x 10 mm, 20 # low carbon steel seamless steel pipe
Frozen holes 57, 5 temperature measuring holes

300.8m

2m

-10C - ~15°C

Project

Active freeze time

Brine temperature

Frozen-wall uniaxial compression
Flexural strength

Shear strength

Total cooling requirement

Parameter

35 days
-28C - -30°C
4.0 MPa
20MPa

1.8 MPa

3.2 x 10° Kealh
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Material

Emulsion
explosive

Density
(kg/m3)

1200

Blasting
velocity
(m/s)

5000

Chapman-
Jouget
pressure
(Gpa)

7.62

326.42

58

Ry

5.8

Ry

1.56

0.57

267
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Density (kg/m?) Elastic modulus Poisson’s ratio Tensile strength Internal friction Cohesion/MPa
(GPa) (Mpa) angle/”

2550 12.39 0.29 3.66 26.57 1.64





OPS/images/feart-09-809260/feart-09-809260-g002.gif
Bl

e swee

o
M Suctiy

)

0





OPS/images/feart-09-807073/feart-09-807073-t002.jpg
Uniaxial Uniaxial tensile strength/MPa Elastic modulus/GPa Internal friction angle/" Cohesion/MPa
compressive strength/MPa

57.2 244 418 26.57 164
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Parameter

cutting hole
Auxiliary hole
Peripheral hole
Total

Excavation area
Unit consumption
Utiization rate
Footage
Estimated
explosive

Blast hole
diameter/mm

42
42
42

Blast hole
depth/m

15
13
13

Number of
holes

77
74
156

Charging
structure

Continuous
Continuous
Interval

77
0.58 kg/m?®
88%

Single hole
charge

06
04
0.15

1.2 m/per cycle, 2.4 m/per day, 72 m/per month

44.9 kg/per cycle, 89.8 m/per day, 2694 kg/per month

Subtotal

308
1.4
44.9

Detonation millisecond
detonator
class
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'SB composite layer with 0.5 m thickness
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Equivalent saturated permeability coefficien

Unsaturated soil relative permeabiility coefficient
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1.075758E-7
1.47033E-7
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