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INTRODUCTION
In the pursuit of resources and space from the deep Earth, a multitude of deep underground projects have been completed, currently under construction, and have already been planned. These projects involve various fields, including water conservancy and hydropower, mining, transportation, deep laboratory research, national defense, and more. However, due to the complex geological environments and high ground stress, the construction of these projects frequently encounters various geological disasters, such as severe rockburst, significant deformation, substantial water inrush, and large-scale collapse. These geological disasters pose severe threats to construction safety and hinder the advancement of underground engineering practices. It is worth noting that the deformation behavior of surrounding rock and the development process of geological disasters differ significantly between deep and shallow engineering projects. Consequently, there is an urgent demand for the development of new geological disaster theories, monitoring techniques, warning systems, and risk mitigation methods tailored specifically to deep engineering conditions.
PROGRESS IN THE RESEARCH TOPIC
To draw the attention of scholars to geological disasters in deep engineering, the current Research Topic titled “Geological disasters in deep engineering: mechanism, warning, and risk mitigation—volume II” was organized. This volume showcases new theories, methods, and techniques developed to understand the mechanisms of geological disasters and provides insights into warning systems and risk mitigation strategies. In total, 28 manuscripts were submitted, and out of these, 10 were selected for publication, resulting in a compilation of 10 papers authored by 49 researchers. These papers primarily focus on two main aspects. The first aspect explores the formation and evolution of geological disasters in deep engineering and their underlying mechanisms. The second aspect delves into warning methods and risk mitigation strategies.
FORMATION AND EVOLUTION OF GEOLOGICAL DISASTERS IN DEEP ENGINEERING AND THEIR MECHANISM
Zhu et al. investigated the crack propagation process and energy dissipation law of grouting specimens under radial impact loads. An impact test was conducted with varying air pressures using the split Hopkinson pressure bar test system. The failure mechanism of the samples was analyzed from the perspective of the dynamic failure process and energy dissipation. The research findings offer valuable insights for grouting-reinforced rock masses in deep roadways subjected to impact loads.
Chen et al. utilized the DDA method enhanced with the sub-block fracturing modeling algorithm and the Weibull distribution heterogeneity model to simulate pre-notched rock specimens. The study aimed to investigate the impact of heterogeneity on the reproducibility of macroscale strength and failure patterns of the specimens. This work highlights the significance of considering rock heterogeneity in practical rock engineering.
Fan et al. analyzed the relationship between shear strength and matric suction using direct shear tests on unsaturated coal-bearing soil, the filter paper method for matrix suction measurement, and scanning electron microscope tests. From a microscopic perspective, the internal reasons for the shear strength attenuation of unsaturated coal-bearing soil under dry-wet cycles were revealed. This study provides valuable supplementary information for understanding the engineering properties and stability of unsaturated coal-bearing soil.
Ma et al. studied the fatigue failure processes in intermittent jointed rock masses subjected to repeated stress waves. The failure processes of discontinuous jointed rock masses were numerically simulated using the Autodyn element software. This study holds practical significance for the long-term qualitative analysis of rock mass engineering.
Huang et al. present the results of a series of undrained strength tests using a Berkeley simple shear device, and an expression for the undrained shear strength of high plasticity clay was developed. The undrained shear strength of clay is a critical parameter for designing embankments and pile foundations.
Chen et al. investigated the time-varying fatigue reliability of the inverted structure of a subway tunnel under the influence of train loads. The findings from this study offer valuable insights into the health and reliability of subway tunnels and facilitate their condition monitoring.
WARNING METHODS AND RISK MITIGATION FOR GEOLOGICAL DISASTERS IN DEEP ENGINEERING
Chen et al. conducted a study on regional flash flood susceptibility prediction, employing various machine learning models to develop modeling rules. This research holds practical importance in the fields of flash flood and geological hazard prevention and control, road planning, and the development of suitable risk mitigation strategies in southwest and southern China.
The safe mining of steeply inclined and extra-thick coal seams presents significant challenges due to coal bursts. In light of mining-induced seismicity triggered coal burst in a typical steeply inclined and extra-thick coal seam, Cao et al. investigated the failure mechanism and control of such occurrences. This study sheds light on effectively managing coal bursts induced by mining-induced seismicity in steeply inclined and extra-thick coal seams.
Xiang et al. explored and established an elastic-plastic analytical formula for the grouted rock surrounding a shaft under the combined influence of thermal, hydraulic, and mechanical fields based on the Mohr–Coulomb yield criterion. This study provides a theoretical foundation for optimizing grouting reinforcement parameters in deep shafts.
The stability control of surrounding rock in deep roadways is increasingly challenging, with grouting reinforcement support emerging as the prevailing approach. Yan et al. conducted a study on a similar ratio experiment and characteristic analysis of quasi-sandstone, offering theoretical references for similar material simulation tests related to grouting in quasi-sandstone.
The construction of deep engineering projects demands a stronger focus on science and technology innovation. The papers featured in this Research Topic volume facilitate knowledge exchange within the deep geoengineering community, providing insights on enhancing the sustainability and disaster resistance of deep engineering projects.
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The undrained shear strength of clay is an important parameter for the design of embankments, shallow foundations, and pile foundations. Among the various methods of testing undrained strength, the simple shear is essential when the shearing mode of the soil surrounding the pile is similar to that in a simple shear test. This study employs a series of undrained strength tests with a Berkeley simple shear apparatus. Three reconstituted natural clays and one artificial clay were tested with a range of coefficients of consolidation. The influence factors, including sample pre-consolidation pressure, saturation back pressure, shearing rate, height of specimen, consolidation stress, and lateral stress ratio, were investigated in undrained simple shear tests. The failure mode in simple shear and corresponding strength parameters are also examined. Based on the test data set, models for describing the undrained strength with simple shear for high plasticity clays are developed and compared to test data for normally consolidated reconstituted clay. Good agreement between models and intact Onsoy clay is also observed when allowance is made for the coefficient of consolidation and strength parameters of undisturbed clay and in situ stress state.
Keywords: undrained shear strength, simple shear, shearing rate, excess pore pressure, clay
1 INTRODUCTION
The undrained shear strength of soils is a key parameter in many applications. The standard methods to determine the shear strength of soils are broadly classified as laboratory (e.g., unconfined compression, unconsolidated/undrained (UU) triaxial compression, consolidated undrained (CU) triaxial compression, simple shear, fall cone, pocket penetrometer, torvane, and laboratory vane) and in situ procedures (e.g., cone penetration test (CPT)/T-bar/ball penetration test and vane test). The vane test is usually considered to give the best result. A penetration test would give crude correlation to strength unless there is a sufficient empirical or calibrated data set. All penetration tests need laboratory tests or in situ vane tests to calibrate the conversion factors. The pocket penetrometer, fall cone, and torvane are all used on the soil before it is extruded from the tube section. Like penetration tests, these strength index tests cannot obtain strength directly and require conversion factors to calculate strength.
Unconfined compression is the best general-purpose test but underestimates strength because disturbance decreases effective stress. In order to reduce the sample disturbance effect, the recompression method (Bjerrum, 1973) or the SHANSEP method (Ladd & Foott, 1974) is applied in simple shear and triaxial tests. The CU test performed in situ confining pressure overestimates strength because disturbance leads to smaller water content upon reconsolidation. If the recompression method is used with the simple shear test, the specimen should be preloaded to approximately 75%–80% of the estimated preconsolidation stress of the specimen and then unloaded back to the estimated in situ vertical effective stress (ISO 19901-8, 2015).
Strengths measured in simple shear are generally lower than corresponding strengths measured in triaxial compression. Randolph & Wroth (1981) developed a theoretical expression between the two types of undrained shear strength. Based on 50 different clay data sets, Mayne (1985) suggested that the undrained shear strength from simple shear is on the order of 0.7 ± 0.2 of the strength in triaxial compression.
The simple shear strength is sometimes more important because it represents the average mobilized strength for many cases (e.g., embankment stability on soft clays, soft ground beneath spread footings, and shaft resistance along pile foundations). The mode of shearing of the soil around the pile is very similar to that in a simple shear test (Randolph & Wroth, 1981). Furthermore, the intact specimens used in the simple shear test with a height of 20–30 mm are much smaller than those used in a triaxial test with a length of 150 mm or 200 mm for offshore clay (Randolph & Gourvenec, 2017). Therefore, simple shear is more popular than the triaxial test in the offshore industry due to cost-efficient sampling and rapid consolidation.
Two commonly used simple shear apparatuses based on cylindrical samples are the Berkeley simple shear device with normal rubber membrane (Rau, 1999) and the NGI simple shear device with a stacked ring or wire-reinforced membrane (Bjerrum & Landva, 1966; Dyvik et al., 1987). Some comparisons were made between the Berkeley and NGI simple shear devices (Acharya & Airey, 2017; Sharma et al., 2017). The Berkeley simple shear device has more clear stress state but also has the limitation of the non-uniformity of shear stress. A specimen with a large diameter:height ratio can minimize the uncertain effect. The stress states, boundary conditions, and failure modes in simple shear are discussed in many articles (Prevost & Høeg, 1976; Wood et al., 1979; Wroth, 1984; Budhu, 1984, 1985; Airey & Wood, 1987; Atkinson et al., 1991; Reyno et al., 2005; Joer et al., 2010; Verma & Wijewickreme, 2020).
This paper presents the results of a series of undrained strength tests using a Berkeley simple shear device. Three reconstituted natural clays and one artificial clay were tested in this program. The influence factors, including sample pre-consolidation pressure, saturation back pressure, shearing rate, coefficient of consolidation, height of specimen, consolidation stress, and lateral stress ratio, were observed in undrained simple shear tests. Based on test results, an expression of undrained shear strength was developed for high plasticity clays, which was verified by tests on “old” UWA clay and intact Onsoy clay.
2 SIMPLE SHEAR TEST
2.1 Simple shear apparatus and test procedure
The simple shear apparatus used in this study, shown in Figure 1, was developed at the University of Western Australia. This apparatus is also called the Berkeley simple shear device. It follows a similar approach to a triaxial apparatus, with the specimen contained by a normal rubber membrane and subjected to cell pressure, but with the base of the specimen mounted on a platform that can slide horizontally. Simple shear tests are performed on cylindrical soil specimens, typically 50 mm or 72 mm in diameter and 20–30 mm tall. The specimen is consolidated in an identical way to a triaxial specimen, with cell pressure and back pressure applied under either isotropic or anisotropic stress conditions. Following consolidation, the undrained test is carried out by closing the back pressure valve while maintaining a constant specimen height achieved by stopping the motor. The cell pressure is adjusted during the undrained tests to maintain a constant total vertical stress.
[image: Figure 1]FIGURE 1 | UWA simple shear apparatus.
2.2 Material and specimens preparation
Testing was conducted on four reconstituted clay specimens with high plasticity. Onsoy clay samples were retrieved from a depth of 3–4 m in a test pit in Onsoy, Norway. Brunei clay samples were provided in the form of tube samples recovered over depths between 5 m and 120 m from a single borehole at the site. Bayswater clay was obtained using an excavator from a depth of 4 m–4.5 m in Perth, Australia. New Kaolin clay is artificial clay currently used in UWA instead of the UWA Kaolin used previously (Lehane et al., 2009; Richardson et al., 2009; Chow et al., 2014; Mahmoodzadeh & Randolph, 2014). The characterizations of the four clays are listed in Table 1, and the properties of old Kaolin clay are also given.
TABLE 1 | Summary of soil parameters.
[image: Table 1]When preparing the clay slurries, all debris, shells or other contaminants larger than 0.5 mm were first removed. The clay was then placed in a high-capacity mixer and mixed to a water content of approximately 1.75 to 2.0 times the liquid limit. After several hours of mixing to achieve a consistent slurry, the samples were transferred to large “Nally” bins, where they were repeatedly remixed with a hand mixer to maintain sample uniformity. The clay slurry was poured into 90 mm diameter tubes and consolidated in stages to a final vertical effective stress that was usually 3–5 kPa smaller than the test pressure. The samples were then extruded from the consolidation tubes and trimmed to test specimens using the thin-walled sample cutter. The specimens were 72 mm in diameter, and the heights after consolidation are shown in Table 2.
TABLE 2 | Testing program.
[image: Table 2]2.3 Testing program
The testing program is shown in Table 2. It consists of 17 tests for Onsoy clay, 3 tests for Brunei clay, 6 tests for Bayswater clay, and 4 tests for new Kaolin clay. Each clay shearing test was conducted in the undrained condition to investigate the effect of shearing rate, consolidation stress, lateral stress ratio K, back pressure, and consolidation strain in the tube. According to Table 1, the four high-plasticity clays have a wide range of consolidation coefficients. Many tests are repeated.
3 UNDRAINED SHEAR TEST RESULTS
The height of specimens, excess pore pressure ratios, and lateral stress ratios, all at failure, and the undrained strength ratios obtained in simple shear tests are listed in Table 3.
TABLE 3 | Summary of test results.
[image: Table 3]3.1 Undrained strength
There was no apparent effect of lower back pressure (BP) and consolidation strain on undrained strength, so these tests were taken as repeat tests of the base case. The undrained strengths of all repeat tests are plotted in Figure 2 with respect to vertical consolidation stress. There is a certain range of undrained strength, which may be due to a lack of uniformity of samples and test operations or uncertainty during undrained shearing. However, there is a good response trend when plotting the relationship between undrained strength and excess pore pressure at failure (Figure 3). The increase in excess pore pressure at failure causes a decrease in undrained strength, which is in good agreement with the principle of effective stress. That is to say, the uncertainty of the strength during undrained shearing becomes certain in the effective stress analysis.
[image: Figure 2]FIGURE 2 | Undrained strength vs. vertical consolidation stress.
[image: Figure 3]FIGURE 3 | Variation in undrained strength ratio with excess pore pressure ratio at failure.
Figure 4 shows variation in the undrained strength ratio with vertical consolidation stress. The undrained strength ratio varies between 0.18 and 0.42, which is much larger than the actual value range (Jamiolkowski et al. (1985)). The undrained strength ratio decreases with the increase of vertical consolidation stress. From the Jurgenson–Rutledge hypothesis (Rutledge, 1947), the undrained strength ratio is constant for clay soils, assuming the curve of ef-logσvc is parallel to the curve of ef-log(σ1-σ3)f. Lehane et al. (2009) suggested that the undrained strength ratio may reduce slightly with an increase in effective stress level when the vertical effective stress is larger than 100 kPa. Boukpeti & White (2017) gave a non-linear failure envelope of the power law relationship when effective normal stress is smaller than 10 kPa. Therefore, for a large range of stress, the failure envelope would be non-linear, which means there is a tiny cohesion of about 5 kPa for normally consolidated clay while applying the linear Mohr–Coulomb criterion. That is why the undrained strength ratio decreases with vertical consolidation stress in low stress and only slightly reduces or is nearly constant in moderate or high stress.
[image: Figure 4]FIGURE 4 | Variation in undrained strength ratio with vertical consolidation stress.
The undrained strength ratio versus the lateral stress ratio K for Onsoy clay is shown in Figure 5. There is a clear increasing trend of τf/σ′vc vs. K. For a certain vertical consolidation stress, the larger the K value, the lower the void ratio or water content. According to the shear strength theory developed by Hvorslev (1960), the strength at failure was a function of the effective normal stress and the void ratio at failure. Therefore, the increase in K leads to a decrease in the void ratio, resulting in an increase in undrained strength. The effect of K on effective stress will be discussed below.
[image: Figure 5]FIGURE 5 | Variation in undrained strength ratio with lateral stress ratio.
Lehane and Jardine (1992) ascribed a moderate positive rate effect to viscous phenomena combined with variable degrees of particle sorting within the shear zone. Lehane et al. (2009) suggested that viscous effects dominate under the fully undrained condition, which is beneficial to resistance and strength. An overall increase in undrained strength with shearing rate was observed for the four clays (Figure 6). Although the undrained strength ratio at 0.1 mm/min for each material varies to some degree, the average values of each specimen do not change the overall trend of increasing. The effect of shearing rate on excess pore pressure is much more significant than undrained strength and will be discussed below. It appears that the gain of undrained strength for low permeability clay is mainly caused by smaller excess pore pressure than viscous effects due to a faster shearing rate.
[image: Figure 6]FIGURE 6 | Variation in undrained strength ratio with shearing rate.
3.2 Excess pore pressure
Variation in excess pore pressure ratio at failure with shearing rate is shown in Figure 7. Excess pore pressure decreases with strain rate after the strain is larger than 5% (Richardson & Whitman, 1963). At the fast shearing rate of 2.5 mm/min, the shear strain reaches 30% in only 3 min, and the specimen has already failed. Compared to the slow shearing of 0.1 mm/min, there is not enough time for the pore pressure to increase fully. However, there is no noticeable change between the slow and fast rates for new Kaolin clay. This is because the new Kaolin’s coefficient of consolidation (7.0 m2/yr) is much larger than the coefficients of the three other clays (0.48–1.8 m2/yr), and the excess pore pressure is not only related to the shearing rate but also to the coefficient of consolidation.
[image: Figure 7]FIGURE 7 | Variation in excess pore pressure ratio at failure with shearing rate.
To find the effect of the consolidation coefficient, the curves of excess pore pressure versus shear strain for the four clays are plotted together, as shown in Figure 8. They are all at an identical shearing rate of 2.5 mm/min, and the order of the coefficient of consolidation is new Kaolin>Brunei≈Onsoy>Bayswater (Table 1). After the shear strain becomes greater than 10%, the excess pore pressure of the new Kaolin is greater than that of other clays, Brunei’s is close to Onsoy’s, and Bayswater’s is the smallest. There is a good agreement between excess pore pressure and the coefficient of consolidation. In other words, the clay with the larger coefficient of consolidation is more likely to generate excess pore pressure under undrained shearing.
[image: Figure 8]FIGURE 8 | Excess pore pressure ratio plotted against shear strain at a shearing rate of 2.5 mm/min.
The excess pore pressure ratio at failure decreases with the increase in specimen height, as displayed in Figure 9. In the triaxial test, excess pore pressure was measured with different height-to-diameter ratios, showing that the larger the specimen height, the smaller the pore pressure (Muraro & Jommi, 2021). The specimens in this investigation, contained by a flexible membrane and subjected to cell pressure, are subject to conditions similar to those of the triaxial test, and the corresponding excess pore pressure changes with the height of the specimen while shearing is also consistent.
[image: Figure 9]FIGURE 9 | Variation in excess pore pressure ratio with specimen height, both at failure.
A soft clay sample may possibly contain a combination of both a discrete diagonal shear plane and the conventional type of simple shear deformation (Joer et al., 2010). In the flexible boundary, diagonal shear planes are formed through the specimen in the Berkeley simple shear device, generally from the back of the top platen to the top of the front of the bottom platen, and a visible shear plane forms at large strain greater than about 15% (Sharma et al., 2017). Figure 10 shows photographs of typical failure planes in a Berkeley simple shear device for each clay, with the same shear failure mode suggested by Budhu (1984) and Reyno et al. (2005). Shearing occurred in a shear band of thickness that resulted in the generation of excess pore pressure while neglecting possible pore pressure generation outside the shear band in the direct shear test (Boukpeti & White, 2017). For the simple shear test, the regions outside the shear plane still undergo shear deformation, and the excess pore pressure cannot be ignored, but due to stress concentration, the excess pore pressure of the shear plane is much larger than other regions, especially when the specimen is close to failure. The shear band thickness of clayey soil was 2–8 mm after shearing was completed, which is independent of the height and diameter of the specimen (Hicher et al., 1994; Gylland et al., 2014), while the shear band thickness decreases with the shearing rate (Jostad et al., 2006; Gylland et al., 2014). Therefore, the diameter of the specimen has little effect on the excess pore pressure, and the larger the height of the specimen, the smaller the excess pore pressure due to diffusion and the averaging effect.
[image: Figure 10]FIGURE 10 | Photographs of typical failure planes in a Berkeley simple shear device.
There is a definite decreasing trend in the ratio of excess pore pressure versus lateral stress shown in Figure 11. The decrease in excess pore pressure causes the effective stress to increase, which will contribute to the undrained strength. In addition to the smaller void ratio at failure induced by the increase of lateral stress ratio discussed above, the gain in effective stress is another factor to improve undrained strength, according to the shear strength theory developed by Hvorslev (1960). For Onsoy clay, the relationship between excess pore pressure and lateral stress ratio can be approximated by the following equation:
[image: image]
where K is the lateral stress ratio, and [image: image], and [image: image] and [image: image] are the horizontal and vertical consolidation stress of the specimen, respectively.
[image: Figure 11]FIGURE 11 | Variation in excess pore pressure to lateral stress ratio at failure.
4 FORMULA FOR UNDRAINED SHEAR STRENGTH
The above analysis shows that the lower the shearing rate, the larger the coefficient of consolidation, and the smaller the specimen height, the larger the excess pore pressure. Therefore, similar to the normalization of penetrometer velocity proposed by Finnie & Randolph (1994), the normalized shearing rate in the simple shear test can be established as follows:
[image: image]
where v is the shearing rate, expressed in mm/min, Hf is the height of the specimen at failure or after consolidation, and cv is the vertical coefficient of consolidation.
Figure 11 shows little difference in excess pore pressure ratio between K=0.5 and 0.65, so these data can be plotted together as K=0.575. The relationship between excess pore pressure and normalized shearing rate for four clays tested with a K value of 0.5 and 0.65 is plotted in Figure 12. The excess pore pressure ratio and the normalized shearing rate have a good linear decreasing relationship in the semi-logarithmic coordinate.
[image: Figure 12]FIGURE 12 | Variation in excess pore pressure and normalized shearing rate ratio at failure.
The excess pore pressure ratio is given by
[image: image]
Combining Eq. 1 and Eq. 3, where the K value of Eq. 3 is 0.575, the lateral stress ratio can be taken into account in the equation, and the excess pore pressure ratio may be written as
[image: image]
For an undrained simple shear test, taking Hf=25 mm and v=0.1 mm/min, Eq. 4 becomes
[image: image]
where cv is expressed in m2/yr.
For soil in the field, the lateral stress ratio K can be calculated by Eq. 6, proposed by Mayne and Kulhawy (1982).
[image: image]
where [image: image] is the friction angle of soil based on effective stresses on the failure plane, and OCR denotes the over-consolidation ratio.
The undrained strength depends on the amount of effective normal stress or excess pore pressure generated during shearing. This may be expressed as
[image: image]
where [image: image] is the cohesion of soil based on effective stresses on the horizontal plane, and [image: image] is the friction angle of soil based on effective stresses on the horizontal plane.
Eq. 5 is suitable for normally consolidated or slightly over-consolidated clay, so Eq. 7, based on Eq. 5, is also applicable in the same clay but not for medium or strong over-consolidated clay.
An alternative interpretation of the simple shear test that considers the diagonal failure plane rather than the horizontal plane is given by Joer et al. (2010). Effective parameters on the horizontal plane can be deduced according to the traditional interpretation of horizontal failure mode (Table 4). Figure 13 gives the typical stress paths and failure envelopes on the horizontal and failure planes, respectively, which are both based on undrained simple shear tests. The failure points in the diagram are determined by the shear stress, normal stress, and pore pressure at the point of peak shear stress. The failure envelopes both show a good linear relationship, while the envelope of the failure plane is slightly more linear than that of the horizontal plane. As shown in Table 4, cohesion on the horizontal and failure planes is very close for each clay, and the friction angle on the horizontal plane is smaller than that on the failure plane.
TABLE 4 | Summary of strength parameters based on effective stresses.
[image: Table 4][image: Figure 13]FIGURE 13 | Stress path and failure envelope-based effective stresses for Onsoy clay: (A) horizontal plane, (B) failure plane.
The strength parameters of the failure plane based on effective stresses can be obtained by various methods, such as the CU and CD triaxial tests, the drained direct shear test, and the simple shear test. Effective strength parameters must be used when applying Eqs 5, 7 to predict undrained strength. It is possible to deduce effective parameters of the horizontal plane from failure plane parameters. The comparisons of effective strength parameters between the horizontal and failure planes are shown in Figure 14. The relationships of cohesion and friction angle between different planes are as follows:
[image: image]
[image: image]
where [image: image] is the cohesion of soil based on effective stresses on the failure plane, and [image: image] is the friction angle of soil based on effective stresses on the failure plane.
[image: Figure 14]FIGURE 14 | Effective strength parameter comparison between horizontal and failure planes: (A) cohesion, (B) friction angle.
5 VERIFICATION OF UNDRAINED STRENGTH
5.1 Reconstituted clay
Including the data of the old Kaolin clay used in UWA previously (Lehane et al., 2009), the undrained strength of five clays was compared with the measurement and prediction data from Eqs 4, 7, shown in Figure 15A. In addition, Leonards’ method was compared in Figure 15B. Leonards (1962) gave Eq. 10 to estimate undrained strength.
[image: image]
where Af is the pore pressure parameter, and its value is 0.7–1.3 for normally consolidated clays.
[image: Figure 15]FIGURE 15 | Comparison between predicted and measured undrained strength for reconstituted clay: (A) method of Eqs 4, 7, (B) method of Leonards (1962).
Figure 15A shows good agreement between predicted and measured undrained τf values, including those of the old Kaolin clay, which is not referred to in the developing formula. There is a slightly higher calculated undrained strength when using Leonards’ method with the Af value of the upper limit in Eq. 10. The lower the Af value, the higher the strength. It is difficult to determine the pore pressure parameter properly.
Jamiolkowski et al. (1985) suggested that
[image: image]
Figure 4 shows the normalized undrained strength of Eq. 11 with the measured values for each clay. There is an obvious decreasing trend of undrained strength ratio versus vertical consolidation stress, while a trend is not clear in the Jamiolkowski equation. Jamiolkowski’s strength ratio is the lower limit of the measured values. From Eqs 7, 10, the undrained strength ratio decreases with increasing vertical consolidation stress due to the existence of clay cohesion. If the cohesion is equal to 0, the undrained strength ratio is constant and would not change with the level of stress. Cohesion can be neglected for high stress levels, and the undrained strength ratio is nearly constant.
5.2 Intact Onsoy clay
According to the reference of the NGI research report (2019) and Gundersen et al. (2019), the property profiles of clay at the Onsoy site are listed in Figure 16A. The OCR value of Onsoy clay is 1.3–1.9, and the cv value is 3–11 m2/yr with a soil depth of 3–20 m. Therefore, intact Onsoy clay is slightly overconsolidated clay with an average OCR of 1.5 and has a larger coefficient of consolidation than reconstituted Onsoy clay. Soil disturbance delays the consolidation and hence reduces the coefficients of consolidation of both normally consolidated and overconsolidated clays (U.S. Navy, 1982). Holtz et al. (2011) included lightly overconsolidated deposits with an OCR < 2 in the category of normally consolidated clays. Representative values of the friction angle and cohesion are φ′f=30° and c’f=5 kPa, respectively (Gundersen et al., 2019). The predictions given by Eqs 5, 7 are compared with different types of measured undrained shear strength in Figure 16B.
[image: Figure 16]FIGURE 16 | Intact Onsoy clay: (A) OCR and cv profiles, (B) comparison between predicted and measured undrained strength.
In direct simple shear (DSS) tests, the clay specimens were consolidated to what was believed to be a low estimate of the preconsolidation stress (approximately 75%–80%) and then unloaded to the estimated in situ effective vertical stress before shearing. This method was used to counteract the negative effect of stress release and other disturbance effects during sampling and extrusion (ISO 19901-8, 2015). UU triaxial tests have been performed on intact material. All consolidated undrained triaxial compression (CAUC) tests were consolidated to a best estimate of the in-situ stress condition with a K0 value of 0.6 on the soft clay from the Onsoy site. The vane test is usually considered to give the best result of the undrained strength of clay.
The undrained strength of DSS tests is in the empirical range of Jamiolkowski, which is very close to UU test results and slightly lower than the strength found using CAUC tests, especially below a depth of 10 m. The undrained strength of DSS tests at a depth of 0–9 m is essentially the same as the vane strength, but its strength below 9 m is slightly higher than the vane strength. The predicted undrained strength from Eqs 5, 7 for intact Onsoy clay has a good agreement with vane and DSS test results, while the predicted strength using Leonards’ method is at the upper limit of that found using the DSS tests. However, in Figure 16B, the value of Af is the upper limit, which leads to the smallest undrained strength. For intact clay, obtaining good estimates of the pore pressure parameter Af is often difficult because that parameter is very sensitive to sample disturbance.
6 CONCLUSION
The undrained strength of clay determined by the simple shear test is related to shearing rate v, coefficient of consolidation cv, the height of specimen Hf, consolidation stress σ′vc and lateral stress ratio K. Although there is some uncertainty for undrained strength, it could become much more certain with an effective stress analysis. A normalized shearing rate V=vHf/cv is suggested to develop the relationship with excess pore pressure. Based on the Mohr–Coulomb failure criterion, undrained strength can be calculated from strength parameters in terms of effective stress. The equations developed with high plasticity clays are suitable for normally consolidated and slightly overconsolidated clays. In addition, the failure mode of specimens in a Berkeley simple shear device is a diagonal failure plane instead of a horizontal plane. Meanwhile, an empirical relationship of strength parameters on different planes is established.
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The stability control of surrounding rock in deep roadway is becoming more and more difficult, and grouting reinforcement support has become the mainstream of roadway control. In order to obtain the ratio of quasi-sandstone material corresponding to the grouting body, this paper uses river sand as aggregate, cement and gypsum as cementing agent, retarder and defoamer as additives, and carries out orthogonal proportioning tests with three influencing factors: water-binder ratio (ratio of water to mass of cementing agent), gypsum-cement ratio (ratio of gypsum to mass of cement) and binder-aggregate ratio (ratio of cementing agent to aggregate mass), and compares and analyzes the sensitivity of each factor on the density, compressive strength, tensile strength, elastic modulus, Poisson’s ratio, longitudinal wave velocity, elasticity index and brittleness index of quasi-sandstone material. The results show that 1) the Water-binder ratio has the greatest effect on the sensitivity of material compressive strength, tensile strength, elastic modulus, Poisson’s ratio and longitudinal wave velocity; the gypsum-cement ratio has the greatest effect on the sensitivity of material deformation index and brittleness index; the binder-aggregate ratio has the greatest effect on the sensitivity of material density. 2) Reducing the Water-binder ratio can improve the density, compressive strength and tensile strength of the material; reducing the paste ratio can improve the modulus of elasticity, Poisson’s ratio and longitudinal wave speed of the material; as the gypsum-cement ratio increases, the deformation index first decreases and then increases and then decreases; as the binder-aggregate ratio increases, the brittleness index first increases and then decreases and then increases. 3) The empirical equations between physical and mechanical properties of sandstone-like materials and Water-binder ratio, gypsum-cement ratio and binder-aggregate ratio were established based on multiple linear regression analysis, and more reasonable material ratios were quickly obtained by physical and mechanical parameters of materials. The results of the study provide theoretical references for similar material simulation tests for quasi-sandstone grouting.
Keywords: quasi-sandstone, similar proportioning, physical and mechanical properties, orthogonal test, sensitivity, multiple linear regression
1 INTRODUCTION
With Chinese coal resources into deep mining, deep roadway surrounding rock in high stress, strong mining of the mutual superposition of the role of deep roadway surrounding rock stability control increasingly difficult, surrounding rock grouting reinforcement support has become the mainstream of roadway control (He 2021; Jia et al., 2022a; Jia et al., 2022b; Jing et al., 2022; Li et al., 2022; Wang et al., 2022; Zhang and Yin, 2022). In recent years, physical model tests have been widely used in the field of underground engineering because of the advantages of easy fabrication, controllable size and variables, and low price, so carrying out the raw rock similar material proportioning experiments to prepare raw rock and obtain the similar material proportioning of quasi-sandstone corresponding to the grouted body provides an experimental basis for further research on the slurry seepage diffusion law and grouting reinforcement effect in quasi-sandstone under true triaxial stress environment, which is of deep The seepage flow grouting support of the tunnel surround rock has important practical significance (Lu et al., 2022; Liu et al., 2017; Kang et al., 2020; Zhang et al., 2020).
Rich results have been achieved in the proportioning of similar materials for quasi-sandstone materials, (Wang et al., 2006; Zhang et al., 2008; Zhang et al., 2019; Deng et al., 2020; Bai et al., 2021; Liu et al., 2022; Qin et al., 2022; Zhai et al., 2022), by using the similarity theory, similar specimens of the original rock were prepared using similar materials, and the physical and mechanical properties and damage laws were investigated. Optimized the ratio of rock-like materials prepared by 3D printing technology (Wu et al., 2020). Quasi-Sandstone similar materials were prepared using cement, gypsum, sand and coal dust, and it was concluded that gypsum and cement were the main controlling factors for deformation and strength of similar materials, respectively (Chen et al., 2019). Using hardener (CA), epoxy resin (ER) and rosin saturated solution (RSS) as proportional materials, the observability of this type of rock material after fracture generation was demonstrated based on physical and mechanical properties experiments (Ge et al., 2019). The quartz sand was selected as aggregate, and high-strength gypsum powder and talcum powder were used as cementing materials to prepare rock-like materials. The effects of sand-to-gel ratio, water curing, molding pressure and molding time on elastic modulus, compressive strength and permeability were investigated (Hou et al., 2022). Artificial sandstone was prepared using quartz sand as aggregate, montmorillonite and illite as clay, and epoxy resin as binder, and the effect law of clay ratio on the permeability of artificial sandstone was explored (Zhang et al., 2018). A four-factor, three-level orthogonal test was designed using ceramic sand, cement, gypsum and water as raw materials to simulate similar materials of red sandstone, and the test results of physical and mechanical properties of similar materials were subjected to extreme difference analysis and multiple linear regression analysis to obtain the degree of influence of each influencing factor on physical and mechanical properties of similar materials and empirical equations for the proportioning of similar materials of red sandstone (Hu et al., 2020). Mortar-like rock materials were prepared, and (E/ [image: image]) was introduced as the deformation index and ([image: image]/ [image: image])as the brittleness index, and rock-like ratios meeting the deformation index and brittleness index were selected (Song et al., 2020). In summary, previous authors have prepared quasi-sandstone similar material specimens in different ratios using different similar materials and studied the basic physical and mechanical properties with fruitful results. However, most of the current studies are limited to the selection of similar materials with quartz sand and baryte powder as the main aggregates, which are expensive and limited in wide application.
In this paper, river sand, cement and gypsum are used as raw materials, retarder and defoamer are used as additives. Density, longitudinal wave velocity, compressive strength, tensile strength, elastic modulus, Poisson’s ratio, brittleness index ([image: image]/ [image: image]) and deformation index (E/ [image: image]) are selected as the characteristic indexes of similar materials. Through the orthogonal ratio test, the ratio of water to cementitious material quality (water-binder ratio), the ratio of cement to gypsum quality (gypsum-cement ratio), and the ratio of cementitious material to aggregate quality (binder-aggregate ratio) are used as the influencing factors of the test. The sensitivity analysis of each index is carried out by using the range analysis method, and the sensitivity of each factor to the physical and mechanical indexes of sandstone-like similar materials is obtained. Then, through multiple non-linear regression, the empirical equation of the influencing factors of the characteristics of quasi-sandstone similar materials is obtained. Finally, the optimal ratio scheme is determined according to the physical and mechanical parameters.
2 RAW MATERIAL SELECTION
According to previous studies, appropriate sandstone similar materials should be selected for conducting physical model tests, and the following three principles need to be followed (Li et al., 2017). 1) The physical and mechanical properties of sandstone analogues are similar to those of sandstone. 2) The raw materials of similar materials are widely available, inexpensive, non-toxic and non-hazardous, and stable in physical and mechanical properties. 3) The physical and mechanical properties of sandstone analogues can be adjusted to a larger extent by changing the proportioning scheme.
A well-prepared sandstone similar specimen must have a certain compressive strength. Ordinary silicate cement is a cementing material widely used to regulate the strength of specimens at present, and the compressive strength of sandstone similar material is mainly related to the amount of cement content. Gypsum as a cementing agent has obvious brittle characteristics, which can regulate the range of compressive strength and modulus of elasticity, and the specimens with gypsum added mainly undergo brittle deformation, and its brittle characteristics are mainly determined by the amount of gypsum content. River sand is one of the most common materials similar to sandstone, so this test used Huaihe River sand as aggregate with an average particle size of 0.125 mm–0.25 mm to reduce the effect of particle size gradation on the strength of the specimens.
In this paper, Renlou coal mine perimeter rock (sandstone mainly) is used as the research object, and ordinary silicate cement P.O 42.5 and gypsum are selected as cementing materials, which not only ensure the sandstone similar materials to better simulate the influence of gravity field under real environment, but also meet the mechanical properties of the materials. Because gypsum is added to the similar material as cemented river sand (0.125 mm–0.225 mm) as aggregate and retarder and defoamer as added materials, thus a certain proportion of retarder borax was needed to slow down the setting rate of gypsum and facilitate the fabrication of specimens.
3 EXPERIMENT
3.1 Experimental scheme
Three factors, water-cement ratio, gypsum-cement ratio and binder-aggregate ratio, are selected as the influencing factors of the test, and four levels of each factor are selected. In order to simplify the analysis process, ignoring the interaction between the factors. The specific factor level settings were determined after pre-experimental blending as shown in Table 1. When designing an orthogonal table for the experiment, it is necessary to select an orthogonal table with the same number of levels and not less than the number of columns than the number of factors as a reference, so this experiment chose a 3-factor 4-level orthogonal design scheme L16 (43). The specific combination of each group is shown in Table 2.
TABLE 1 | Horizontal setting of orthogonal test factors for class 1 sandstone materials.
[image: Table 1]TABLE 2 | Orthogonal design combination of class 2 sandstone materials.
[image: Table 2]Note: The effect of defoamer and water-reducing agent on the test was not explored in the test. The amount of defoamer is 0.1% of the mass of binder, and the amount of water-reducing agent is 1% of the mass of binder.
3.2 Sample preparation
According to the orthogonal design combination table in Table 2, quasi-sandstone similar material samples are made, as shown in Figure 1. Weigh the quality of various raw materials using an electronic balance, the use of cement mixer raw materials will be evenly stirred into the slurry, the slurry will be poured into the 150 mm × 150 mm × 150 mm cube mold, and vibration on the shaking Table 1 ∼ 3 min, the use of shaking table to eliminate bubbles inside the specimen, improve the homogeneity of the specimen. The molds are placed in the constant temperature and humidity chamber for 2 days by standard maintenance. During the period, the temperature in the curing box was kept at 201°C and the relative humidity was more than 99%, and the mold was removed after the specimen is formed and continued to be placed in the constant temperature and humidity box for 28 days. The well-cared cubic specimens were cored, cut and polished into two standard cylindrical specimens: 50 mm × 25 mm for Brazilian splitting test and 50 mm × 100 mm for uniaxial compression test according to the recommended sample preparation requirements of the International Society of Rock Mechanics (ISRM) Recommended Methods for Rock Mechanics Testing (1982) (Zhai et al., 2022).
[image: Figure 1]FIGURE 1 | Sample making process.
3.3 Physical parameters of sample
The basic physical test, ultrasonic longitudinal wave velocity test, Brazilian splitting test and uniaxial compression test are performed on the orthogonal test group, and the natural density [image: image] , uniaxial compressive strength [image: image], tensile strength [image: image], modulus of elasticity [image: image], longitudinal wave velocity [image: image] and Poisson’s ratio [image: image] of the specimens is measured as shown in Table 3. The instrument used in the longitudinal wave velocity test is HC-U81 concrete ultrasonic detector, as shown in Figure 2, with a measurement range of 0–99999s and a repeatability error of 0.1s; the instruments used in the Brazilian splitting test and uniaxial compression test are both RMT rock mechanics testing machines, as shown in Figure 3, and the test process is carried out by displacement loading with a loading rate of 0.02 mm/s.
TABLE 3 | Measurement results of physical and mechanical parameters.
[image: Table 3][image: Figure 2]FIGURE 2 | Test system.
[image: Figure 3]FIGURE 3 | Density sensitivity analysis.
4 SENSITIVITY ANALYSIS OF TEST RESULTS
The range analysis method commonly used in orthogonal experimental design is a more intuitive data analysis method, which usually obtains the optimal level combination under an index. Since the indexes of rock similar materials designed in this experiment are all interval values, the criterion selected is the index closest to the median value of the index range when selecting the optimal level combination. Sensitivity analysis is the analysis of the problem by calculating the average range for each factor, that is, by subtracting the minimum value from the maximum average of the test results for each influencing factor. The specific calculation methods are shown in Formula 1 and Formula 2.
[image: image]
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In the formula: [image: image] is the average value of the test results of any influencing factors; [image: image] is the test result of any influencing factor; [image: image] is the [image: image] test results of any influencing factor; [image: image] is range; [image: image] is the maximum value of any influencing factor test results; [image: image] is the minimum value of the test results for any influencing factor.
4.1 Density sensitivity analysis
Through the orthogonal proportional test results, the specimen density is analyzed by using the polar difference analysis method, and the polar difference and influence law of each influencing factor are shown in Table 4 and Figure 3. The binder-aggregate ratio has the greatest effect on the density, with the extreme difference of 0.175 g cm−3, indicating that the ratio of cement to the total mass of aggregate had the highest effect on the density of the material, and the gypsum-cement ratio has the least effect on the density, with the extreme difference of 0.027 g cm−3, indicating that the ratio of gypsum to cement in the cement has the lowest effect on the density of the material. The extreme differences of binder-aggregate ratio, water-binder ratio and gypsum-cement ratio decreased in order, and the degree of influence of each factor is binder-aggregate ratio > water-binder ratio > gypsum-cement ratio The density of the specimens is approximately negatively correlated with the water-binder ratio, negatively correlated with the gypsum-cement ratio, and negatively correlated with the gypsum-cement ratio.
TABLE 4 | Density range analysis (g.cm−3).
[image: Table 4]4.2 Sensitivity analysis of compressive strength
Through the orthogonal proportional test results, the specimen compressive strength is analyzed by using the polar difference analysis method, and the polar difference and influence law of each influencing factor are shown in Table 5 and Figure 4. The water-binder ratio has the greatest effect on the compressive strength, with the extreme difference of 16.008 MPa, indicating that the proportion of water consumption and cementing agent had the highest degree of influence on the compressive strength of the material, and the binder-aggregate ratio has the least effect on the tensile strength, with the extreme difference of 4.363 MPa, indicating that the proportion of cementing agent and aggregate had the lowest degree of influence on the compressive strength of the material. The extreme differences of water-binder ratio, gypsum-cement ratio and binder-aggregate ratio decreases in turn, and the degree of influence of each factor is water-binder ratio > gypsum-cement ratio > binder-aggregate ratio. The compressive strength of the specimens is approximately negatively correlated with the water-binder ratio, and the compressive strength of the specimens can be increased by decreasing the water-binder ratio and then increasing it, and the compressive strength reachs the minimum value of 19.515 MPa when the water-binder ratio is 0.3, and decreased and then increased with the increase of the binder-aggregate ratio, and the compressive strength reached the minimum value of 20.682 MPa when the binder-aggregate ratio is 1.5.
TABLE 5 | Compressive strength range analysis (MPa).
[image: Table 5][image: Figure 4]FIGURE 4 | Sensitivity analysis of compressive strength.
4.3 Tensile strength sensitivity analysis
Through the orthogonal proportional test results, the specimen tensile strength is analyzed by using the polar difference analysis method, and the polar difference and influence law of each influencing factor are shown in Table 6 and Figure 5. The water-binder ratio has the greatest influence on the tensile strength, with the extreme difference of 1.543 MPa, indicating that the proportion of water consumption and cementing agent has the highest influence on the tensile strength of the material, and the gypsum-cement ratio has the least influence on the tensile strength, with the extreme difference of 0.075 MPa, indicating that the proportion of gypsum and cement in the cementing agent has the lowest influence on the tensile strength of the material. The extreme differences of water-cement ratio, binder-aggregate ratio and gypsum-cement ratio. Decreased in order, and the degree of influence of each factor is water-cement ratio > binder-aggregate ratio > gypsum-cement ratio. The tensile strength of the sample is approximately negatively correlated with the water-binder ratio. Reducing the water-binder ratio can increase the tensile strength of the sample, has no significant correlation with the gypsum-cement ratio, and is approximately negatively correlated with the binder-aggregate ratio.
TABLE 6 | Analysis of extreme differences in tensile strength (unit: MPa).
[image: Table 6][image: Figure 5]FIGURE 5 | Sensitivity analysis of tensile strength.
4.4 Elastic modulus sensitivity analysis
Through the orthogonal proportional test results, the specimen elastic modulus is analyzed by using the polar difference analysis method, and the polar difference and influence law of each influencing factor are shown in Table 7 and Figure 6. The water-binder ratio has the greatest effect on the elastic modulus with a polar difference of 13.046 GPa, indicating that the proportion of water used to the cementing agent has the highest degree of influence on the elastic modulus of the material, and the binder-aggregate ratio has the least effect on the elastic modulus with a polar difference of 2.873 GPa, indicating that the proportion of cementing agent to the aggregate has the lowest effect on the elastic modulus of the specimen. The extreme differences of water-binder ratio, gypsum-cement ratio and binder-aggregate ratio decrease in order, and the degree of influence of each factor is water-binder ratio > gypsum-cement ratio > binder-aggregate ratio. The modulus of elasticity of the specimen and the water-binder ratio is approximately negatively correlated, lowering the water-binder ratio can improve the modulus of elasticity of the specimen, and the gypsum-cement ratio is approximately negatively correlated, with the increase of the binder-aggregate ratio first decreases and then increases and then decreases.
TABLE 7 | Range analysis of elastic modulus.
[image: Table 7][image: Figure 6]FIGURE 6 | Elastic modulus sensitivity analysis.
4.5 Poisson’s ratio sensitivity analysis
Through the orthogonal proportional test results, the specimen Poisson’s ratio is analyzed by using the polar difference analysis method, and the polar difference and influence law of each influencing factor are shown in Table 8 and Figure 7. The water-binder ratio has the greatest influence on Poisson’s ratio, with a polar difference of 0.202, which indicates that the water consumption and the proportion of cement have the highest influence on Poisson’s ratio, and the gypsum-cement ratio has the least influence on Poisson’s ratio, with a polar difference of 0.048, which indicates that the proportion of gypsum and cement in the cement has the lowest influence on Poisson’s ratio. The extreme differences of water-binder ratio, binder-aggregate ratio and gypsum-cement ratio decrease in order, and the degree of influence of each factor is water-binder ratio > binder-aggregate ratio > gypsum-cement ratio. The Poisson’s ratio of the specimens is approximately positively correlated with the water-binder ratio and negatively correlated with the gypsum-cement ratio, which decreased first and then increased with the increase of the binder-aggregate ratio, and reached the minimum value when the binder-aggregate ratio is 1.0.
TABLE 8 | Range analysis of Poisson’s ratio.
[image: Table 8][image: Figure 7]FIGURE 7 | Sensitivity analysis of Poisson’s ratio.
4.6 Longitudinal wave speed sensitivity analysis
Through the orthogonal proportional test results, the specimen longitudinal wave speed is analyzed by using the polar difference analysis method, and the polar difference and influence law of each influencing factor are shown in Table 9 and Figure 8. The water-binder ratio has the greatest influence on the longitudinal wave speed, with the extreme difference of 0.585 km/s, which indicates that the proportion of water consumption and cement has the highest influence on the longitudinal wave speed of the material, and the gypsum-cement ratio has the least influence on the longitudinal wave speed, with the extreme difference of 0.270 km/s, which indicates that the proportion of gypsum and cement in the cement has the lowest influence on the longitudinal wave speed of the material. The extreme differences of water-binder ratio, gypsum-cement ratio and binder-aggregate ratio decrease in order, and the degree of influence of each factor is water-binder ratio > gypsum-cement ratio > binder-aggregate ratio. The longitudinal wave velocity of the specimen is approximately negatively correlated with the water-binder ratio, and is approximately negatively correlated with the gypsum-cement ratio, that is, it is approximately negatively correlated with the binder-aggregate ratio.
TABLE 9 | Range analysis of longitudinal wave velocity (km/s).
[image: Table 9][image: Figure 8]FIGURE 8 | Sensitivity analysis of longitudinal wave velocity.
4.7 Sensitivity analysis of deformation index
Through the orthogonal proportional test results, the specimen deformation index is analyzed by using the polar difference analysis method, and the polar difference and influence law of each influencing factor are shown in Table 10 and Figure 9. The gypsum-cement ratio has the greatest effect on the deformation index with an extreme difference of 127.634, indicating that the ratio of gypsum to cement in the cementing agent has the highest degree of influence on the deformation index of the material. The binder-aggregate ratio has the least effect on the deformation index with an extreme difference of 45.853, indicating that the ratio of cement to aggregate has the lowest effect on the elastic modulus of the specimen. The extreme differences of the gypsum-cement ratio, water-binder ratio and binder-aggregate ratio decreased in order, and the degree of influence of each factor is gypsum-cement ratio > water-binder ratio > binder-aggregate ratio. With the increase of water-binder ratio, the deformation index first increases and then decreases, when the water-binder ratio is 0.50, the deformation index reaches the maximum; with the increase of gypsum-cement ratio, the deformation index first decreases and then increases and then decreases, with the increase of binder-aggregate ratio, the deformation index first decreases and then increases and then decreases.
TABLE 10 | Range analysis of deformation index.
[image: Table 10][image: Figure 9]FIGURE 9 | Sensitivity analysis of deformation index.
4.8 Sensitivity analysis of brittleness index
Through the orthogonal proportional test results, the specimen brittleness index is analyzed by using the polar difference analysis method, and the polar difference and influence law of each influencing factor are shown in Table 11 and Figure 10.
TABLE 11 | Range analysis of brittleness index.
[image: Table 11][image: Figure 10]FIGURE 10 | The gypsum-cement ratio has the greatest effect on the brittleness index with an extreme difference of 4.444, indicating that the ratio of gypsum to cement in the cementing agent has the highest degree of influence on the material deformation index.
The binder-aggregate ratio has the least effect on the brittleness index with an extreme difference of 1.597, indicating that the ratio of cement to aggregate has the lowest degree of influence on the material brittleness index. The extreme differences of the gypsum-cement ratio, water-binder ratio and binder-aggregate ratio decrease in order, and the degree of influence of each factor is gypsum-cement ratio > water-binder ratio > binder-aggregate ratio. As the water-binder ratio increases, the brittleness index first increases and then decreases, and the brittleness index reaches the maximum value when the water-binder ratio is 0.45. As the gypsum-cement ratio increases, the brittleness index first decreases and then increases, and the brittleness index reaches the minimum value when the gypsum-cement ratio is 0.3. As the binder-aggregate ratio increases, the index first increases and then decreases and then increases.
5 MULTIPLE LINEAR REGRESSION ANALYSIS
According to the results of quasi-sandstone similar material ratio test and the sensitivity analysis of each factor, it can be seen that except for the change of deformation index and brittleness index, each factor has obvious linear relationship with the properties of quasi-sandstone similar materials. In order to improve the efficiency of quasi-sandstone similar material ratio test, it is necessary to find the quantitative relationship between each factor and each parameter. Therefore, multiple linear regression analysis is carried out on the test results.
Assuming that [image: image] is the dependent variable and [image: image] is the independent variable, the multiple linear regression model can be expressed as (Li and Hu, 2010):
[image: image]
Where: [image: image], [image: image], …, [image: image] are partial regression coefficients; [image: image] are constants.
According to the analysis of the results of quasi-sandstone similar material proportioning tests and the sensitivity of each factor, it can be seen that, except for the insignificant changes of deformation index and brittleness index, each factor has an obvious linear relationship with the properties of quasi-sandstone similar materials. In order to improve the efficiency of quasi-sandstone similar proportioning tests, it is necessary to find the quantitative relationship between each factor and each parameter, so multiple linear regression analysis was performed on the test results.
[image: image]
For ease of description, let [image: image], Where [image: image] is the Water-binder ratio, [image: image] is the gypsum-cement ratio, [image: image] is the binder-aggregate ratio, let [image: image]], Among them, [image: image] is the density, compressive strength, tensile strength, elastic modulus, Poisson’s ratio and longitudinal wave velocity of quasi-sandstone r materials, respectively. Using the analysis module of SPSS software, the optimal coefficients [image: image], [image: image] and constant term [image: image] are obtained. The results are shown in formula 4, where [image: image] the linear correlation coefficient is obtained.
According to the analysis of the results of quasi-sandstone similar material proportioning tests and the sensitivity of each factor, it can be seen that, except for the insignificant changes of deformation index and brittleness index, each factor has an obvious linear relationship with the properties of quasi-sandstone similar materials. In order to improve the efficiency of quasi-sandstone similar proportioning tests, it is necessary to find the quantitative relationship between each factor and each parameter, so multiple linear regression analysis is performed on the test results Figure 11.
[image: Figure 11]FIGURE 11 | Comparison between test results and calculation results of various parameters. (A) Density (B) Compressive strength (C) Tensile strength (D) Elastic modulus (E) Poisson's ratio (F) Longitudinal wave velocity.
6 DISCUSSION
The method described in this paper is used to prepare similar quasi-sandstone materials corresponding to the grouting body. The relationship between the physical and mechanical properties of similar materials and the three factors of water-binder ratio, gypsum-cement ratio and binder-aggregate ratio is mainly explored. Based on multiple linear regression analysis, the empirical formula of the three factors and physical and mechanical properties is obtained, which overcomes the blindness of the previous preparation of quasi-sandstone materials. The introduction of deformation index and brittleness index increases the mechanical properties of similar materials and reduces the error caused by the difference between the properties of similar materials and the original sandstone in the indoor test of replacing rock. To a certain extent, it ensures that the prepared quasi-sandstone material has a certain similarity with the natural original sandstone, and can better carry out the test of slurry seepage diffusion law and grouting reinforcement effect of rock and rock mass under true triaxial stress environment.
However, in some indoor tests, it is sometimes necessary to select appropriate physical and mechanical parameters. Therefore, it is necessary to quickly find the corresponding material ratio based on the empirical formula and then reversely adjust the three factors to change their properties. It can be seen from Figure 12A that the density, compressive strength and tensile strength of the material are approximately negatively correlated with the water-binder ratio, and the density, compressive strength and tensile strength of the material can be improved by reducing the water-binder ratio. It can be seen from Figure 12B that with the increase of gypsum-cement ratio, the elastic modulus, Poisson’s ratio and longitudinal wave velocity of the material gradually decrease. The elastic modulus, Poisson‘s ratio and longitudinal wave velocity of the material can be improved by reducing the paste-mud ratio. It can be seen from Figure 12C that with the increase of the binder-aggregate ratio, the deformation index decreases first, then increases and then decreases. With the increase of the binder-aggregate ratio, the brittleness index increases first and then decreases.
[image: Figure 12]FIGURE 12 | Comparative analysis of three factors and physical mechanical properties. (A) Water-binder ratio (B) Gypsum-cement ratio (C) Binder-aggregate ratio.
7 CONCLUSION
In this paper, using the method of orthogonal test, three factors of water-binder ratio, gypsum-cement ratio and binder-aggregate ratio are used as the influencing factors of the test, and the sensitivity analysis of each index is carried out by using the method of extreme difference analysis, and the influence of the sensitivity degree of each factor on the physical and mechanical indexes of similar materials of quasi-sandstone is obtained, based on the multiple linear regression analysis method, the empirical equation of the influencing factors of similar material properties of quasi-sandstone is obtained, and the physical and mechanical parameters of sandstone can be indicators to determine the optimal proportioning scheme of sandstone-like material corresponding to the grouted body. The main conclusions are as follows:
1) Using river sand as aggregate, cement and gypsum as cementing agent, we can prepare a density of 1.816–2.248g/cm−3, compressive strength of 8.734–35.642 MPa, modulus of elasticity of 6.203 GPa–29.881GPa, Poisson’s ratio of 0.161–0.434, longitudinal wave speed of 2.630 km/s∼3.901 km/s, deformation index of 670.762–1222.359, and brittleness index of 5.979–16.867.
2) Based on the range analysis method, the effects of water-binder ratio, gypsum-cement ratio and binder-aggregate ratio on the physical and mechanical properties of sandstone-like similar materials were analyzed by orthogonal similarity ratio test. The water-binder ratio had the greatest influence on the compressive strength, tensile strength, elastic modulus, Poisson’s ratio and longitudinal wave velocity sensitivity of the material. The gypsum-cement ratio has the greatest influence on the sensitivity of material deformation index and brittleness index. The binder-aggregate ratio has the greatest influence on the density sensitivity of the material.
3) Reducing the water-binder ratio can improve the density, compressive strength and tensile strength of the material; reducing the gypsum-cement ratio can improve the elastic modulus, Poisson‘s ratio and longitudinal wave velocity of the material; with the increase of Binder-aggregate ratio, the deformation index decreases first, then increases and then decreases. With the increase of binder-aggregate ratio, the brittleness index increases first, then decreases and then increases.
4) The multiple linear regression analysis of the test data is carried out by using SPSS analysis software. The empirical formula between the physical and mechanical properties of quasi-sandstone materials and water-binder ratio, gypsum-cement ratio and binder-aggregate ratio is obtained. The feasibility and reliability of the empirical formula are verified by the linear correlation coefficient R, which can provide a theoretical reference for the simulation test of quasi-sandstone grouting similar materials.
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Different air pressures are used to conduct an impact test based on the split Hopkinson pressure bar (SHPB) test system to study the crack evolution process and energy dissipation law of the cemented rock under impact load. The failure mechanism of the specimens is analyzed from the perspective of dynamic failure process and energy dissipation. The spatial distribution of the specimen components visualized by the image reconstruction technology and the LS-DYNA mesoscopic model is established. Results show that the proportion of dissipated energy, the dynamic tensile strength and peak strain of the specimens increase with strain rate increase. The crack evolution process of the model is quantitatively described under an impact load, which is divided into four stages, namely, no crack stage, slow development stage, accelerated propagation stage and penetration stage. Compared with the indoor and simulation test result, the crack evolution process and failure modes are consistent under different strain rates. When the specimens are destroyed, the energy dissipation rate fluctuates from 10% to 13%. The dissipated energy of cement paste accounts for more than 90% of the total dissipated energy. The cement paste damages first and its strength has a great influence on the strength of the grouting specimens. This study provides a reference to evaluate the cemented rock under a dynamic load.
Keywords: grouting specimens, SHPB, crack evolution, energy evolution, Ls-Dyna
1 INTRODUCTION
The construction process of underground engineering faces instability problems of rock and Earth mass with the rapid development of the urban underground space (Von et al., 2020; Jong et al., 2021). The sand layer is a common, poor self-stabilization and hazardous harmful geology, and it induces frequent geological disasters, such as sand collapse, landslide, and surface collapse (Wen et al., 2020a; Ye et al., 2022). Grouting reinforcement can effectively enhance the overall mechanical properties and anti-leakage performance of the sand beds (Liang et al., 2020; Ren et al., 2022). The tensile strength of the sand layer is far less than the compressive strength after grouting reinforcement. The sand bears not only bears quasi-static load but also earthquake, mechanical construction, explosion, and other impact loads. The crack initiation, expansion, penetration, and fracture of the grouting specimens must be studied under radial impact load. The split Hopkinson pressure bar (SHPB) system has been commonly used in dynamic compression, splitting, and fracture testing of the materials in a dynamic load test (Dai et al., 2010; Chen et al., 2014; Liao et al., 2016; Zhu et al., 2022). Most previous experimental studies have focused on strain rate effects (Liu et al., 2019; Yu et al., 2021).
During the dynamic splitting experiments, the failure process of several specimens is captured with a high-speed camera, and the crack propagation law and damage process of the concrete, sandstone, and rock materials are analyzed (Ai et al., 2019; Xing et al., 2018; Lai et al., 2022). The variation rules of the transmitted and dissipated energy of basalt and granite are studied through the SHPB test (Li et al., 2019; Liu et al., 2022). The energy utilization rate of the mortar is also studied through experiments (Sun et al., 2022). Xu et al. (2015) measured the expansion toughness and fracture energy of the rock through simulation. The influence of the angle and thickness of the joints and fractures in the rock mass on the law of energy propagation and dissipation is also explored (Huang et al., 2019; Han et al., 2022). The above-mentioned studies have analyzed the dynamic mechanics or energy dissipation characteristics of rock-like materials, while the energy dissipation characteristics of the grouting specimens under SHPB impact are rarely studied. The impact failure of the grouting specimens can be regarded as the result of energy transformation or energy dissipation among different energies. The process of energy variation reflects the evolution of internal micro-defects, and its failure mechanism can be further revealed from the perspective of energy dissipation (Gong et al., 2022).
The crack initiation and propagation in the specimens are difficult to observe due to the opaque nature of concrete materials. The crack propagation process can be observed through CT scanning, 3D printing, acoustic emission detection and other tests, but these experiments greatly increase the cost and do not scan the instantaneous failure process. The grouting specimen is a heterogeneous material with a complex internal structure, and the three-dimensional numerical model can effectively solve the problem of damage and energy dissipation of internal components, but indoor tests results don’t be quantitatively analyzed (Lv et al., 2022; Sun et al., 2022). Previous research results (Li et al., 2012; Ayhan et al., 2022; Dong et al., 2021) have proven that LS-DYNA software can effectively simulate the dynamic impact process and fracture mechanical properties of cement-based materials. Yu et al. (2021) changed the parameters of the HJC constitutive model and studied the influence of the strength of aggregate and mortar on the overall performance. Wang et al. (2021) established a 3D mesoscopic model to study the damage and energy dissipation process of concrete. Ai et al. (2013) simulated the mesoscopic failure mechanism of the concrete materials based on LS-DYNA software. A mesospheric aggregate model is established to study the tensile and compressive properties and failure process of concrete at high strain rates (Zhou et al., 2008; Xu et al., 2012). Few studies have reported the heterogeneous grouting-reinforced rock mass on SHPB numerical simulation.
The radial impact test of the same batch grouting specimens is conducted on the SHPB system. The failure process are recorded with a high-speed camera, which is helpful in analyzing the crack evolution law and failure mode. A 3D micro model of the standard size specimens is established by using the grid mapping method. LS-DYNA is used to simulate fracture process of the specimens under high strain rate. Based on the failure mode and the crack evolution process of the LS-DYNA model, the crack development law and its failure mechanisms are further researched to make up for the experimental deficiency. Moreover, the dynamic characteristics and energy dissipation law of the cemented rock are studied. The research results can provide reference for the grouting-reinforced rock mass of the deep roadway under an impact load.
2 SPLIT HOPKINSON PRESSURE BAR TEST
2.1 Preparation of the grouting specimens
The grouting specimens are mainly composed of the grouting material and graded gravel. The grouting materials include superfine cement slurry, vinyl acetate–ethylene (VAE), and defoamer. VAE is a type of polymer that serves as the binder. Some holes of the grouting specimens are minimized using the defoamer function. The mixing ratio is determined through indoor orthogonal tests and compared with the grouting injectability and effect and other factors (Avci et al., 2020), as shown in Table 1.
TABLE 1 | Mix proportions of grout.
[image: Table 1]The graded gravel with a controllable particle size are selected as the injected material to simulate the sand layer with a large number of fine cracks. This work aims to minimize the porosity of the poured material and achieve the tightest packing state (Hwang et al., 2007). According to the Fuller gradation curve, the gravel gradation is calculated by using Eq. 1, where P is the total amount of the material less than the particle size Ds. Ds and Dm are the screen size and the maximum particle size of the material, respectively.
[image: image]
The value of h ranges from 1/3 to 1/2. When h = 1/2, the graded gravel theoretically reaches the maximum density. Accordingly, the value of h in the test is 1/2. The particle size range is 0.15–4.75 mm, and the detailed parameters are shown in Table 2. Given that the 2.36–4.75 mm gravel has more impurities and poor quality, this part is replaced with crushed stone of the same particle size.
TABLE 2 | Grading of sand particles.
[image: Table 2]The specimens are obtained from the indoor grouting experiment. The size of the grouting mould is Φ330 mm × 220 mm, as shown in Figure 1A. The mould is removed after the cement paste is consolidated. The specimens are cored and polished according to the requirement of the disk specimens (Φ50 mm × 25 mm), placed into the curing box, and cured to the specified age, as shown in Figure 1B.
[image: Figure 1]FIGURE 1 | Grouting mold and specimens. (A) Grouting mould, (B) Grouting specimens.
2.2 Split Hopkinson pressure bar test system and process
The impact test of the grouting specimens is conducted on the SHPB system, which is composed of a nitrogen pressure system, an elastic pressure bar system, and a data acquisition system. The schematic of the device is shown in Figure 2. The bullet, incident bar, and transmission bar are steel bars of Φ37 mm × 400 mm, Φ50 mm × 2,400 mm, and Φ50 mm × 1,200 mm, respectively. The bar density is 7,800 kg/m3, the bar elastic modulus is 210 GPa, the bar diameter of the contact part between the incident bar and the bullet is 37 mm, and the variable section length is 170 mm. Nitrogen is used as the power source, and the strain rate of the specimen is controlled by changing air pressure. The SHPB test uses five different air pressues which are 0.15, 0.175, 0.20, 0.225, and 0.25 Mpa respectively, and the corresponding strain rates are 24.8, 29.1, 33.2, 39.3, and 45.1 s−1. Considering the randomness of the meso structure of the grouting specimens, the impact test of each group repeates five times, and the average values are taken as the strain rate and dynamic tensile strength of the specimens. A MIRO M310 high-speed camera of PHANTOM is used to capture the crack evolution process of the specimens with a resolution of 512 × 512 pixels and a frame rate of up to 10,800 fps.
[image: Figure 2]FIGURE 2 | Schematic of the SHPB impact test device.
Based on the assumption of the 1D stress waves and stress uniformity, the dynamic tensile stress, strain, and strain rate of the specimen are calculated by using Eq. 2 (KHAN et al., 2019), where [image: image]. Variables Pi and Pt are the forces on the contact surface between the specimen-incident bar and the specimen-transmission bar, respectively, as shown in Eq. 3.
[image: image]
 
[image: image]
where A, E, and C0 are the cross-sectional area, elastic modulus, and elastic wave velocity of the bar, respectively; Ds and Ls are the diameter and thickness of the specimens; and εi, εr, and εt are the strain signals of the incident, reflected, and transmitted waves, respectively.
2.3 Energy calculation of the split Hopkinson pressure bar test
In the SHPB test, the energy propagates in the form of stress wave. From the perspective analysis of energy composition, the incident energy WI, reflected energy WR, and transmitted energy WT are calculated to study the energy consumption law and failure characteristics of the grouting specimens in the dynamic splitting process, respectively. The calculation formula is shown in Eq. 4 (Li et al., 2020).
[image: image]
The contact surface between the specimen and the bar is small, the interface is coated with vaseline, and the consumed energy by friction can be ignored. According to the energy conservation law, the absorbed energy WS by the specimen can be calculated by using Eq. 5.
[image: image]
where WS is mainly dissipated in crushed dissipation energy WFD, crushed kinetic energy WK, and other dissipation energy WO. WK only accounts for about 5% of the total absorbed energy, and the WO dissipation energy is negligible (Wen et al., 2019; YAO et al., 2019). Thus, WS = WFD.
3 NUMERICAL SIMULATION
3.1 Establishment of the split Hopkinson pressure bar model
When the SHPB model was established, the specimen is composed of cement mortar and gravel. This model considers the 1.18–2.36 mm gravel and 2.36–4.75 mm crushed stone because of the limitation of computer performance. A single gravel occupies a few grids due to the small size and large number of gravel inside the model, so it is simplified as a sphere. The pre-divided mesh avoids some problems, such as high magnitude and poor quality of grids, which can meet the roughness of the grit surface. The spherical aggregate can reliably simulate the response of the cement-based materials under impact load and greatly simplify the modeling and calculation time compared with the random shape aggregate model (Zhou et al., 2007; Kim et al., 2011; Xu et al., 2012).
The CT slices of the specimen are imported into AVZIO. The processing process is shown in Figure 3A. Approximately 2.36–4.75 mm crushed stone and 1.18–2.36 mm gravel are selected, and their number and volume of are obtained (Table 3).
[image: Figure 3]FIGURE 3 | The meso-scal FEM model of grouting specimen. (A) AVZIO processing, (B) Flow chart of generating mesoscale finite element model of the grouting specimen, (C) Simplified model of the SHPB simulation test.
TABLE 3 | Specimen internal component.
[image: Table 3]According to the material information extracted from the above CT images, large and small gravels are randomly placed by using the Monte Carlo method. Finally, the model places 491 crushed stones, and the number of units is 73,300, accounting for 23.27%. The model places 876 gravels, and the number of units is 16,128, accounting for 5.12%. The placement processes of sand and gravel are shown in Figure 3B.
The established 3D model of the SHPB test and its physical and geometric parameters are consistent with the test. The model placement is shown in Figure 3C. The model adopts a solid164 unit, a mapping grid division, and a set of automatic surface contact between the bars and the erosion contact between bars—the specimen and its each component. The initial velocity of the bullet when loading is consistent with the test.
3.2 Holmquist–johnson–cook constitutive model
The HJC model can better describe the dynamic response of the materials at high strain rates. This constitutive model is proposed for the cement-based materials and comprehensively considers the damage evolution, compaction, and crushing effects and hardening characteristics (Xu et al., 2016). The HJC model includes yield surface, state, and damage evolution equations. The yield surface equation takes into account the damage and strain rate, and it is expressed by the dimensionless equivalent stress. The state equation describes the relationship between the hydrostatic pressure and the volumetric strain in a piecewise manner. The damage equation is described by the cumulative plastic strain (equivalent plastic strain [image: image] and plastic volumetric strain [image: image]), as shown in Figure 4.
[image: Figure 4]FIGURE 4 | HJC constitutive model. (A) Yield surface equation, (B) State equation, (C) Damage equation.
The HJC model has 21 parameters. According to the method illustrated in the literature (Xie et al., 2019), the basic physical parameters of RO, G, FC, T, [image: image], and [image: image] are obtained from the laboratory test, and crushed stones and gravel parameters are provided by the manufacturer. The parameters of the state and damage equations can be found in the literature (Wang et al., 2021; Lv et al., 2018). The rest of the parameters are determined through the simulation test. The material parameters are shown in Table 4.
TABLE 4 | Parameters of the HJC constitutive model.
[image: Table 4]The failure mode during calculation is controlled by using the element erosion technology to avoid the negative volume or large deformation of the element. When the element exceeds a certain threshold, it will be deleted because of failure, and the isolated failure element will manifest crack. The inherent failure criterion of the HJC model is the minimum fracture strain and the damage degree, and the maximum principal strain is set as 0.1 (LV et al., 2019). If the given value exceeds the element erosion criterion, the cement mortar, crushed stone, and gravel are considered to the failure.
4 TEST VERIFICATION AND RESULT ANALYSIS
4.1 Validity verification
In the SHPB and simulation tests, the measurement of the point of stress wave is set on the central unit of the incident and transmission bars, and the similarity of waveforms between them can verify the correctness of the model (Lv et al., 2022). The typical waveform of the dynamic tensile test is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Typical waveforms of the dynamic tensile test. (A) Experiment, (B) Numerical simulation.
The measured waveforms through the laboratory and the simulation tests are in good agreement, and the characteristic errors of the two pulse peaks and durations are within 5%. The bearing loads at both ends of the specimen are basically the same, achieving dynamic balance and eliminating the influence of inertia effect (Dai et al., 2010). The feasibility of impact failure based on LS-DYNA is verified according to the test results.
4.2 Analysis of the test results
4.2.1 Stress–strain curve of the specimens under three strain rates
Figure 6 shows the stress–strain curves of the specimens under three impact rates. A good correspondence can be observed between the test and the simulation curves. The dynamic tensile strength and peak strain of the specimens increase with the increase in the strain rate, and the envelope area of the curve gradually increases, which is a strain rate-dependent material. The high tensile performance of the specimens at a high strain rate has a close connection with the input energy. The input energy increases with the increase in strain rate, and the specimen is unable to release a large amount of energy in a short period of time, resulting in tensile strength increase.
[image: Figure 6]FIGURE 6 | Three stress–strain curves of the experiment and simulations. (A) [image: image] = 24.8 s−1, (B) [image: image] = 33.2 s−1, (C)[image: image] = 45.1 s−1.
4.2.2 Crack evolution process of the specimen
In addition to the strength characteristics, the crack propagation process on the specimen surface is also the key to the dynamic damage evolution process. Figure 7 shows the whole process of dynamic splitting of the grouting specimens captured with a high-speed camera. The stress wave of the specimen transmitters from the left side and the contact time is defined as zero. The selected pictures are used to analyze the failure process.
[image: Figure 7]FIGURE 7 | Typical failure process of the grouting specimens. (A) [image: image] = 24.8 s−1, (B) [image: image] = 33.2 s−1, (C) [image: image] = 45.1 s−1, (D) [image: image] = 46.2 s−1.
When [image: image] is 24.8 s−1, the center of the specimen showed a fine crack of about 93 µs. At 186 µs, the main crack in the center widens and expands to both ends. At 279 µs, the main crack basically penetrates, and the failure zones of both ends are relatively small. In comparison with [image: image] = 24.8 s−1 and [image: image] = 33.2 s−1, the crack at the center changes to about 93 µs. At 279 µs, the main crack expands to two ends. Meanwhile, secondary cracks appear at two ends. Furthermore, two ends appears at two wedge-shaped failure zones at 651 µs.
In comparison with [image: image] = 33.2 s−1, when [image: image] is 45.1 s−1, the failure law is almost the same before 186 µs, and the corresponding primary crack is significantly wider at 279 µs. The number of secondary cracks at two ends increases. At 1,395 µs, the center failure is more serious, the wedge-shaped failure zone at two ends becomes larger, and the breakage degree is more serious. Excessive input energy induces a large number of secondary cracks, and the failure zone near the incident bar significantly increases. When [image: image] is 46.2 s−1, two penetrating cracks successively appear in the central position, the failure zones at both ends decrease, and the failure surface of the specimen increased, which are helpful to absorb more energy.
In summary, when the grouting specimens are fractured, the cracks initiate from the center to two ends, and tensile stress produced by the pulse wave is perpendicular to the loading direction at the center of the specimens. When the tensile stress exceeds its tensile strength, the crack initiates and then expands to both ends along the loading direction. The width of the main crack also increases. Before the first pulse finishes (279 µs), the main crack did not fully cut-through the specimens, and the wedge failure zone is small at two ends. When the compressive and shear stresses are combined with the specimen’s contact surfaces, two ends of a secondary crack first emerge and form a wedge failure zone, which eventually connected with the main crack and penetrated the whole specimen. The crack initiation time of the high strain rate is earlier than low strain rate in the middle of the specimen. The crack width and the failure zone at two ends increase with the increase in the strain rate. When the strain rate changes from 24.8 to 33.2 s−1, the failure mode of the specimens is similar, namely, the center split and the main crack. When [image: image] is 46.2 s−1, the failed fragment of the specimen is similar to a strip with two main cracks, consistent with the results in the literature (Khan et al., 2019).
When the path of crack expansion encounters the crushed stone and gravel, cracks mostly expand along the edge of the gravel, and rarely penetrates the crushed stone and gravel. Because the strength of crushed stone and gravel are higher than cement mortar, also the water film layer of the gravel surface results in higher water cement ratio, and the structure of interfacial transition zone is loose, which results in cracks extension along the edge of gravel.
4.2.3 Crack evolution process of the model
When the strain rates change from 24.8 to 33.2 s−1, the failure modes of the specimens are roughly similar. The strain rates of 24.8 and 45.1 s−1 are shown in the simulation process due to the paper limitation (Figure 8). The simulation results are in good agreement with the experimental results, which verifies the correctness of the 3D mesoscopic model. When the model is impacted, its central element first failed, and few failure elements can be observed at both ends. The crack rapidly spread from the center to both ends. After 279 µs, the number of failure elements at both ends and the range of wedge failure zone rapidly increased. When [image: image] is 45.1 s−1, the input energy is larger, and the number and range of central failure units are greater than 24.8 s−1 strain rate. According to the failure results, the main crack width in the center is wider, the number of secondary cracks is higher, and the failure zone is greater when [image: image] is 45.1 s−1.
[image: Figure 8]FIGURE 8 | Simulation failure process of the grouting specimens. (A) [image: image] = 24.8 s−1, (B)[image: image] = 45.1 s−1.
The cracks extend along the cement paste which is in good agreement with the experimental results (such as area A). Spreading through the gravel crack is almost perpendicular to the gravel surface, and the crack width is obviously bigger than that around the gravel. When the extension of crack encounter the gravel, a few cracks which are perpendicular to the gravel coarse gradually (such as area B), According to the theory of stress intensity factors in fracture mechanics (Cai et al., 2018), crack shape, size and the far field stress can affect the stress field intensity of crack tip. When the intensity factor of crack tip reaches the fracture toughness of gravel, the crack continues to expand through the gravel, and release energy in the form of fracture energy.
The 3D cracks inside the specimen have complex a topological structure, making it difficult to extract spatial cracks and quantitatively analyze the crack growth process. However, the numerical model is suitable for quantitative analysis of the crack growth process. The crack growth is show in Figure 9A, the cracks still expands from the center of the specimens to both ends. After the main crack is basically connected, the failure zone also expands at two ends, which is consistent with the cracks growth process on the model surface. This model is divided into 315,000 meshes, and the number of failure elements is counted at each calculation time. The damage degree parameter is introduced to describe the damage degree of the model, namely, DS = NS/NA, where NS is the number of failure elements, and NA is the total number of model elements at given time. The relationship is plotted between stress, strain, and crack volume base on 45.1 s−1, as shown in Figures 9B,C. According to the crack evolution process curves, the damage process of the model can be divided into four stages:
[image: Figure 9]FIGURE 9 | Crack extraction and variation trend of damage degree of 45.1 s−1. (A) Extracted crack of the model, (B) Stress and damage degree, (C) Strain and damage degree.
Stage I (no crack stage): 0–53 µs, the stress level of the model is low, and the model does not occur crack. At the moment, the strain of the model is small.
Stage II (slow development stage): 53–146 µs, the model occurs few cracks at first, and it continue to expand with the stress increase. At this time, crack number and strain value are still small. At 146 µs, the number of failure elements and DS reaches 5,374 and 1.7% respectively.
Stage III (accelerated growth stage): 146–190 µs, the stress exceeds 4.03 MPa, the crack rapidly expands, and the growth rate of DS significantly increases. After reaching the peak stress, the stress rapidly declines, but the strain continues to increase. The number of internal failure elements and DS reaches 13,583 and 4.3% at 190 µs, respectively.
Stage IV (crack penetration stage): After 190 µs, the stress reaches the peak and then decreases sharply, the cracks of the specimen continue to expand until failure. The number of internal failure elements gradually slows growth. At 330 µs, the number of failure elements reaches 20,430, and DS reaches 6.5%. The crack evolution process of the model is roughly similar to the strain curve. Thus, the crack volume can approximately reflect the strain value.
4.2.4 Analysis of the energy dissipation process
Energy is the driving force behind material failure (Wen et al., 2020b; Wei et al., 2022), and energy dissipation causes everything from microscopic damage to macroscopic fragmentation of the model. The energy dissipation rate is defined as λ, namely, λ = WS/WI, to compare the degree of absorbed energy under different strain rates. Approximately 0.175 and 0.225 MPa impact air pressures are applied based on the original tests to comprehensively analyze the impact failure characteristics and energy change law of the model. In order to obtain the incident energy, The test parameters are substituted into Eqs 4, 5, and the absorbed energy and transmitted energy at five strain rates are obtained, as shown in Table 5.
TABLE 5 | Calculation results of energy.
[image: Table 5]In Table 5, the incident energy value gradually increases with the increase in strain rate. The incident energy, transmitted energy, and absorbed energy at five strain rates in Table 5 are fitted to obtain the energy relationship curves, as shown in Figure 10. The fitting curves of the incident energy and transmitted energy show increasing trends. The growth scope of the transmitted energy slows downs with the increase in incident energy, as shown in Figure 10A. When the incident energy impacts on the model are low, the microcracks are less, and the crack propagation scope is small. The crack number and damage range continuously increase with the increase in incident energy, and the cracks weakens the propagation of transmitted waves, resulting in a slow increase in transmitted energy. The energy dissipated by the crushed specimen linearly grows with the development of the incident energy, as shown in Figure 10B. The energy dissipation rate (λ) is basically constant with the increase in the incident energy. The fluctuation value changes from 10% to 13%, as illustrated in Table 5, which shows the strain rate independence.
[image: Figure 10]FIGURE 10 | Energy relation curve. (A) Relationship between WI and WT, (B) Relationship between WI and WS.
The energy curve of the model is drawn using the strain rate of 45.09 s−1 as an example and the three energies determined utilizing Eqs 4, 5, as shown in Figure 11A. The three energies curves show a slow growth, continuous linear growth and stabilization trend. The incident energy greatly increased. The maximum transmission energy is only 0.165 J, and the growth rate is the smallest due to the low tensile strength of the specimen (4.62 MPa). The failure process of the specimen is analyzed using the stress–strain curve and failure characteristics of the specimen. When time is 0–53 µs, the incident energy slowly increases, and the stress pulse wave enters the rising elastic deformation stage. The dissipated energy of this stage is almost zero, no crack initiated, and the model stores a large amount of elastic energy. From 53 to 190 µs, the incident energy and reflected energy rapidly increase, but the transmitted energy slightly increases. When the stress of the model is greater than the tensile strength, the dissipated energy of the specimen increases due to crack growth. From 190 to 267 µs, the stress of the model decreases after reaching the peak strength, and the original and new cracks in the specimen continued to expand. The release of elastic energy also aggravates the failure of the model, and the dissipation energy slightly increases and then tended to a constant value.
[image: Figure 11]FIGURE 11 | Energy curve of the grouting specimen. (A) Energy dissipation curve of the specimen, (B) Breakup energy curves of each component.
The energy evolution process of each material component of the specimen model cannot be measured in a laboratory. However, the dissipated energy of the different components can be described by using a 3D meso-numerical model. Take [image: image] = 45.1 s−1 as an example, as shown in Figure 11B. The dissipation energy in the model is 4.78 J, which is within 5% of the experimental value of 4.69 J. Before 53 µs, each component of the model is in the elastic stage and basically did not consume energy. From 53 to 190 µs, the dissipated energy of the cement mortar increases. Internal cracks and fine cracks start to appear when the local stress in the cement mortar exceeds its tensile strength. The strength of the crushed stone and gravel is higher than that of the cement mortar, and most of the particles are not failure, so the number of failure units is few. The dissipation energy of the crushed stone and gravel slowly increases, and the dissipation energy of the gravel is slightly greater than that of the crushed stone. From 190 to 267 µs, the model significantly breaks, and the dissipated energy of the cement mortar, gravel and crushed stone accounted for 90.8%, 6.5%, and 2.7% of the dissipated energy of the model, respectively.
When the strain rate is 24.8–45.1 s−1, the proportion of dissipated energy of the cement mortar is above 90%. When the specimen fails, the cement mortar is the first to be significantly damaged. Crushed stone and gravel are bonded by using a cement mortar. Thus, the strength of the cemented specimen is most affected by the strength of the cement mortar.
5 CONCLUSION
Different strain rate dynamic splitting tensile tests of the cemented specimens are carried out by using the SHPB test device. The dynamic failure process and energy dissipation law of the cemented specimens are studied. A 3D mesoscopic numerical model is established by using the SHPB, and the accuracy of the numerical simulation is verified by comparing with the SHPB test result. The main conclusions are as follows:
(1) The dynamic tensile strength and peak strain of the cemented specimens increase with the increase in strain rate. It is a strain rate-related material.
(2) When the specimens are destroyed by impact load, the cracks initiated at the center and spread to both ends of the specimen along the load direction. The wedge-shaped failure zone at both ends expands after the first pulse wave completed. When the strain rates changed from 24.8 to 33.2 s−1, the failure morphology of the specimens is similar with the splitting failure and the main crack at the center. When the strain rate is 46.2 s−1, the failure mode of the specimens is a strip fragment with two main cracks at the center.
(3) The crack growth process in the model is quantitatively describe based on LS-DYNA software. The damage of the specimen is divided into four stages: no crack stage, slow crack development stage, accelerated crack growth stage and crack penetration stage. When the specimen broke, the energy dissipation rate fluctuates from 10% to 13%, and the dissipated energy of the cement mortar accounts for more than 90% of the total dissipated energy. The cement mortar is destroyed first and most severely, and its strength has a great influence on the strength of the grouting specimen.
(4) In comparison with the indoor SHPB test result, the 3D meso-model of the grouting specimens established based on the 3D reconstruction technology and LS-DYNA software can better simulate the crack evolution process and failure mode of the specimen, which can quantitatively analyze the energy consumption of the internal components. (XU and WEN, 2016), (LI and XU, 2009).
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The slope of coal-bearing strata distributed along the high-speed highway (railway) is affected by the atmospheric dry-wet cycles (DWC), and the collapse occurs many times during the construction of such highways, in Pingxiang city, in the province of Jiangxi. The DWC affect the strength characteristics of the unsaturated coal-bearing soil (CBS). In order to study the shear-strength characteristics of the unsaturated CBS under the DWC, the relationship between the shear strength and matric suction was analyzed by using direct shear test of the unsaturated CBS, the filter paper method of the matrix suction measurement, and the scanning electron microscope test. The internal reasons of shear strength attenuation of unsaturated CBS under DWC are revealed from microscopic perspective. The results show that the DWC at 0 to 4 times, with an increase in the water content, the clay domains expanded unevenly. Further, the clay minerals that served as the cementing junctions and soluble salts were softened and dissolved, and the bonding strength between the basic units and the cohesion of the samples decreased, so that the shear strength of unsaturated CBS samples decreased with an increase in the water content, and increased with the increase of matric suction. Under the influence of the DWC, the CBS samples slaked, the quartz matrix between the fissures slaked, and produce fragments and debris which reduced the size of large particles, and the bonding strength between the basic units was low. Therefore, the matric suction and the shear strength of the unsaturated CBS samples with the same moisture content, under the same normal pressure, decreased gradually with an increase in the number of the DWC. It is feasible to study the strength characteristics of unsaturated CBS by combining the test methods of macroscopic strength, matric suction and microstructure of soil.
Keywords: dry-wet cycles, unsaturated coal-bearing soil, shear strength, matric suction, microstructure characteristics
1 INTRODUCTION
There are many coal-measure strata along the expressway (iron) road In Pingxiang City, in Jiangxi Province. Under the action of the atmospheric DWC, the slope of coal measure strata in expressway (railway) has collapsed many times during construction (YANG and ZHENG, 2018). The coal-measure strata and its weathered materials are generally referred to as the CBS, which are characterized by uneven soft and hard soil layers, poor interlayer cementation, loose structure, fast weathering speed after excavation, softening, disintegration, and loss of strength in the event of water-saturation (Han et al., 2019). Therefore, it is of great theoretical and practical significance to study the engineering properties of the unsaturated CBS under the DWC for slope stability and soil and water conservation.
The shear strength theory of the unsaturated soil has been studied for several decades, amongst which the most accepted shear strength formulae for the unsaturated soil are the Bishop effective stress strength formula (BISHOP and BLIGHT, 1963) and the Fredlund double stress variable strength formula (FREDLUND et al., 1978), both of which reflect the contribution of the matric suction against the shear strength. Due to the difficulties in measuring and calculating the matric suction, many studies have chosen the water content or the saturation to replace matric suction in the study of the unsaturated soil strength (Cui and Si, 2014; Aqtash and Bandini, 2015; Hassan Marwan Adil and Mohamad Ismail Mohd Ashraf, 2018; Qian et al., 2020; Ma, Huang, Hu, Yang; Chou and Wang, 2021). However, some studies have pointed out that there is no one-to-one single value relationship between the matric suction and the water content in unsaturated soil strength. Chengren (XIONG et al., 2005) discussed the variation characteristics of matric suction in the unsaturated soil water-density state space, and discovered that there was neither direct correlation nor definite corresponding relationship between the matric suction and saturation, but that water and the soil structure were two very important factors affecting the matric suction. Therefore, matric suction is a combination of water content and soil structure, which is more suitable for the analysis of the shear properties of the unsaturated soils. Changguang et al. (ZHANG et al., 2012) divided the various unsaturated soil shear strength formulas into five categories, among which the formula index of the total stress shear strength has been widely used in practical engineering. Therefore, with a change in the moisture content and the soil structure of the CBS, the filter-paper method could be used to transform the measured matric suction into the total stress shear strength of the soil, which has high application value in engineering practices.
The macroscopic physical and mechanical properties of the rock and soil as well as their specific engineering properties all depend on their microscopic structure (Zuo et al., 2016; NOWAMOOZ et al., 2016; Zhao et al., 2018; Zhou et al., 2021). However, most studies have focused on the micro-structure of the red clay, expansive soil, loess, and silty sand (ALDAOOD et al., 2014; Jiang et al., 2014; AHMED, 2015; Lin and Amy, 2015; Sun and Cui, 2018; Xiao et al., 2020; Wang et al., 2021), for instance. Some studies had also investigated the slope protection and the reinforcement of the CBS, the physical and the mechanical properties of the soil, and the micro-structure parameters (Hang et al., 2019; Huang and Zheng, 2021; Zhang et al., 2021). There are few studies, however, on the relationship between the microstructure and the macroscopic strength of the unsaturated CBS under the wetting and drying cycles. In this paper, the remolded samples of the CBS along the Changli Expressway were taken as the research object. Based on the total stress strength, the shear strength, and the microstructure characteristics, the unsaturated CBS under the dry and wet cycling conditions were studied by the direct shear test of the unsaturated CBS, matrix suction test by the filter-paper method, and the microscopic scanning electron microscope test. The relationship between the shear strength and the matric suction of the unsaturated CBS was analyzed, and the cause of the shear-strength attenuation of the unsaturated CBS under the three DWC was revealed from the microscopic point of view, which provided some important and beneficial supplements for the study of engineering properties of the unsaturated CBS and slope stability.
2 METHODS
2.1 Basic characteristics of the test soil samples
The CBS used in this test was taken from the landslide soil in K213 section of the Changli Expressway in Jiangxi Province. The specific physical and mechanical indexes are shown in Table 1.
TABLE 1 | The main physical and mechanical indices of the CBS as used in this study.
[image: Table 1]The particle composition of the CBS is shown in Table 2. According to the classification of soil of the Highway Geotechnical Test Regulations, the CBS belongs to clay-sand.
TABLE 2 | The particle gradation of the CBS.
[image: Table 2]2.2 Testmethod
2.2.1 Soil samplepreparation
According to the compaction degree of the 93% of the maximum dry density of the compaction test, the CBS sample with the dry density of 669.1 g/cm3 was prepared. In this paper, the particles of the remolded samples were all passed through a 2 mm screen, and the prepared soil was pressed into a large round sample with a diameter of 100 mm, and a height of 40 mm by the sample pressing method. Then the samples were placed on a water tray, and soaked and saturated with the water absorption by using the principle of the capillary water absorption. In the indoor constant temperature (20°C) environment, the water loss was simulated by blowing the saturated sample surface with miniature electric fan. The mass of the unchanged CBS sample indicated that the dehumidification was finished. Then in the test, a humidifier was used to spray the surface of the sample, and the capillary action was used to make the bottom surface of the sample absorb water to simulate the process of the rain-moisture absorption. When the mass of the CBS sample did not increase, the water spraying was stopped, and the plastic film was used to seal it for at least 24 h. The repeat cycles of DWC were also performed. Figure 1 shows the surface morphology of the large round sample of the CBS prepared by the sample pressing method after hygroscopicity, dehumidification, and three DWC.
[image: Figure 1]FIGURE 1 | The surface morphology of the large round samples with the hygroscopic, dehumidifying, and after three DWC. (A) Sample water absorption (B) Simulated rainfall (C) Saturated sample (D) Dry sample (E) Dry sample after three DWC (F) Saturated sample after three DWC.
2.2.2 Test plan and procedure
There were five DWC in this study, and the moisture content of the coal-measure soil samples in eachDWCwere 21%, 17%, 13%, and 9%, with four samples in each group. A small ring knife was used to take samples from the large round samples, and the remaining intact samples were preserved with plastic film for the scanning electron microscope test. The samples were placed in the direct-shear instrument, and the overlaying loads of 50 kPa, 100 kPa, 150 kPa, and 200 kPa were applied until the deformation was stabilized, and the undrained, fast shear was carried out at the constant shear rate of 0.013 mm/s. After the direct shear test, the matrix suction value was measured by the filter-paper method, along the shear plane, which was approximately the average suction of the sample in the shear process. The soil samples retained for the scanning electron microscopy tests were gently broken into strips of soil about 15 mm and 10 mm wide, and then frozen in a—80°C refrigerator for more than 36 h to make the pore water in the soil become amorphous ice without the volume expansion. The samples were then treated by the freeze-vacuum sublimation drying method, and the dried samples were sprayed with gold before the scanning electron microscope test. The soil samples and instruments were tested in each step, as shown in Figure 2. Images with magnification of 2000 times were uniformly selected for this study.
[image: Figure 2]FIGURE 2 | The matric suction test sample (A). Freeze-dried sample (B). Freeze drying machine (C). Spray gold sample (D). Scanning electron microscope.
3 TEST RESULTS AND ANALYSIS
3.1 The shear strength
In this test, the unsaturated CBS samples were subjected to undrained fast shear, so the shear strength obtained was the total stress strength. Figure 3 shows that there is a linear relationship between the shear strength and the normal stress of the unsaturated CBS samples under the different wetting and drying cycles. In the same drying-wetting cycles, the shear strength of the unsaturated CBS samples decreases gradually with the increase of the moisture content. When the normal stress of the 0 drying-wetting cycle was 200 kPa, and the moisture content increased from 9% to 21%, the shear strength of the unsaturated CBS samples decreased from 128 kPa to 30 kPa, respectively, which reflects a reduction by 77%. In addition, the shear strength of the soil increased with the increase of the normal stress under the same drying-wetting cycles and the same moisture content. For example, when the normal stress increased from 50 kPa to 200 kPa, the shear strength of the soil with 9% moisture content for 0 drying-wetting cycles increased from 72 kPa to 128 kPa. The shear strength of the unsaturated CBS samples, with the same moisture content, decreased with the increase of the number of the drying and wetting cycles. For example, for the unsaturated CBS samples with a moisture content of 9% undergoing 0–4 drying-wetting cycles, when the normal stress was 200 kPa, the shear strength was 128 kPa, 110 kPa, 101 kPa, 99 kPa, 100 kPa.
[image: Figure 3]FIGURE 3 | Relationship between the shear strength and the normal stress of samples with the different water contents (A). 0 DWC (B). One DWC (C). Two DWC (D). Three DWC (E).Four DWC.
3.2 The influence of the matric suction on the shear strength
Linchang et al. (MIAO et al., 2000) reformulated the expression for the shear strength of the unsaturated soil, into a strength formula similar to Mohr-Coulumb (Eq. 1, as follows):
[image: image]
where, [image: image] is the total stress shear strength; [image: image] is total cohesion; [image: image] is the total internal friction angle; [image: image] is the matrix suction. The shear strength obtained in this test is the total stress shear strength, the cohesion of soil is the total cohesion, and the friction angle is the total internal friction angle. Figure 4 shows the relationship between the total stress shear strength and the matric suction of the coal-measure soil samples under the different normal stress conditions and different DWC. Over the DWCconditions at the same time, the sample shear strength which increased with the increase of the matrix suction, including the zero DWC, when the increase of the matrix suction influence on the strength of soil increased more clearly, the approximate to linear, the influence of matric suction on the soil strength increases gradually during one to four DWC. In addition, in the same DWC, the corresponding shear strength of the matrix suction was different when the matrix suction was the same, indicating that the contribution of the matrix suction to the shear strength was different when the stress environment was different. The shear strength increased with the increase of the normal stress applied to the coal measure soil sample. Under the different drying and wetting cycles, the matric suction and the shear strength of the soil samples with the same moisture content, under the same normal pressure, gradually decreased with the increase of the number of drying and wetting cycles, indicating that there was no definite one-to-one correspondence between the water content or the saturation and the matric suction. The contribution of the matric suction to shear strength was influenced by the change of the soil structure and the water content after the repeated DWC. And along with the rise of DWC times, the coal-soil structure changed in the matrix suction and the influence of the shear strength, than the effects of the moisture content, change was bigger, which makes it consistent with the conclusions as in a previous study (Fu et al., 2019), The changes, namely, in the DWC and the repeated wetting and drying cycles, affect the wetting shear strength of the soil more than the water content, which, in turn, is only caused due to the changes brough about in the structure of the soil.
[image: Figure 4]FIGURE 4 | Relationship between the shear strength and the matric suction of the samples under the different DWC (A). 0 DWC (B). One DWC (C). Two DWC (D). Three DWC (E). Four DWC.
Table 3 shows the total stress shear strength index and matric suction of coal measure soil under different drying and wetting cycles. It can be seen that there is a linear relationship between the total stress shear strength index and the logarithm value of matric suction under each drying and wetting cycle. Therefore, the shear strength model of unsaturated coal measure soil under drying and wetting cycle is as follows (Eq. 2):
[image: image]
where, a, b, c,d are the fitting parameters of [image: image], [image: image] and matrix suction respectively.
TABLE 3 | The total stress shear strength indices and the matric suction of the samples under the different DWC.
[image: Table 3]3.3 Analysis of microstructure characteristics
The influence of the soil structure on the matric suction and shear strength of the CBS is greater than that of water content under the DWC. The change in the soil structure at the macro level is reflected in the change of soil structure at micro level. The DWC with the zero moisture content 9% of the coal-soil sample in the scanning electron microscope (SEM) image (Figure 5) show that the quartz-particle plate-shaped structure form the soil sample matrix, the matrix surface has cracks, and form a particle size difference than that of the of quartz grains, the kaolinite and the chlorite form the clay particles in the clay domain, which are in the form of surface to surface connection attached to the surface of the quartz substrate, or in the form of surface to surface connection in the quartz matrix in the cracks and in the quartz-particle joints. The lamellar quartz particles are mainly edge to edge, edge to surface, and surface to surface contact. The interface between the aggregates formed by the clay domain surface to surface contact and the quartz particles is mainly edge to surface, surface to surface contact. The connection is cemented by clay minerals and soluble salts, or the contact connection is formed by the direct contact between the basic units. At this time, the cementation strength between the basic units is not high, and the particle connection is relatively loose. The SEM images (Figure 5) of the CBS samples with the moisture contents of 9%, 13%, 17%, and 21% during the 0 cycle of wetting and drying show that with the increase of the moisture content, the particle morphology, and the connection between the particles of the samples changed. The overlap formed by the facetoface contact of the clay expands with the increase of water content in the soil. Long, flat, clay domains with thick middle and thin edges are observed on the surface of the quartz matrix, between the cracks, and the quartz grains. This happened because the surface of the clay domain is generally negatively charged, while the connection between the surface-and-surface of the clay domain is mainly ion-electrostatic. As the water in the soil increased, the water film thickened, the diffusion-double electric layer thickened, and the repulsion between the surface-and-surface predominated, resulting in the expansion of the polymer. With the increase of the water content, the cemented clay minerals, and the soluble salts at the junction of the basic unit body softened and dissolved. At this time, the cementation strength between the basic unit body decreased greatly, and the cohesion of the sample somewhat decreased. In the scanning electron microscope images of the samples with different moisture content in the first, second, third, and the fourth drying and wetting cycles (see Figures 6, 7 for the third and fourth dry and wet cycles), it can also be observed that the uneven volume expansion of the clay domain occurs with the increase of the water content, and the clay minerals and soluble salts that play the role of cementing connection softened and dissolve. Further, the basic unit body and the change of the pore volume caused the gas-liquid interface in the change of the meniscus water film, which caused the change of the matrix suction. It was at the same time during the drying-wetting circulation process, that the soil specimen macro performance of the shear strength of the unsaturated coal decreased gradually with the increase of the moisture content, and with the increase of the matrix suction, which can all be seen microscopically.
[image: Figure 5]FIGURE 5 | The 0 DWC microcosmic structures of the CBS with the different moisture contents. (A) w = 9% (B) w = 13% (C) w = 17% (D) w = 21%.
[image: Figure 6]FIGURE 6 | The three DWC microcosmic structures of the CBS with the different moisture contents. (A) w = 9% (B) w = 13% (C) w = 17% (D) w = 21%.
[image: Figure 7]FIGURE 7 | The four DWC microcosmic structures of the CBSwith the different moisture contents. (A) w = 9% (B) w = 13% (C) w = 17% (D) w = 21%.
With the 0, 1, 2, and 3 times of the DWC, the moisture content is 9%, 4 times of the coal-soil sample in the electron microscope scanning figures. With the increase of the DWC, collapse happened in the coal soil sample, the cracks of the quartz substrate collapse happened, the magnitude of the large particle size decreased, and the clay minerals content in the DWC under the influence of particle size reduced. Further, the cementation strength between the basic units decreased, the particle connections became looser, and there were more pores. This is also the microscopic reason that the matric suction and the shear strength of the unsaturated CBS samples with the same moisture contents, and under the same normal pressure gradually decreased with the increase of the number of DWC.
3.4 The influence of the drying and wetting cycles on the characteristic parameters of the microstructure
The image processing software IPP (Image-Pro Plus) was used to analyze and process the SEM images of the CBS with different water contents after 0–4 DWC, and the microstructure information was extracted to analyze the average particle average of the CBS after different DWC. The changes in the microstructural characteristic parameters, such as the diameter, particle abundance, and the particle orientation frequency were examined.
3.4.1 The average particle diameter
The average particle diameter was used to represent the particle size. The diameter of the circle is equal to the particle area, S, and where Dis the average diameter of the particle unit body. The calculation formula is (Eq. 3):
[image: image]
The average particle diameter was classified over a certain range, and the percentage of the number of particles in each interval of the soil samples with the different moisture contents under the different DWC was counted, and the results are shown in Figure 8.
[image: Figure 8]FIGURE 8 | The variation of average diameter percentage of the soil particles under different DWC (A) w = 9% (B) w = 13% (C) w = 17% (D) w = 21%.
For the CBS with the moisture content of 9% and 13% under the different drying and wetting cycles, and with the increase of the drying and wetting cycles, the particle size was less than 0.5 [image: image] and between 0.5 [image: image] 1 [image: image], respectively. The content of the particles between1 [image: image] 2 [image: image] and 2 [image: image] 5 [image: image], however, was in an increasing state, the content of particles between 5 [image: image] 10 [image: image] did not change much, and the content of particles larger than 10 decreased. For the CBS with the moisture content of 17% and 21%, under the different DWC, and with the increase of DWC, the content of particles with the particle size of less than 5 [image: image] was in an increasing state, and the content of particles with the particle size over five to 10 [image: image] did not change much. The content of the particles with the diameter greater than 10 [image: image] decreased. This was mainly related to the disintegration of the CBS samples after the multiple DWC. As the number of DWC increases, the content of particles with a particle size of less the than five increased, the disintegration and the dispersion of the large particles reduced their contents. The contents of the small particles increased when the moisture content was lower, however, and the smaller particles adhered to the larger particles, which formed a larger particle, and which reduced the percentage of the smaller particles over this range. Yet, when the same is high, the number of the DWC and the high water content weakened the cementation between the basic units, the particle connection was weaker, and the particles were more loose, so that the content of particles in the range of less than 5 [image: image] particles increased.
3.4.2 Particle abundance
The ratio of the short axis to the long axis of the particle is the particle abundance C, and its calculation formula is (Eq. 4):
[image: image]
where B is the short axis of the particle, and L is the long axis of the particle. The value of C ranges from 0 to 1, and the closer C is to 1, the more circular the particles tend to be on the plane, and the more elongated they tend to be.
Figure 9 shows the particle abundance of the reconstituted CBS with the different water contents under the different DWC. With the increase of the number of DWC, the abundance percentage of the particles with abundance less than 0.6 gradually decreased, while the abundance percentage of the particles with abundance greater than 0.6 showed an increasing trend, indicating that the effect of the DWC gradually changed the shape of the particles. From long strips to that of approaching the circle. Under the action of the multiple DWC, the quartz matrix of the CBSsample disintegrated, and the clay minerals dispersed and disintegrated, so that the size of large particles decreased more, the number of the small particles increased, and the particles with the complex shapes tended to be simple, which resulted in the soil erosion.
[image: Figure 9]FIGURE 9 | The variations of the soil particle abundances under the different DWC. (A) w = 9% (B) w = 13% (C) w = 17% (D) w = 21%.
3.4.3 The particle orientation frequency
The particle orientation frequency is the frequency at which the angle between the long axis and the X axis of the particle is calculated into each equally divided orientation angle interval. The orientation angle interval is at [image: image] = 20, divide 180° into nine orientation angle intervals, and [image: image] represents the orientation frequency of the particle unit in ith orientation angle interval (Eq. 5):
[image: image]
where [image: image] is the number of particles whose long axis direction falls in ith orientation angle interval, and [image: image] is the total number of particles.
It can be seen from Figure 10 that the orientation angle of the reshaped coal measures soil particle unit has a certain distribution in each interval, but it is mainly concentrated in the interval of −10°–10z, that is, the particles are mainly arranged in the horizontal direction and have a certain orientation. With the increase of the number of the drying and wetting cycles, the orientation frequency of the particle units increased significantly in the range of −10°–10°. The percentage content was the highest, while the variation law of orientation frequency in other orientation angle ranges is not apparent. The remolded CBS was prepared by the compaction method. During the compaction process, the soil particles were arranged in the horizontal direction under the action of the vertical force, that is, the angle between the main axis of the particle unit and the X axis was in the horizontal direction and. −10°–10° range. Under the action of the DWC, the disintegration and the dissolution of the coal-measure soil increased the number of the soil particles, decreased the average particle diameter, weakened the inter-particle cementation, and changed the contact mode between the particles, which affected the soil mass to a large extent. Cohesion, soil particles are more loose, and the arrangement of particle units tends to be simpler and orderly.
[image: Figure 10]FIGURE 10 | The directional frequency of the soil particles under the different DWC. (A) w = 9% (B) w = 13% (C) w = 17% (D) w = 21%.
4 CONCLUSION

1) In 0 to four DWC, the clay domain expands unevenly with the increase of water content, the clay minerals and soluble salts that play the role of cementation and connection soften and dissolve, the cementation strength between basic units decreases greatly, the cohesion of the sample decreases, and the changes of water, basic units and pores cause the changes of meniscus water film at the gas-liquid interface, thus causing the changes of matrix suction, The shear strength of unsaturated CBS sample decreases with the increase of water content in the same DWC, and increases with the increase of matrix suction.
2) The CBS samples disintegrated under the action of DWC, and the quartz matrix in the cracks disintegrated to produce fragments and debris, and the particle size of large particles decreased more. The diameter was also reduced, the disintegrated and dispersed particles were scattered on the surface of the quartz matrix and around the other particles and in the pores. The same was more loose and had more pores, so that the matrix suction and the shear strength of the unsaturated CBS samples with the same water content under the same normal pressure condition gradually decreased with the increase of the number of DWC.
3) Under the action of the DWC, the disintegration and dissolution of the CBS increased the number of the soil particles, reduced the average particle diameter, changed the particle shape, weakened the inter-particle cementation, and changed the contact mode between the particles. It is shown here that the content of the particles with the average diameter of less than 5 [image: image] increased, while the content of the particles larger than 10 [image: image] decreased. The shape of the particles gradually approached from a strip to a circle, while the particle orientation was slightly more apparent.
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To study the fatigue failure of an intermittent jointed rock mass under repeated stress waves, numerical models of jointed rock masses with different joint angles were created using Autodyne software, and crack propagation behavior was simulated using the Drucker–Prager strength model and cumulative damage failure criteria. In this numerical simulation, the influence of stress wave amplitude and the mode of disturbance on fatigue failure of the rock mass were analyzed. The simulation results showed a significant difference between the failure process of jointed rock masses subjected to repeated stress waves and those exposed to a single stress wave, including crack initiation locations, propagation paths, and rock mass failure patterns. With increasing angles of inclination, the fatigue life of the rock mass first decreased and then increased under repeated stress waves. As the joint inclination angle, β, increased from 20° to 50°, it had a significant influence on the fatigue life of the rock mass, which decreased rapidly with increases in β. The variation in the disturbance form (the change in amplitude of the stress waves from small to large, or from large to small) did not affect the final macro failure pattern of the rock mass; but the extent of damage to the rock mass was affected.
Keywords: rock mechanics, stress wave, intermittent jointed rock mass, fatigue failure, numerical simulation
1 INTRODUCTION
Different sizes of fractures, joints, beddings, and other discontinuous surfaces exist universally in natural rock masses. These discontinuous surfaces influence the mechanical properties and control the stability of a rock mass. Many geotechnical engineering tests demonstrated that the propagation and connection of joint fissures in a rock mass under an external load resulted in the instability and failure of geotechnical engineering (Tang et al., 2022). Many scholars have discussed the initiation, propagation, and evolution of cracks into macro-cracks through physical tests (Lin et al., 2000; Sagong and Bobet, 2002; Prudencio and van Sint Jan, 2007; Yang et al., 2019; Haeri et al., 2020; Wang M et al., 2020) and numerical modeling (Vergara et al., 2016; Wang and Tian, 2018; Wang X et al., 2020; Li et al., 2022; Yuan et al., 2022; Zou et al., 2022). Using physical tests, Lin et al. (2000) determined the influences of joint distribution, joint length, and rock bridge length in a jointed rock mass on connection modes, failure modes, and peak strength. They found that the number of joints, joint length, rock bridge length, and side pressure could significantly influence the connection modes, failure modes, and peak strength of a jointed rock mass. Sagong and Bobet (2002) conducted a comparative study on the connection modes of multi-fracture rock mass specimens and double-fracture rock mass specimens under uniaxial compression conditions. They discovered that the failure mode of a multi-fracture rock mass was similar to that of a double-fracture rock mass and identified nine double-fracture connection modes. Prudencio and Van Sint Jan (2007) carried out a biaxial compression test on discontinuous joint specimens formulated with cement mortar and summarized four failure modes of discontinuous jointed rock masses, namely, plane failure, block rotational failure, stepwise failure, and mixed failure. Haeri et al. (2020) conducted uniaxial compression tests to investigate the effect of joint number and angle on both compression behavior and joint tensile strength.
Recently, numerical software, such as UDEC (Pan et al., 2021; Li et al., 2022), PFC (Wang X et al., 2020; Yuan et al., 2022), and Autodyn (Li and Wong 2014; Zhao et al., 2020; Zou et al., 2022), were extensively compared as methods to simulate the crack propagation process. Compared with physical tests, numerical simulations can more easily obtain the mechanical information of crack initiation and propagation. For example, Li and Wong (2014) found 11 connection modes of double-fracture rock masses under uniaxial loading by using the nonlinear dynamic software, Autodyn. These connection modes were divided into tensile, shear, and mixed tensile-shear connection modes according to the mechanism of crack formation. Studies by Zhao et al. (2020) and Zou et al. (2022) also demonstrated that the combined use of the Drucker–Prager (DP) strength model and cumulative damage (CD) failure criteria could describe the macroscopic inelastic behavior of geotechnical materials and the evolution of CD-induced macro-cracks. It is worth noting that most existing research focused on the failure behavior of a jointed rock mass under static loading or single-impact loading.
As the literature shows, drilling and blasting are still the main methods of tunnel excavation (Pan et al., 2022). However, the cyclical footage of 3–5 m is often used during tunneling, indicating that the surrounding rocks within this range were also disturbed by multiple blasting excavations (Ji et al., 2021a, b). Although a single disturbance is insufficient to cause the instability of a rock mass, multiple disturbances can cause progressive failure of discontinuous jointed rock masses through the cumulative effects of repeated damage. These disturbances can lower bearing capacity and stability, thereby accelerating failure. Therefore, studying the fatigue failure process of discontinuous jointed rock masses under the action of repeated stress waves has practical significance for the long-term qualitative analysis of rock mass engineering. Based on this information, the fatigue failure process of a discontinuous jointed rock mass with different incidence angles under the action of repeated stress waves was investigated by using the DPCD model and Autodyn, and compared with that occurring under single impact loading. The influence of stress wave amplitudes and disturbance mode on the fatigue failure process of a discontinuous jointed rock mass was discussed.
2 NUMERICAL METHODOLOGY AND VERIFICATION
2.1 Rock material model
The material model in Autodyn is mainly composed of state equation, strength model, and failure criteria.
The state equation belongs to a problem of small deformation dynamics because the stress wave amplitude in the simulation is small. Therefore, the state equation of the jointed rock mass can be described by the linear state equation (Zhao et al., 2020):
[image: image]
where p is the pressure, k is the bulk modulus, [image: image] is the current density of materials, and [image: image] is the density of materials at the initial moment. The parameters of the state equation of rock mass involved in the simulation (Li and Wong 2014) include initial density [image: image] = 2.44 g/cm3 and bulk modulus k =27 GPa.
A piecewise linear DP strength model was selected as the rock strength model (Li and Wong 2014). This model is applicable to granular materials, such as soils, rocks, and concretes and can accurately describe the cracking phenomena of materials. By defining the pressure–yield strength points, it was shown that the yield strength increased with hydrostatic pressure after giving consideration to compression (Figure 1). Using a scanning electron microscope, Wong and Einstein (2009a) observed that macro-cracks produced in marble under compression conditions were formed by the initiation, propagation, and connection of micro-cracks. Therefore, the initiation of macro-cracks is a cumulative process rather than the result of a single unexpected event. Thus, the CD failure criteria were chosen as the failure criteria in the numerical simulation. CD failure criteria pertain to the reduction in strength during the progressive failure process of materials by defining the damage factor, D, which is related to the deformation of materials. Its value is zero when the effective plastic strain (EPS) is smaller than a certain value (EPS1). When EPS is higher than EPS1, D increases linearly with the strains to a maximum Dmax (<1). At this moment, a corresponding effective plastic strain (EPS2) exists (Figure 2). D is expressed as (Li and Wong 2012)
[image: image]
[image: Figure 1]FIGURE 1 | Piecewise linear Drucker–Prager strength criteria (Li and Wong, 2014).
[image: Figure 2]FIGURE 2 | CD-plastic effective strain curve (Li and Wong, 2012).
After applying the calculation, the current value of D was used to modify the bulk modulus (k), shear modulus (G), and yield strength (Y) of materials. According to Li and Wong (2012), materials still retain some residual strength in the compression process when they reach maximum damage, but they have no residual strength in the tensile process. Hence, the reduction in Y involves two conditions. When the hydrostatic pressure is positive,
[image: image]
When the hydrostatic pressure is negative,
[image: image]
The bulk modulus and shear modulus are not influenced by compression. However, under tensile stress, the bulk modulus and shear modulus decrease to zero at the rate of [image: image] when D decreases to Dmax. (Figure 3). The CD failure criteria parameters involved in the simulation were EPS1 = 10–4, EPS2 = 10–3, and Dmax = 0.6 (Li and Wong 2014).
[image: Figure 3]FIGURE 3 | Damage curve of volume modulus and shear modulus.
2.2 Model validity verification
The feasibility of the numerical simulation was verified according to the compression test results of uniaxial jointed rock masses (Wong and Einstein 2009b). The 150 mm × 75 mm two-dimensional plane model was applied in the numerical simulation, and the calculation model is shown in Figure 4. The model contains two parallel open joints. The lengths of the joints and the rock bridge were 2a = 12.7 mm and L = 12.7 mm, respectively. The angles between the rock bridge and the joint were α = 30° and β = 90°, respectively. During the simulation, loads were applied at the top and bottom of the specimens. The loading rate was controlled at 12.5 MPa/ms.
[image: Figure 4]FIGURE 4 | Schematic representation of the calculation model.
The numerical simulation results of the joint connection are shown in Figures 5A–C. The initiation points, propagation paths, and connection modes of cracks were easily observed, and the simulation results agreed well with the crack connection modes (Figure 5D), which are summarized according to test results by Wong and Einstein (2009b). On this basis, the DPCD model is feasible in simulating the failure process of a jointed rock mass.
[image: Figure 5]FIGURE 5 | Comparison between numerical simulation and experimental results.
3 NUMERICAL ANALYSIS OF THE JOINTED ROCK MASS FAILURE PROCESS
3.1 Numerical model
The failure process of a discontinuous jointed rock mass under different incidence angles was studied using the 150 mm × 75 mm two-dimensional plane model. Loads were applied at the top of the model and a fixed constraint was applied at the bottom. The geometrical parameters of the joint mainly included joint length (2a), length of rock bridge (L), angle of steps (γ), angle of joint (β), and joint spacing (d). The definitions of these parameters are shown in Figure 6. The joint geometric parameters involved in this model are listed in Table 1, and the joint geometry layout is shown in Figure 7.
[image: Figure 6]FIGURE 6 | Schematic of joint geometrical parameters.
TABLE 1 | Parameters for joint layout.
[image: Table 1][image: Figure 7]FIGURE 7 | Joint geometry layout of the numerical model.
3.2 Mode of action of repeated stress waves
The action of repeated stress waves is different from ordinary cyclic loading. The dynamic stress field generated by the action of repeated stress waves is a pulsating stress field rather than an alternating stress field (Shao, 2005). During simulation, the time interval between two adjacent stress waves was set at t0 to prevent the influence of previous stress waves on the rock mass responses on follow-up. Hence, the action of repeated stress waves was simplified to repeated impact loading in Figure 8.
[image: Figure 8]FIGURE 8 | Mode of action of repeated stress waves.
3.3 Numerical simulation results and analysis
3.3.1 Action of a single stress wave
The amplitude, the pressure rising time, and the action time under the influence of a single stress wave were set to 5 MPa, and tr = 100 μs, and tm = 200 μs, respectively. The failure processes of discontinuous jointed rock masses with different incidence angles under single stress wave are shown in Table 2. Clearly, the initiation positions of the cracks in the joints were controlled by the incidence angle, β. When β was <70°, the cracks began at the two ends of the joint. When β reached 70°, the cracks were initiated at points far away from the joint. The initiation positions of cracks on the upper and lower surfaces of the same joint were gradually approaching with the increase in the incidence angle of joints.
TABLE 2 | Failure processes of jointed rock masses under single impact loading.
[image: Table 2]As the loading process continued, wing cracks continued to propagate (except at β = 90°), and the propagation paths of cracks were influenced by adjacent joints. When β = 20°, wing cracks propagated along the initiation direction continuously, but none was deflected toward the direction of major principal stress. This finding indicated that the influences of adjacent joints on wing cracks were weakened with the increase in the incidence angle of the joints. When β = 90°, the wing cracks produced secondary coplanar cracks rather than propagating continuously and were connected to adjacent collinear joints, ultimately causing plane failure. Plane failure refers to a failure mode wherein wing cracks began at joint ends, propagated under external loads, and connected with adjacent collinear joints. The failure surface presented a plane or approximate plane. Failure modes A–G were manifested as block rotational failures. Block rotational failure refers to a failure mode wherein wing cracks initiate at joint ends or surfaces, propagate under external loads, and connect with adjacent non-collinear joints to cut rock mass into numerous blocks that allow shear sliding or rotational displacement under external load.
3.3.2 Action of repeated stress waves
The amplitude, the pressure rising time, the action time, and the time interval under the action of repeated stress waves were set to 1 MPa, tr = 100 μs, tm = 200 μs, and t0 = 2,800 μs, respectively. The failure processes of discontinuous jointed rock masses with different incidence angles under the action of repeated stress waves are shown in Figure 9. Cracks all initiated at the two ends of the joints under the action of repeated stress waves and changed with the variations of β. Moreover, the initiated cracks easily propagated toward the original initiation direction. The failure modes of the jointed rock mass with incidence angles other than β = 20°, 30°, and 90° all changed compared with those under the action of a single stress wave. Plane and step failures were the predominant modes under the action of repeated stress waves. Step failures resulted from connections between wing cracks and adjacent nonlinear joints in a stepwise distribution. In contrast, the block rotational failure was the major failure mode under the action of a single stress wave. The fatigue failure processes of a jointed rock mass under repeated stress waves, including initiation positions of cracks, propagation paths of cracks, and failure modes of rock mass, were significantly different from those resulting from a single stress wave. This result is related to the angle of incidence of the joints.
[image: Figure 9]FIGURE 9 | Failure process of a jointed rock mass under repeated impact loading.
The curve showing the relationship between the fatigue life of a discontinuous jointed rock mass (loading times, N, and incidence angle of joints, β) is shown in Figure 10. The fatigue life of a jointed rock mass presented a V-shaped variation trend with increasing incidence angle. When β was between 20° and 50°, the fatigue life of the rock mass was significantly influenced by the incidence angle of the joint and was significantly decreased with the increase of β. When β was between 50° and 90°, the fatigue life of the rock mass increased continuously with the incidence angle. When β was between 60° and 80°, the fatigue life of the rock mass was relatively stable and only slightly influenced by β.
[image: Figure 10]FIGURE 10 | Loading times of a jointed rock mass with different stress wave incidence angles.
3.3.3 Effects of stress wave amplitude
According to previous studies, a stress threshold exists for the fatigue failure of a rock mass. Under conditions of cyclic impacts, each stress event would intensify the internal damage to the rock mass only when its loading strength reached 80%–90% of static peak strength (Li et al., 2005). Thus, load amplitudes have important influences on the fatigue life of the rock mass. However, the mechanism of how loading amplitude affects the fatigue failure mode of a rock mass is still unclear and requires further investigation. In this study, a model with β = 50° was selected as the research subject to investigate the effects of repeated stress waves of different amplitude on the fatigue failure modes of a discontinuous jointed rock mass.
Figures 11A and B show the simulation results for stress wave amplitudes of 0.5 MPa and 2 MPa, respectively. When the stress wave amplitude was 0.5 MPa (Figure 11A) , short cracks were only seen initiating from the joint ends after three loading events. The wing cracks were connected to the adjacent non-collinear joints in a stepwise distribution after seven loading events. Wing cracks were generally straight, but there were local bifurcation phenomena, which ultimately led to step failure. Figure 11B shows that when the stress wave amplitude was increased to 2 MPa, wing cracks connected to adjacent non-collinear joints in stepwise distribution after only a single loading. The crack propagation path was relatively zigzag, and obvious bifurcation of wing cracks occurred after two loading times. The failure modes of a jointed rock mass were complex, with local X-shaped connections; hence, variations in stress wave amplitude could influence not only the fatigue life but also the failure mode of a jointed rock mass.
[image: Figure 11]FIGURE 11 | Failure process of a jointed rock mass with different loading magnitudes (β = 50°).
This study proved the importance of the critical stress value under the action of repeated stress waves. When the stress wave amplitude was higher than the threshold but smaller than the critical value, the jointed rock mass developed a single failure point under repeated stress waves. However, the failure modes of the rock mass were complicated by the continued increase in stress wave amplitude.
3.3.4 Effects of disturbance modes
In a practical engineering situation, the disturbance intensity at the same position of a rock mass changes as the tunnel face is advanced forward; thus, the influence of disturbance modes on the failure modes of a jointed rock mass must be considered. A model with β = 50° was chosen as the research subject, and two disturbance modes were considered: (1) stress wave amplitude increased with a loading order of 0.5, 1, 1.5, and 2 MPa, and (2) stress wave amplitude decreased with a loading order of 2, 1.5, 1, and 0.5 MPa. Other conditions were fixed. The failure processes of a jointed rock mass under the two disturbance modes are shown in Figures 12A and B, respectively. Under disturbance mode 1 (Figure 12A), only extremely short cracks were initiated at the joint ends in the first two loadings because of the small amplitude. After three loading events, wing cracks propagated and connected with adjacent non-collinear joints in a stepwise distribution. As the loading increased, wing cracks were connected with adjacent non-collinear joints, and a trend of mixed failure occurred. Under disturbance mode 2 (Figure 12B), wing cracks were connected with adjacent non-collinear joints in a stepwise distribution after one loading event. Some adjacent non-collinear joints were connected after two loading times, with general mixed failure.
[image: Figure 12]FIGURE 12 | Failure process of jointed rock mass with different load modes (β = 50°).
By comparing the failure modes under the two disturbance modes, it is obvious that they were similar, but the failure degree of a rock mass under disturbance mode 2 was far higher than that under disturbance mode 1. This result occurred most likely because the different disturbance modes caused different initial damage to the rock mass. Given stronger initial damages, the rock mass could reach the peak failure point by absorbing less energy, and the degree of post-peak rock fracture was higher. Thus, the type of disturbance mode did not affect the final macroscopic failure mode of the rock mass, but it did influence the failure degree.
4 CONCLUSION
In this study, a numerical simulation analysis on the failure processes of discontinuous jointed rock masses was carried out using the Autodyn element software. Some major conclusions can be drawn as follows:
1) The fatigue failure modes of a jointed rock mass under repeated stress waves, including the initiation positions of cracks, propagation paths of cracks, and failure modes of rock masses, were significantly different from those under a single stress wave. The differences were influenced by the incidence angle of the joints.
2) The fatigue life of a rock mass as a function of increase in the incidence angle presents a V-shaped variation trend. When β was between 20° and 50°, the fatigue life of the rock mass was significantly influenced by the incidence angle of joints, and it decreased significantly with increasing β. When β was between 50° and 90°, the fatigue life of the rock mass increased continuously with the incidence angle.
3) The stress wave amplitude can influence not only the fatigue life but also the failure mode of a jointed rock mass. A critical stress value is under the influence of repeated stress waves. When the stress wave amplitude is higher than the threshold but smaller than the critical value, the jointed rock mass develops a single failure under repeated stress waves. However, the failure modes of rock mass become more complex with the continued increase in stress wave amplitude.
4) The different disturbance modes had no effect on the final macroscopic failure mode of the rock mass, but they did affect the failure degree of the rock mass. The failure degree of a jointed rock mass under the disturbance mode with decreasing stress wave amplitude was far higher than that under the disturbance mode with the increasing stress wave amplitude.
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With the increase in mining depth, coal bursts have become a major challenge in the safe mining of steeply inclined and extra thick coal seams (SIETCSs). Based on a typical mining induced seismicity triggered coal burst (MSTCB) in SIETCS, a large-scale numerical model was developed using the Universal Distinct Element Code. The numerical model was calibrated and validated by laboratory results and field observations. The stress evolution, crack development and ejection velocity patterns in the MSTCB were analysed, and the effect of mining induced seismicity vibration velocity on the MSTCB was discussed. The results show that a triangular static stress concentration zone is formed in the coal on the roof side. And the high-energy mining induced seismicity leads to high dynamic stresses in the coal at the roof side rib and top of the headentry. Coal bursts occur under the superposition of static and dynamic stresses. The MSTCB results in tensile failure near the headentry surface and shear failure in the depth. The vibration velocity has a significant effect on the roof side rib and top of the headentry, while it has only a slight effect on the working face rib and bottom of the headentry. The dynamic stress and ejection velocity in the roof side rib and top of the headentry are positively correlated with the vibration velocity. Finally, measures for MSTCB prevention were proposed. The findings presented in this study can provide guidance for the prevention and control of MSTCBs in SIETCSs.
Keywords: steeply inclined and extra thick coal seam, coal burst, mining induced seismicity, UDEC, crack development
1 INTRODUCTION
As a violent dynamic failure in underground coal mining, coal bursts occurred worldwide with the increasing mining depth (Jiang et al., 2017; Ptáček, 2017; Mark, 2018), causing many casualties (Zhang et al., 2017) and other disasters (Du et al., 2020; Wang and Du, 2020). Coal bursts can be classified into self-initiated and remotely mining-induced seismicity triggered based on its mechanisms (Dou and He, 2001; Mottahedi and Ataei, 2019). Seismic events occur frequently in large-scale mining due to roof breakage, fault slip, coal pillar failure, etc. (Dou and He, 2001; Stec, 2007). Compared to self-initiated coalburst, mining-induced seismicity triggered coal bursts (MSTCBs) are more likely to occur in coal mines (Dou and He, 2001). In recent years, MSTCBs have been reported during horizontal section mining of steeply inclined and extra thick coal seams (SIETCSs) in China (Wang et al., 2019b; He et al., 2020). It is significant to investigate the mechanism and control of MSTCBs in SIETCSs.
To reveal the mechanism of MSTCBs, (Dou et al., 2015) proposed the coupled theory of static and dynamic stresses from the perspective of stress changes during coal bursts. He et al. (2017) analyzed the stress distribution during rockburst triggered by mine tremors and proposed a method to evaluate rockburst risk in mining. According to Cai et al. (2021), the dynamic stress from fault activation is a key factor in the coal burst triggered by fault. Dai et al. (2021) investigated the MSTCB theoretically and developed a critical index system to descript the remotely triggered coal bursts quantitatively. And many prevention measures had been applied in the field to control MSTCBs, such as optimization of mining design (Dou and He, 2001; Jiang et al., 2017), destress blasting in the roof (Konicek et al., 2011; Konicek et al., 2013), as well as hydraulic fracturing of hard and thick rock (Shapiro et al., 2006; He et al., 2012a). However, current studies mainly focus on horizontal and gently inclined coal seams. Due to the special geological conditions and mining methods, MSTCBs caused by horizontal section mining of SIETCSs are significantly different from those of horizontal and gently inclined coal seams. (Wang et al., 2019c). reported an MSTCB occurred on the working face in SIETCS and mechanically investigated its mechanism, results showed that abutment pressure near the roof was the main source of static stress. Xie et al. (2019) observed the roof deformation caused by mining two adjacent working faces in SIETCS based on physical simulation and found that mining of the lower working face led to a secondary movement of the roof. Yang et al. (2020b). analyzed the temporal-spatial evolution characteristics of dynamic failure in SIETCS and identified the stress concentration areas around the roadway. Wang et al. (2022) studied the stress redistribution caused by horizontal section mining in SIETCS, and found that there is high shear stress in the bottom coal under the effect of “shear-clamping”. Dynamic stress plays a critical role in MSTCBs (He et al., 2012; Dou et al., 2014). Yun et al. (2017) performed field monitoring of support pressure in the working face and observed that the dynamic load coefficients caused by roof breakage varied between 1.45 and 1.52 during mining of the SIETCS. He et al. (2020) investigated the rock burst mechanism of two adjacent working faces in SIETCS, and the results indicated that fractures of the roof and rock pillar were the main dynamic stress sources of rock bursts. Yang et al. (2019) concluded that topping-slumping failure would occur after mining in SIETCS, resulting in strong dynamic loads. Lai et al. (2021) found that the roof structure in SIETCS would experience periodic “balance-instability” during mining, which is accompanied by energy accumulation and release. Cao et al. (2020) used numerical simulation to study the development of roof structure and the evolution of stress during mining in SIETCS, and concluded the sources of static and dynamic stress. Cui et al. (2019) proposed a surface filling technology to reduce the risk of dynamic hazards caused by mining of SIETCS. In addition, there are also some studies on precursory warnings for coal bursts in SIETCSs based on field monitoring (He et al., 2019; Wang et al., 2020; Li et al., 2021b).
The above-mentioned studies have enriched our understanding of MSTCBs in SIETCSs. At present, many meaningful results have been derived, such as the asymmetric distribution of mining-induced stresses, the periodicity breakage of the steeply inclined roof, as well as the identification of static and dynamic stress sources, etc. However, more details of the dynamic failure process of MSTCBs in SIETCSs need to be further investigated, including stress evolution, the development of cracks, ejection velocity patterns, and the effect of the mining induced seismicity strength on MSTCBs. Studies in these aspects also are important for the prevention and control of MSTCBs in SIETCSs.
Taking an MSTCB that occurred in a typical SIETCS as the engineering background, this paper investigates the mechanism and control of MSTCBs in SIETCSs by using the Universal Distinct Element Code (UDEC) software (Itasca 2014). First, the engineering background and damage characteristics of the MSTCB were present. Second, a large-scale numerical model to reproduce the complete process of the MSTCB was developed. Third, the stress evolution, crack development and ejection velocity during the MSTCB were analysed, and the effect of the vibration velocity of mining induced seismicity on the MSTCB was studied. Finally, the mechanism and prevention measures of the MSTCB in SIETCS were proposed. Field monitoring indicates that the measures significantly decrease the risk of MSTCB in SIETCS.
2 ENGINEERING BACKGROUND AND DAMAGE CHARACTERISTICS
2.1 Engineering overview
The thickness of the SIETCS in Yaojie No.3 Coal Mine is in the range of 36–115 m, with an inclination angle of about 60°. According to the classification standard of coal seams in China, coal seams with a thickness greater than 8 m are classified as extra thick coal seams. Coal seams with an inclination angle greater than 45° are classified as steeply inclined coal seams. Thus, the coal seam in Yaojie No.3 Coal Mine is a typical SIETCS. The horizontal section full-mechanized top-coal caving mining technology is adopted, and a longwall working face is arranged in each horizontal section. As shown in Figure 1A, the 5,521-20 working face is located in a section with a height of 12 m, and the mining to caving height ratio is 1:3. The design of the 5,521-20 working face is shown in Figures 1B,C, the width of the 5,521-20 working face is variable due to the change in coal seam thickness, the maximum width is about 60 m. The 5,521–20 headentry and the 5,521-20 tailentry are set in the coal seam near the roof and floor respectively and there is a coal pillar with a width of 6 m between the headentry and the roof. The mining depth of the 5,521-20 working face is 470–530 m. In-situ stress measurements were carried out, and the results showed that the initial horizontal and vertical stresses were 22 MPa and 13 MPa, respectively. The geological profile is shown in Figure 1D, there are thick sandstone and oil shale in the roof, and a 44 m thick oil shale is the main key layer according to the key layer theory (Qian et al., 2000). With the increase of mining depth, the upper gob became larger, and the number of mine tremors caused by the roof breakage increased, which eventually caused a serious coal burst in the headentry.
[image: Figure 1]FIGURE 1 | The coal mine: (A) the horizontal section full-mechanized top-coal caving mining in SIETCS, (B) mining layout, (C) cross-section of mining area perpendicular to mining advance, and (D) geological profile.
2.2 Coal burst in the headentry
On June 29, 2016, accompanied by a high-energy seismic event in the roof, an MSTCB occurred in the headentry of the 5,521-20 working face. Figure 2 shows the location of the MSTCB and some in situ recorded photos. As shown in Figure 2A, a total of 44 m of the headentry in front of the working face was damaged, including a 10 m area near the working face that was severely damaged. Under the effect of the seismic event on the roof, some equipment overturned, and some artificial support units failed, as shown in Figure 2B, and it is worth noting that both the rollover of equipment and the sliding of support units have the same direction from the roof side to the working face side. As illustrated in Figure 2C, the MSTCB resulted in large deformation on the roof side and top of the headentry, and the cables and wire mesh were damaged by the fractured coal, and it can be seen that the deformation of the roof side wall was mainly concentrated on the upper part. The bottom coal was heaved. In addition, a large number of single-props failed. After the MSTCB occurred, field measurements were carried out on the headentry. A sketch (see Figure 3) of the headentry before and after the MSTCB illustrates the damage and deformation pattern. Before the MSTCB, the width and height of the headentry were 4 m and 3 m respectively, as shown in Figure 3A. The sketch of the headentry after the MSTCB is shown in Figure 3B, we divided the coal around the headentry into four zones, they are the top, bottom, roof side range (RSR), and working face range (WFR). According to the field measurement results, the maximum deformation of the top, bottom, RSR, and WFR were 0.7, 0.5, 0.8, and 0.15 m respectively, and the convergence of the roof to the bottom and the RSR to the WFR reached 1.2 and 0.95 m respectively. It is also notable that the maximum deformation of the bottom is located on the roof side. It can be concluded that the damage to the headentry caused by the MSTCB has significant asymmetric characteristics, and the main large deformation areas are the RSR, top, and bottom of the headentry. Compared with the area on the WFR, more severe dynamic damage occurred in the area near the roof. When the MSTCB occurred, the pressures of the hydraulics arranged near the roof were observed to increase significantly. The pressures of 25# and 30# hydraulic were up to 46 and 44 MPa, respectively. In comparison with the previous day, the pressures increased by 360% and 340%, respectively, indicating that strong dynamic stress was developed in the coal on the roof side.
[image: Figure 2]FIGURE 2 | The MSTCB in the 5,521–20 headentry: (A) location of coal burst, (B) rollover of equipment, and (C) typical failures in the headentry.
[image: Figure 3]FIGURE 3 | Cross-section of the headentry: (A) before the MSTCB, and (B) after the MSTCB.
3 NUMERICAL SIMULATION
3.1 Modelling method
UDEC, a two-dimensional numerical program, simulates the quasi-static or dynamic response to the loading of a discontinuous medium. The simulated coal and rock consist of a number of deformable blocks and contacts between the blocks. The failures of the contacts are controlled by the stresses acting at the contact and the failure criterion (Itasca 2014). There are two main failure modes for the contacts: shear cracking and tensile cracking. The penetration of contact cracks leads to the formation of macroscopic failure. In this study, the blocks were divided into triangles according to the UDEC-Trigon method (Gao and Stead, 2014). It was shown that the UDEC-Trigon model can successfully reproduce the failure processes including conventional brittle damages or nonlinear dynamic failures caused by mining at the field scale (Gao et al., 2014; Gao and Yang, 2021).
3.2 Model configuration and modelling procedure
Based on the geological data of the 5,521-20 working face, a large-scale numerical model was developed using UDEC. The width of the numerical model is 160 m and the height is 80 m, which consists of the roof, coal and floor, as shown in Figure 4A. The inclination angle and thickness of the coal seam were set to 60° and 60 m respectively. In the UDEC simulation, if a larger size of the block is chosen, it will be possible to get the wrong failure pattern and mechanism. However, a small block size will be a high computational requirement and time-consuming. To solve this problem, different block sizes were used in different areas in this study, and the small block sizes were used in the areas that need attention. Triangular blocks were used in the coal seam, while rectangular blocks were used in the roof and floor. The average size of the smallest block around the headentry was 0.3 m, which was similar to the size used in the simulation at the field scale (Gao and Stead, 2014), and the size of the blocks in the outer area gradually increased. The gravitational acceleration was set to 9.8 m/(s2). The static and dynamic calculation modes were employed in order to simulate mining and the MSTCB, respectively. The boundary conditions in the two calculation modes are different. In the static calculation, initial horizontal stress of 22 MPa and initial vertical stress of 13 MPa was applied to the numerical model according to the in-situ stress measurements. The boundaries on both sides as well as the bottom were fixed. Vertical stress of 12 MPa was applied to the upper boundary considering the gravity of the overlying rock layers. In the dynamic calculation, the boundary conditions were changed to viscous boundaries to avoid incorrect results caused by the wave reflection on outer boundaries. The stress increase in the surrounding rock caused by the mine tremor is due to the propagation of seismic waves. In addition, the velocity and duration of the seismic waves can be obtained by a microseismic monitoring system in the field. Therefore, a triangular vibration wave is used in this study, and it should be noted that the structural changes caused by the mine tremor are not considered. As shown in Figure 4B, a triangular vibration wave was applied to the roof to simulate the disturbance caused by roof breakage with a peak velocity of 4 m/s and duration of 0.08 s. In this study, Rayleigh damping was adopted. A small value of the damping ratio (e.g., 0.5%) is recommended when large deformation may occur (Itasca 2014). As we know, coal bursts result in large displacement and ejection of coal. Therefore, Rayleigh damping of 0.5 % is employed. In order to quantitatively investigate the stress, velocity, and displacement changes around the headentry during the MSTCB, a large number of monitoring points were set up, as shown in Figure 4C. There are six monitoring points in the top, bottom, RSR, and WFR of the headentry, respectively, and the distance between adjacent monitoring points is 1 m.
[image: Figure 4]FIGURE 4 | UDEC numerical model: (A) overview of the model, (B) detail incl. hypocentre of mining induced seismicity, and (C) detail of 5,521–20 headentry area (T, R, B, and W indicate the locations of monitoring).
A combination of static and dynamic calculation modes was adopted to reproduce the MISTCB in SIETCS. The simulation was divided into two stages. The first stage was carried out in the static calculation mode, in which the upper section located above the 5,521–20 mining section was first excavated after the model was calculated to equilibrium under the given initial conditions, and then, the headentry was excavated. This part focuses on studying the redistribution of stresses and micro-cracking caused by mining. In the second stage, the calculation mode was changed to dynamic, and the vibration wave was applied to the roof. In this section, the MSTCB process is investigated to identify its failure characteristics and mechanisms, including stress evolution, crack development, and velocity patterns.
3.3 Model calibration
The micro-properties of simulated rocks and coal were calculated theoretically and calibrated by laboratory results. First, we obtained the mechanical properties of the rocks and coal in the laboratory, which were referred to as the intact rock properties. Then, considering the difference between the properties of the rock mass and the intact rock, the mechanical properties of the rock mass were estimated theoretically and were the target value for calibration. In this study, the elastic modulus of the rock mass was calculated by the RQD method (Zhang and Einstein, 2004), as shown in Eq. 1, and the uniaxial compressive strength of the rock mass was calculated by the empirical formula proposed by Singh and Seshagiri Rao (2005), and the tensile strength of the rock mass was estimated as 1/10 of the uniaxial compressive strength, as shown in Eq. 2. The properties are shown in Table 1. After obtaining the mechanical properties of the rock mass, two critical micro-properties of the rock mass, normal stiffness and shear stiffness, were calculated by Eqs. 3, 4 (Itasca 2014). Finally, the micro-properties obtained from the above theoretical calculations were calibrated by performing a series of simulated uniaxial compressive tests (UCS-test) and Brazilian tensile tests (BT-test). The UCS-test model was 10 m long and 5 m wide, and the diameter of the BT-test model was 5 m, as shown in Figure 5. The average size of the blocks in the calibration numerical model was also set to 0.3 m, which was same as that of the region of interest. The calibrated micro-properties are presented in Table 2. The rock mass properties obtained from the calibrated simulation tests with the target values are shown in Table 3. It can be seen that the errors between the numerical results, including elastic modulus, uniaxial compressive strength and tensile strength, and the target values do not exceed 4%, indicating that the calibrated micro-properties are reasonable.
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where [image: image] and [image: image] are the elastic modulus of rock mass and intact rock, respectively.
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where [image: image], [image: image] and [image: image] are the uniaxial compressive strength of rock mass, the uniaxial compressive strength of intact rock, and the tensile strength of rock mass, respectively. n=0.63 was used in this study.
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where [image: image] and [image: image] are the bulk and shear moduli of rock mass. [image: image] is Poisson’s ratio.
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where [image: image] and [image: image] are the normal stiffness and shear stiffness, respectively, [image: image] is the smallest width of zone.
TABLE 1 | Properties of intact rocks and rock masses.
[image: Table 1][image: Figure 5]FIGURE 5 | Calibration of mechanical parameters in the UDEC-Trigon model: (A) axial stress-strain curves for UCS-tests, and (B) vertical stress-strain curves for BT-tests.
TABLE 2 | Calibrated micro-properties for UDEC-Trigon model.
[image: Table 2]TABLE 3 | Target values and final simulation results for rock mass for UDEC-Trigon model.
[image: Table 3]3.4 Model validation
The numerical model was validated by comparing the simulation results with the field measurements. Three important aspects are included in the validation: (1) deformation caused by the headentry excavation, (2) displacement of the top, bottom, RSR, and WFR of the headentry due to the MSTCB, and (3) failure characteristics of the headentry induced by the MSTCB. The simulated deformation caused by the excavation of the headentry was compared with the results measured during the field development, as shown in Figure 6A. It can be seen that they have the same trend, the rate of deformation decreased gradually, and the convergence between the top and bottom is greater than that between RSR and WFR. Deformation characteristics of the headentry after excavation are different from those in horizontal coal seams (Li et al., 2022). This is due to the fact that the top and bottom of the headentry in this study are coal, rather than rock. The thickness of the top coal is greater than the width of the coal pillar in the RSR. Large deformation will occur in the top and bottom coal with increasing stress. As shown in Figure 6B, the simulated and measured results for the displacements of the top, bottom, RSR, and WFR of the headentry induced by the MSTCB are also very close, with the largest displacement of coal in the RSR. The failure characteristics of the simulated and in-situ coal burst are shown in Figures 6C, D, respectively. The same failure characteristics are shown with severe dynamic damage mainly at the top and RSR, and only minor damage in the WFR. The simulation results are in good agreement with the field measurements, indicating that the numerical model and simulation procedures adopted in this study can well reproduce the MSTCB process.
[image: Figure 6]FIGURE 6 | Validation of the UDEC-Trigon model: (A) convergence of the headentry, (B) displacement in the MSTCB, (C) simulated results of the MSTCB, and (D) measured results of the MSTCB.
4 RESULTS AND ANALYSIS
4.1 Stress evolution
The horizontal stresses and vertical stresses after the excavation of the upper mining section and the headentry are shown in Figure 7A and 7 B. The mining of the upper section resulted in a large stress decrease zone in the coal seam. However, the stress increase zone appeared in the roof due to the gradual falling and deforming of the roof caused by mining, and there were three stress increase zones in the coal around the headentry under the compression of the roof, they were the horizontal stress increase zone at the top, the horizontal stress increase zone at the bottom and the vertical stress increase zone located in the RSR. A large amount of elastic energy would accumulate in the stress concentration zone in the roof and coal, resulting in a potentially high risk of coal bursts. The above high coal burst risk zones have been validated by the MSTCB that occurred on June 29.
[image: Figure 7]FIGURE 7 | The stresses after the excavation of the upper mining section and the headentry: (A) horizontal stresses, and (B) vertical stresses.
The propagation of the mining induced seismicity will cause stress changes in the rock or coal. As expected, the stresses in the coal around the headentry were changed under the action of the mining induced seismicity. Figure 8 presents the stress records of all the monitoring points after the dynamic calculation mode is activated, including the seismic wave propagation stage before the dynamic time of 0.06 s and the MSTCB stage after the dynamic time of 0.06 s. During the propagation stage, most of the monitoring points were recorded the stress increase caused by the seismic wave. These increased stresses are called dynamic stresses. As shown in Figures 9A,C, large dynamic stresses were recorded at each monitoring point at the top of the headentry and in the RSR, indicating that the mining induced seismicity in the roof had a significant effect on these two regions. The largest dynamic stresses were observed in the RSR, and accordingly, the most severe coal burst damage occurred in the RSR. The dynamic stresses at the bottom and shallow WFR (e.g., W1, W2 and W3) were small, indicating that the mining induced seismicity in the roof had a minor effect on these areas. However, the stresses at the monitoring points located in the deep part of the WFR (e.g., W4, W5 and W6) were not increased, indicating that the action range of the mining induced seismicity in the roof was limited in the WFR. As we know, the stresses will decrease significantly after a failure occurs. The stress drop is associated with the sudden penetration of cracks (Xue et al., 2020). During the MSTCB, the stresses at most of the monitoring points decreased, except for T3, B3, W4, W5, and W6. The stresses at W4, W5, and W6 increased because the coal burst occurred only in a limited shallow area in the WFR, causing the stresses to be transferred to the deeper part. The stresses in T3 and B3 did not decrease, probably due to some individual stress concentrations that occurred in localized areas during the MSTCB.
[image: Figure 8]FIGURE 8 | Stress changes around the 5,521–20 headentry during the MSTCB: (A) at the top, (B) at the bottom, (C) at RSR, and (D) at WFR.
[image: Figure 9]FIGURE 9 | Crack development: (A) the cracks after mining of the upper section, (B) dynamic time is 0.066s in the MSTCB, (C) dynamic time is 0.072s in the MSTCB, (D) dynamic time is 0.078s in the MSTCB, and (E) dynamic time is 0.084s in the MSTCB.
4.2 Cracking development
Many studies have shown that the microstructure of coal is influenced by many factors, resulting in a complex process of crack development (Xue et al., 2022; Zou et al., 2022; Xue et al., 2023). Figure 9A illustrates the distribution of cracks after mining of the upper section, with blue colour indicated tensile cracks and red colour shear cracks. The coal can be divided into two zones according to the majority of crack types: (1) shallow zone and (2) deep zone. In the shallow zone, most of the cracks were of the tensile failure type, which was due to the deformation of the coal in the shallow zone towards the upper mining area. However, in the deep zone, the coal was not only clamped by the roof and floor, but also constrained by the coal in the shallow zone. Therefore more shear slip occurred in the deep coal, resulting in most of the cracks being of shear failure type. In addition, it should be noted that the cracks did not extend to the area where the headentry is located, forming a triangular area where cracks are not developed. This is because the coal in the triangular area is subjected to compressive stresses under the clamping of the roof and floor, which has a higher strength.
Figures 9B–E present the crack development in the coal around the headentry during the MSTCB. As shown in Figure 9B, at the beginning of the MSTCB, a large number of shear cracks appeared first in the coal under the superposition of the initial high static stress and dynamic stress. When the dynamic time is 0.072 s, the shear cracks developed from the area near the headentry surface to the deeper part, as shown in Figure 9C. The dominant direction of crack development was west-east, which was the area of the top and RSR crossover, and this is because the static stress and dynamic stress in this area are both higher. In addition, the number of tensile cracks near the headentry surface gradually increased. Coal plate bending started to appear. As time increased, tensile cracks developed from the area near the headentry surface to the deeper part, as shown in Figure 9D. Eventually, the tensile failure zone near the headentry surface and the shear failure zone located at the deeper part were formed.
4.3 Ejection velocity patterns
Figure 10 illustrates the velocity vectors around the headentry at different dynamic times during the MSTCB, including the amplitude and direction of the ejection velocities. When the dynamic time was 0.066 s, the main high-velocity areas were the top and the RSR of the headentry, and the direction of the velocity vector radiated from the top to the headentry, indicating that the initial coal burst occurred at the top and the RSR under the action of the seismic wave from the roof. When the dynamic time was 0.072 s, the velocity of the headentry bottom located near the roof started to increase. As time increased, the range of the bottom coal burst and the amplitude of the ejection velocity gradually increased, indicating that the bottom coal burst occurred. There was no significant change in the velocity of the WFR during the MSTCB. Despite the small time interval, the bottom coal burst occurred later than the top and RSR coal bursts in the MSTCB.
[image: Figure 10]FIGURE 10 | Velocity vectors around the headentry at different dynamic times: (A) dynamic time is 0.066s in the MSTCB, (B) dynamic time is 0.072s in the MSTCB, (C) dynamic time is 0.078s in the MSTCB, and (D) dynamic time is 0.084s in the MSTCB.
Figures 11A,B show the horizontal velocity and vertical velocity of the MSTCB obtained from the simulation. The high horizontal velocity region was the RSR and was larger compared to the WFR. The high vertical velocity regions were the top and the bottom near the roof. The regions of high ejection velocity due to the MSTCB were mainly the RSR, the top, and the bottom near the roof, which is consistent with the regions where severe dynamic failures were observed to occur in the field.
[image: Figure 11]FIGURE 11 | Ejection velocities of fragments in the MSTCB: (A) the horizontal ejection velocity, and (B) the vertical ejection velocity.
5 DISCUSSION
5.1 Effect of the mining induced seismicity
Many studies have shown that high-energy mining induced seismicity plays an important role in coal bursts (He et al., 2012b; Wang et al., 2019a; Si et al., 2020). The vibration velocity of mining induced seismicity increases with the increase of its energy (He et al., 2015). In this study, numerical simulation results and analysis confirm that the dynamic stress caused by the mining induced seismicity has an important effect on the MSTCB. It can be predicted that the dynamic stress will increase with the increase of the mining induced seismicity vibration velocity. However, the MSTCB in different areas of the headentry had significantly different failure characteristics. For example, quite severe coal bursts occurred at the top and in the RSR, while only a small amount of low-velocity ejections occurred in the WFR. Therefore the effect of the mining induced seismicity on coal bursts in different areas of the headentry needs to be further discussed. This can provide guidance for the determination of the critical areas for the MSTCB control in the headentry.
Figure 12 illustrates the relationship between dynamic stresses in different areas of the headentry and the vibration velocity of the mining induced seismicity, for any area, all six monitoring points are included. As shown in Figures 12A,C, the dynamic stresses in the top and RSR increased with the vibration velocity, indicating that the mining induced seismicity in the roof has a significant effect on the dynamic stresses in the top and RSR of the headentry. In addition, the growth rate of dynamic stress in the RSR is greater than that in the top. Therefore, the risk of the MSTCB in the RSR will increase significantly with the increase of vibration velocity. It is worth to be noted that the dynamic stresses in the bottom and WFR did not increase with increasing vibration velocity, and there was no significant change in the dynamic stresses in the bottom and WFR under different vibration velocities, as shown in Figures 12B,D. This is probably because the dynamic stresses in the bottom and WFR are mainly caused by the coal bursts in the top and RSR, rather than propagation of the seismic wave.
[image: Figure 12]FIGURE 12 | Dynamic stresses around the headentry considering different vibration velocities: (A) at the top, (B) at the bottom, (C) at RSR, and (D) at WFR.
Figure 13 illustrates the relationship between ejection velocity and the vibration velocity in different areas of the headentry, for any area, all six monitoring points are included. As shown in Figures 13A and 13C, the injection velocity in the top and RSR increased with increasing vibration velocity, which is consistent with the results obtained in the laboratory (Li et al., 2021a). The result indicates that the mining induced seismicity in the roof is a key factor affecting the occurrence of coal bursts in the top and RSR of the headentry. However, the ejection velocity in the bottom and WFR did not increase significantly with increasing vibration velocity, as shown in Figures 13B and 13D. The reasons for the failures in the bottom and the WFR may be the transfer of stress and energy due to the development of the coal bursts at the top and the RSR. The maximum ejection velocity always occurs in the RSR, indicating that the RSR is the most dangerous area in the MSTCB.
[image: Figure 13]FIGURE 13 | Ejection velocities around the headentry considering different vibration velocities: (A) at the top, (B) at the bottom, (C) at RSR, and (D) at WFR.
Many studies have reported the ejection velocity of coal fragments in coal bursts based on experimental observations or theoretical analysis. For example, (Yang et al., 2020a) proposed an ejection velocity estimation method and applied it to analyze a coal burst in an Australian coal mine, and found that the ejection velocity of fragments in the coal burst ranged from 26.55 to 26.62 m/s. Frith et al. (2020) analyzed a development coal burst and concluded that 3.8*104 kg of coal was ejected at a velocity of 22 m/s during the coal burst. (Li et al., 2021a). measured the ejection velocity of fragments during coal bursts in the laboratory, and the results showed that most of the ejection velocities were in the range of 10–30 m/s. In this study, the maximum ejection velocities of coal fragments in MSTCBs under different vibration velocities were 12.47, 16.18, 19.45, 22.84, 25.82, and 27.53 m/s. The simulation ejection velocities are in good agreement with the mentioned findings.
5.2 Failure mechanism
As shown in Figure 14, a large destress zone is formed except for a triangular zone on the roof side. The coal burst risk in the destress zone is significantly reduced. There is a high initial static stress [image: image] in the triangular zone under the clamping of the roof and floor, causing a high risk of coal bursts. A steeply inclined cantilever beam is formed in the roof and the length of the cantilever beam gradually increases with the section mining, resulting in a tendency for the cantilever beam to rotate toward the gob. However, the rotation is restricted by the coal in the triangular zone. Therefore, additional static stress will be formed in the triangular zone, which is called mining-induced static stress [image: image]. The superposition of the initial static stress and the mining-induced static stress leads to the formation of high static stresses in the coal on the roof side. In addition, high-energy mining induced seismicity often occurs during the mining of SIETCS. The propagation of high-energy mining induced seismicity causes dynamic stress [image: image]. The MSTCBs occur when the superposition of the initial static stress, the mining-induced static stress and the dynamic stress exceeds the ultimate strength of the coal [image: image], as shown in Eq. 5.
[image: image]
where [image: image], [image: image], and [image: image] are the initial static stress, the mining-induced static stress and the dynamic stress. And [image: image] is the ultimate strength of the coal.
[image: Figure 14]FIGURE 14 | The mechanism of the MSTCB in SIETCS.
5.3 Coal burst control in the headentry
The high risk areas for MSTCBs in the headentry were identified as the top, RSR, and the bottom near the roof. Accordingly, the MSTCB prevention measures were proposed, as shown in Figure 15A. High-energy mining induced seismicity in the roof plays a critical role for MSTCBs. Therefore, pre-splitting blasting was applied to the roof to avoid the occurrence of high-energy mining induced seismicity caused by a large-scale breakage of the roof. In addition, a number of measures including large diameter drilling and blasting in the coal were employed to create destress zones. It should be noted that the spacing of the boreholes in the RSR is smaller compared to the WFR. The design parameters are shown in Table 4.
[image: Figure 15]FIGURE 15 | Prevention measures for MISTCB and monitoring results of the mining induced seismic events: (A) prevention measures for MISTCB, (B) monitoring results of the mining induced seismic events.
TABLE 4 | Design parameters for boreholes 1#—6# (see Figure 15A).
[image: Table 4]Mining induced seismicity monitoring was performed at the 5,521-20 working face through a micro-seismic monitoring system. As shown in Figure 15B, the change in total energy presents a periodical characteristic, which is related to the periodic adjustment of the structure in the roof. The total energy increases significantly when the structure experiences change. After the application of pre-splitting, the number of seismic events with energy greater than 104 J decreased significantly and the number of low-energy seismic events increased. This is because pre-cracks formed in the roof after pre-splitting blasting, which will develop under abutment pressure. The sudden large scale fracturing is replaced by the development of pre-cracks. The stress in the coal will increase under the effect of high-energy seismic events. In addition, the failure of the structure is more likely to be triggered by high-energy seismic events. Thus, the decrease in high-energy seismic events indicates a reduction in coal burst risk. Mining practice at the 5521-20 working face demonstrates that the measures are effective for the prevention and control of MSTCBs in SIETCSs.
6 CONCLUSION
In this paper, the dynamic failure process of the MSTCB in SIETCS is investigated using UDEC simulation based on a coal burst accident. And the effect of mining induced seismicity vibration velocity on MSTCBs in SIETCSs is discussed. The main conclusions are as follows.
1) A large destress zone is formed in the SIETCS after section mining, except for a triangular area on the roof side. The triangular area is undeveloped with cracks and has a good capacity for storing stress and energy, which causes a high coal burst risk. During the MSTCB, a large number of shear cracks appear first near the roadway surface. Then, the cracks develop rapidly to the depth. Eventually, the MSTCB leads to the formation of a tensile failure zone near the roadway surface and a shear failure zone at the deeper part, respectively.
2) The mechanism of the MSTCB is: under the effect of the cantilever beam rotation, as a pivot point, the coal on the roof side in SIETCS is in high static stress. And high-energy mining induced seismicity in the roof causes additional dynamic stress on the coal, especially at the RSR and top of the roadway. MSTCB occurs as the superposition of the static stress and the dynamic stress exceeds the ultimate strength of the coal.
3) The vibration velocity of mining induced seismicity in the roof has a significant and asymmetric effect on the MSTCB in SIETCS. The dynamic stress and mean ejection velocity in the RSR and top of the roadway are positively correlated with the vibration velocity. However, the vibration velocity only has a weak effect on the WFR and bottom of the roadway.
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The prediction performance of several machine learning models for regional flash flood susceptibility is characterized by variability and regionality. Four typical machine learning models, including multilayer perceptron (MLP), logistic regression (LR), support vector machine (SVM), and random forest (RF), are proposed to carry out flash flood susceptibility modeling in order to investigate the modeling rules of different machine learning models in predicting flash flood susceptibility. The original data of 14 environmental factors, such as elevation, slope, aspect, gully density, and highway density, are chosen as input variables for the MLP, LR, SVM, and RF models in order to estimate and map the distribution of the flash flood susceptibility index in Longnan County, Jiangxi Province, China. Finally, the prediction performance of various models and modeling rules is evaluated using the ROC curve and the susceptibility index distribution features. The findings show that: 1) Machine learning models can accurately assess the region’s vulnerability to flash floods. The MLP, LR, SVM, and RF models all predict susceptibility very well. 2) The MLP (AUC=0.973, MV=0.1017, SD=0.2627) model has the best prediction performance for flash flood susceptibility, followed by the SVM (AUC=0.964, MV=0.1090, SD=0.2561) and RF (AUC=0.975, MV=0.2041, SD=0.1943) models, and the LR (AUC=0.882, MV=0.2613, SD=0.2913) model. 3) To a large extent, environmental factors such as elevation, gully density, and population density influence flash flood susceptibility.
Keywords: flash flood susceptibility prediction, uncertainty analysis, machine learning, multilayer perceptron, support vector machine, random forest
1 INTRODUCTION
A flash flood is defined as rapid flooding within the distribution of drainage basins in hilly areas (Bobrowsky, 2013), and it is characterized by rapid disaster generation, strong ring-breaking, and unpredictability, as well as the potential for a large number of casualties (Marchi et al., 2010). China has paid close attention in recent years to the predictive study of geological hazard susceptibility. Because China has many hilly areas, flash floods affect a wide range of areas, and regional flash floods are easy to produce under short-term heavy rainfall (Bobrowsky, 2013). With China’s elevated level of climate risk and an increase in extreme weather, such as heavy rainfall, regional research on flash flood susceptibility is becoming increasingly important.
With the continuous development of GIS and machine learning methods in recent years, an increasing number of researchers have cross-fertilized the engineering geology analogy method across disciplines to obtain more accurate susceptibility prediction models (István et al., 2022). Processing preliminary data, obtaining information on required environmental factors, selecting basic environmental factors, dividing prediction units, distributing training and test datasets, selecting susceptibility prediction models, plotting accuracy curves, and testing results are typical steps in susceptibility prediction modeling (Huang et al., 2021a). Choosing machine learning models is critical to modeling uncertainty, according to the susceptibility prediction modeling steps. Different machine learning models have different effects on regional susceptibility prediction results; thus, the prediction performance of different machine learning models varies (Ha et al., 2021). According to existing studies, machine learning models are widely used in susceptibility prediction modeling due to their powerful ability to handle non-linear data with different scales and from different types of sources (Zhang et al., 2022). Recently, the research field of machine learning models has been rapidly expanding, with models such as multilayer perceptron (MLP) (Haribabu et al., 2021), support vector machine (SVM) (Xiong et al., 2019), logistic regression (LR) (Nguyen and Bouvier, 2019; Huang et al., 2020a), random forest (RF) (Abedi et al., 2022), decision trees (Ngo et al., 2021), and artificial neural networks (Dahri et al., 2022).
Numerous studies have demonstrated that the susceptibility prediction results of the aforementioned machine learning models are highly credible. In other words, it is possible to assess the vulnerability of actual geological hazards (Jiang et al., 2018; Huang et al., 2021b). However, the selection of susceptibility prediction models is currently not well defined, and the weights of input variables and analysis methods differ between machine learning models (Ha et al., 2021). Meanwhile, the machine learning models are regional, which means that the prediction accuracy of each model varies from district to district (Huang et al., 2020b). Roy et al. (2020) used machine learning models, for example, to predict the impact of climate and soil characteristics on flash flood susceptibility. They concluded that the RF model outperforms SVM in prediction performance and has the advantages of a simple implementation process, strong data mining capability, and broad applicability. Zhao et al. (2018) classified and evaluated flash flood susceptibility using multiple machine learning models. They discovered that the RF model outperformed other models such as SVM and ANN in identifying flash flood-prone areas. Elkhrachy (2022) investigated flood depth using machine learning models based on remotely sensed data and concluded that the ML model outperformed the RFR. Wang et al. (2021) demonstrated the multilayer perceptron-probability density hybrid model’s excellent prediction performance in their study of flash flood susceptibility in Poyang County.
The MLP model has excellent non-linear mapping capabilities in performing susceptibility prediction compared to deterministic models or general linear statistical methods (Li et al., 2019). The LR model is controlled by multiple variables, and the algorithm has the advantage that the independent variables do not need to satisfy a normal distribution (Das and Lepcha, 2019). The SVM model has many unique advantages, which are reflected in solving large sample, non-linear, and high-dimensional pattern recognition problems (Wang et al., 2019). Based on statistical analysis, the RF model has the characteristics of simplicity, ease of calculation, and high accuracy (Demir et al., 2013). Consequently, to analyze and compare the prediction performance of different categories of machine learning models, the above four widely used machine learning models, MLP, LR, SVM, and RF, are chosen for flood susceptibility prediction modeling in this study.
The study of a standardized process for constructing flash flood susceptibility prediction models using machine learning models, comparing and analyzing the prediction performance of different machine learning models, and carrying out practical engineering applications in Longnan County is of great practical importance for flash flood and geological hazard prevention and control, road planning, and development of appropriate risk mitigation strategies in the southwest and southern China (Sheng et al., 2022). Longnan County, in the southernmost part of Jiangxi Province, is used as an example in this study. ArcGIS 10.2 software and the remotely sensed imagery website are used to extract 14 environmental factors such as topographic and geomorphological factors, hydrological factors, land cover factors, and human activities as input variables for the machine learning model. Denoted as 1 and 0, the flash flood and non-flash flood are considered the output variables. The MLP, LR, SVM, and RF models are then used to predict flash flood susceptibility. Besides, the model’s predicted flash flood susceptibility index is imported into ArcGIS 10.2 software to map flash flood susceptibility. Finally, each model’s prediction performance is compared and analyzed to verify its applicability and reliability using the receiver operation characteristic (ROC) curve and susceptibility index distribution features.
2 STUDY AREA AND DATA SOURCES
2.1 Study area
Longnan County has a total area of 1,640.55 km2 and is located in the zone of 114°23′-114°59′ E longitude and 24°29′-25°01′ N latitude (Figure 1). Longnan County has a typical subtropical humid monsoon climate with an annual average temperature of 19.2°C, according to the data. It has seasonal rainfall, with the wet season lasting from March to August, and the annual average precipitation is approximately 1,506 mm. The Longnan stratum spans the Upper Proterozoic Sinian stratum to the Cenozoic Quaternary stratum. Other strata exist except for the Ordovician and Silurian strata in the middle stratum. The strata in the study area are classified as sedimentary rock, metamorphic rock, intrusive rock, Quaternary alluvial layer, and magmatic rock based on their lithology. Denuded hills are in the middle, where expose Cretaceous and Jurassic thin siltstone, magmatic rocks, and volcanic clastic rocks. The county’s surroundings are the Quaternary alluvial layer, which has loose soil. Longnan is high in the southwest and low in the northeast, with folds and fractures as the primary tectonic features (Cui et al., 2016; Zhang et al., 2015). The most common landform types are eroded moderate and low mountainous areas, as well as eroded and denuded hilly areas. Furthermore, the county has a dense population distribution, engages in a variety of engineering activities, and the territory is primarily dependent on the mountains for self-built houses and roads. Because of the lack of slope support measures and means of protection, as well as the high rainfall in the study area, flash floods and other geological hazards are easily triggered. As a result, the predictive modeling of flash floods in this study area is important.
[image: Figure 1]FIGURE 1 | Overview of the study area and flash flood inventory.
As of 2014, there were 127 geological hazard sites in the study area. The eroded low mountainous area and the eroded and denuded hilly area have the highest hazard sites in each geomorphological area. At the same time, flash floods are primarily distributed in Longnan County’s central eroded and denuded hilly area, which is primarily located in the distribution range of metamorphic rocks. Based on previous studies and extensive literature (Guzzetti et al., 1999; Zhao et al., 2018; Roy et al., 2020; Wang et al., 2021; Elkhrachy, 2022), the difficulty of extracting environmental factors, the weight and effect of each type of environmental factor, the topographic and geomorphological characteristics of the study area, and the model’s accuracy, 14 environmental factors such as elevation, rainfall, and highway density are chosen as input variables for flood susceptibility prediction modeling. Figure 1 depicts an overview of the study area as well as a flash flood inventory.
2.2 Data sources and the classification of grid units
The sources of the flash flood basic data for the study area include: 1) The flood flash inventory investigated by Longnan County Land and Resources Bureau and specific information by field survey; 2) The geodata cloud platform is used to download digital elevation model (DEM) data with a spatial resolution of 30 m. Then, using ArcGIS 10.2 software’s spatial analysis tools, extract environmental factors such as elevation, aspect, slope, profile curvature, and plan curvature; 3) Landsat-8 remote sensing images with a spatial resolution of 30 m downloaded from the Chinese Academy of Sciences’ Earth Observation Center are used to obtain land cover factors such as the normalized difference vegetation index (NDVI) and modified normalized difference water index (MNDWI); 4) The lithology factor in the study area is derived from a 1:50,000 scale China Hydrogeological map; 5) The rainfall factor is derived by downloading China’s average annual rainfall from 1975 to 2015 from the China Meteorological Data Sharing Network (Huang et al., 2022a; Li et al., 2020).
Regional, slope, grid, terrain, and uniform condition units are some of the most commonly used evaluation units (Huang et al., 2021a). Because the grid unit is simple, efficient, and widely used (Xiao et al., 2022), the flash flood inventory chooses a grid with a 30 m resolution as the flash flood prediction unit for this study. The entire research area is divided into 1,842,345 units.
3 RESEARCH FRAMEWORK
This study compares and analyzes the modeling results of MLP, LR, SVM, and RF models to estimate their susceptibility prediction performance. The following are the main contents.
(1) Based on the information from the flash flood inventory and the geological environment, 14 basic environmental factors that are highly correlated with flood occurrence are identified. The correlation between the factors is then evaluated using Pearson’s correlation coefficients in SPSS Statistics software, and basic environmental factors with absolute correlation coefficients greater than 0.7 are eliminated (Cao et al., 2020; Lee et al., 2020).
(2) The original data of three environmental factors, NDVI, MNDWI, and surface radiation, are normalized and the other factors are kept constant. Then the original data of 14 environmental factors is directly used as the input variables of four classical machine learning models, MLP, LR, SVM, and RF, and the flash flood and non-flash flood (denoted as 1 and 0) are considered the output variables. The combined flash flood and non-flash flood samples are then randomly divided into two sets, the training dataset and the test dataset, in a 7:3 ratio (Huang et al., 2022b).
(3) To achieve the best prediction accuracy, the model parameters are adjusted by cross-validation (Yao et al., 2022).
(4) The model’s predicted flash flood susceptibility index is imported into ArcGIS 10.2 software to generate flash flood susceptibility maps. Furthermore, based on the natural break method, the predicted flash flood susceptibility index is divided into five levels: very low, low, moderate, high, and very high (Pham et al., 2020).
(5) The prediction performance of the four machine learning models discussed above is evaluated using the receiver operation characteristic (ROC) curve and susceptibility index distribution (Haoran et al., 2019).
4 FLASH FLOOD-RELATED ENVIRONMENTAL FACTORS
4.1 Environmental factors
The interaction of basic and externally induced environmental factors can result in geological hazards, and the selection of environmental factors can affect the reliability and accuracy of prediction results (Varnes, 1984; Abedi et al., 2022). As a result, identifying the effective environmental factors influencing flood occurrence is critical for flood susceptibility mapping (Rahmati et al., 2016). Based on researches on the causes of flash floods, an analysis of the study area’s topographic and geomorphological features, and a review of relevant literature on geological hazard susceptibility, Figure 2 it can be concluded that the occurrence of geological hazards such as flash floods is primarily related to basic environmental factors such as geology, hydrology, and topography, as well as externally induced environmental factors such as rainfall and human activity (Guzzetti et al., 1999; Zhao et al., 2018; Roy et al., 2020; Wang et al., 2021; Elkhrachy, 2022). As a result, 14 representative environmental factors, such as elevation, slope, and aspect, are chosen as input variables for the models in this study, as illustrated in Figure 3 and Table 1. The original data of each environmental factor are obtained by using the conversion tool of the spatial analysis tool in ArcGIS software to perform grid turning point, and NDVI, MNDWI, and surface radiation are normalized. The various environmental factors are then used as input variables in predictive modeling to assess flash flood susceptibility, yielding a more accurate flash flood prediction model.
(1) Topographic and geomorphological factors: Based on the DEM data obtained through downloading, ArcGIS 10.2 software is used to extract topographic and geomorphological factors such as elevation, slope, aspect, plan curvature, and profile curvature (Sun et al., 2020; Huang et al., 2022c). Elevation is defined as the distance along the plumb line from the grid unit to the earth’s ellipsoid (Chang et al., 2020). Furthermore, elevation serves as an indirect proxy for regional climate, land cover distribution, and the impact of rock weathering at different elevations on flash flood evolution (Marjanović et al., 2011). The slope denotes how steep the land surface is. The flow velocity increases as the slope increases (Mahmoud and Gan, 2018). However, on steep slopes, infiltration is less and runoff is more. Excessive runoff can cause flash floods in downslope flat areas. Therefore, the probability of flash floods is generally higher in flat areas near and adjacent to high-gradient side slopes (Pham et al., 2020). Having an effect on soil moisture and weathering, the aspect refers to the direction of the projection of the slope normal on the horizontal plane (Chang et al., 2020; Huang et al., 2020c). Plan curvature is obtained as a representation of flow convergence and divergence using the ArcGIS tool to extract the slope from the aspect (Panahi et al., 2021a). Profile curvature is an extraction of slope from the slope that is primarily concerned with delineating areas of active and weak water runoff (Abedi et al., 2022). The magnitude of ground cutting and fragmentation is conveyed by gully density (Sheng et al., 2022). Using the hydrology function of ArcGIS 10.2 Spatial Analyst Toolbox, streams in the study area are extracted from the DEM. The gully density is also calculated using the ArcGIS Spatial Analyst tool, which is the total length of the streams per unit area (Liu et al., 2022). The distribution of all of the above environmental factors has a significant impact on flash flood development.
(2) Hydrological environmental factors: Water not only accelerates the erosion of geotechnical bodies, but it also causes loosening and deformation of the interbedded layers in the soil, which promotes the development of flash floods in the event of heavy rainfall (Liu et al., 2019a). Flow analysis, depression determination, depression filling, confluence analysis, and river network analysis of DEM data by ArcGIS 10.2 software characterize hydrological environmental factors (Chang et al., 2022). The MNDWI is based on the normalized difference water index with a modification of the wavelength combinations that make up the index and is commonly used to represent surface hydrological information (Sheng et al., 2022). Using MNDWI, you can better reveal the microscopic characteristics of water bodies, such as the distribution of suspended sediments and changes in water quality, and identify water bodies in urban areas with high accuracy (Shu et al., 2022). As an indicator of water accumulation in a watershed, the terrain wetness index implies the likelihood of any area within the watershed approaching saturation and reflects geotechnical wetness (Chapi et al., 2017). Its values are positively correlated with the occurrence of flash floods (Liu et al., 2021). The rainfall factor is calculated by using the interpolation method to extract the grid of China’s average annual rainfall from 1975 to 2015 downloaded from the China Meteorological Data Sharing Network. Because flash floods are defined as rapid flooding in a region within a short period of time (Bobrowsky, 2013), they are closely related to rainfall within each region. Using rainfall factors as input variables has a significant impact on flash flood susceptibility model prediction results (Criss, 2022; Dai et al., 2021; Li et al., 2021a).
(3) Basic geological and land cover factors: The lithology factor can reveal mechanical properties of soil in each area and has a significant impact on the occurrence of geological hazards (Liu et al., 2019b). Longnan County’s stratigraphic rocks include sedimentary rocks, metamorphic rocks, intrusive rocks, and Quaternary alluvial layers, according to geological data and previous studies. The vegetation growth and vegetation cover is represented by NDVI (Xiao et al., 2022). Vegetation acts as a soil consolidator and retainer, which helps to prevent erosion. The larger the NDVI value, the larger the vegetation cover and the lower the probability of flooding (Liu et al., 2021). As a result of studying the effect of different vegetation cover on flash flood susceptibility, a more accurate model of flash flood susceptibility can be derived.
(4) Human activity factors: Highway and population distribution zones are often accompanied by extensive engineering activities, which change the study area’s geological characteristics, soil structure, and stress characteristics, thus contributing to the occurrence of geological hazards (Guo et al., 2021; Xiao et al., 2022). Surface radiation is related to absolute surface temperature, which can reflect regional temperature changes, and human activities will also shape surface radiation distribution (Li et al., 2022).
[image: Figure 2]FIGURE 2 | The flow chart of the research framework.
[image: Figure 3]FIGURE 3 | Part of the basic environmental factors of flash floods in Longnan County: (A) Elevation, (B) Slope, (C) Aspect, (D) Lithology, (E) MNDWI, (F) NDVI, (G) Plan curvature, (H) Profile curvature, (I) Surface radiation, (J) Terrain wetness index, (K) Gully density, (L) Highway density.
TABLE 1 | Original data of each basic environmental factor.
[image: Table 1]4.2 Correlation analysis among environmental factors
The issue of multi collinearity arises in flash flood susceptibility prediction when there is a high correlation between environmental factors, which leads to an increase in error and a decrease in the prediction accuracy of machine learning models (Erener, 2009; Tehrany et al., 2019). To avoid this effect, Pearson’s correlation coefficient is used in SPSS Statistics software to calculate the correlation between the factors. The environmental factors with absolute correlation coefficient values greater than 0.7 are then eliminated. Furthermore, because the lithology factor is a disordered multi-categorical discrete variable, in order to intuitively reflect the influence of different attributes of this independent variable on flash flood susceptibility and improve the model’s accuracy and precision, this study set the lithology factor as six types of dummy variables, namely Mesoproterozoic Erathem (Pt2), Jurassic and Cretaceous(J, K); Neoproterozoic Erathem (Z, Pt3); Cambrian (ϵ) and Tertiary (E); Ordovician (O), Devonian (D) and Quaternary (Q); Carboniferous (C) and magmatic rock group (Y); Triassic (T). In SPSS Statistics software, the dummy variables of Pt2, J, and K are first valued as 1, and the values of other categories are 0. Secondly, the dummy variables of Z and Pt3 are valued as 1, and the other categories are valued as 0. Then and so on. Table 2 shows the results, which show that the absolute values of the correlation coefficients among the environmental factors are less than 0.7. It shows that there is no significant relationship between the factors, and all of them can be used as input variables for flash flood susceptibility modeling.
TABLE 2 | Correlation coefficient matrix diagram of some environmental factors.
[image: Table 2]5 RESEARCH METHODS
5.1 Machine learning models
MLP, LR, SVM, and RF are four classic machine learning models chosen for modeling.
5.1.1 Multilayer perceptron (MLP)
Rosenblatt’s MLP neural network concept, first proposed in 1952, is a multilayer feed forward artificial neural network model used to predict data regression. The MLP structure is divided into three layers: input, hidden, and output. The basic units of the MLP model are neurons, which are located in the layers. The basic units between each layer are fully connected, and weights are used to represent the strength of their connection. All inputs are weighted and added together with bias. The activation function then realizes the non-linear mapping output so that the output amplitude of the basic units is limited to a specific range, typically (−1, 1) or (0, 1) (Alimi et al., 2019; Janizadeh et al., 2019). The formula is as follows:
[image: image]
where, w is the connection weight between two adjacent layers of neurons, b is the bias value of the neuron, and f is the activation function. Figure 4.
[image: Figure 4]FIGURE 4 | Multilayer perceptron structure diagram of flash flood susceptibility evaluation.
5.1.2 Logistic regression (LR)
The LR model, as a binomial classification-based regression analysis model, can use discrete or continuous variables as independent variables without the need for a normal distribution (Do et al., 2020). The dependent variable in the analysis of flash flood susceptibility is a binary variable representing the absence (0) or presence (1) of flash floods. The environmental factor is used as the independent variable (Xn), and the probability of flash flood occurrence is solved using a logistic regression function. The formula is as follows:
[image: image]
where Z is the weighted sum of variables, P is the probability of flash flood occurrence with a value between 0 and 1, Bi is the regression coefficient, and Xi is the independent variable influencing flash flood occurrence.
5.1.3 Support vector machine (SVM)
The SVM works on the principle of mapping an instance’s feature vector to a higher dimensional feature space based on certain rules and then seeking the optimal hyperplane that maximizes the classification interval of the data in this space. Finally, the output variables can be separated linearly (Cortes and Vapnik, 1995; Amol et al., 2021). Assume a set of training data and then use the SVM decision function to define its decision boundary, as shown in Eq. 3:
[image: image]
where ωT is the normal vector determining the optimal hyperplane’s direction, X is the non-linear mapping function, and b is the hyperplane’s offset from the origin. Eq. 4 can be used to calculate ω and b:
[image: image]
where ξi is the relaxation variable, and c > 0 indicates the regularization variable of error.
5.1.4 Random forest (RF)
The RF model is a classifier made up of several decision trees. The model typically employs the Bootstrap method to draw samples at random as a training set with put-back and select feature variable subspace randomly. The decision tree modeling is then carried out. Finally, voting is used to classify the modeling results of all decision trees (Mohammady et al., 2019; He et al., 2021; Deng et al., 2022). The RF makes use of an ensemble learning method that makes use of multiple independent decision trees. As a result, its accuracy is higher than that of most single algorithms. Furthermore, because the training samples for each tree and the feature variable subspace are chosen at random, the model is unlikely to overfit (He et al., 2021).
5.2 Accuracy and uncertainty evaluation of flood flash susceptibility
Evaluation is an important step in prediction modeling because without it, the results are unreliable (Panahi et al., 2021b).
5.2.1 Assessment of modeling accuracy based on ROC curve
This study uses ROC curves and the area under the curve (AUC) to analyze the prediction results of four machine learning models: MLP, LR, SVM, and RF. The ROC curve’s x-axis represents the false positive rate (FPR), and the y-axis represents the true positive rate (TPR), which can be calculated using Eqs. 5, 6, respectively. AUC, a performance metric that measures the merit and prediction accuracy of machine learning models, typically ranges between 0.5 and 1. The closer the value is to one, the more accurate the corresponding machine-learning model algorithm is (Tien Bui et al., 2016; Khosravi et al., 2018).
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where, TP represents the number of flood points that can be correctly classified as a flood class, TN represents the number of non-flood points that can be correctly classified as a non-flood class, FN represents the number of flood points misclassified as a non-flood class, and FP represents the number of non-flood points misclassified as a flood class.
5.2.2 Distribution characteristics of susceptibility index
The susceptibility index’s distribution characteristics are primarily quantified in terms of the mean value (MV) and standard deviation (SD). The MV represents the central tendency of the regional flood susceptibility index distribution, whereas the SD represents its degree of dispersion (Li et al., 2020). The lower the MV, the lower the likelihood of a flash flood in the region. The higher the SD, the better the susceptibility index discrimination and the lower the uncertainty of the corresponding machine-learning model prediction results (Huang et al., 2020a). When the MV of a model’s susceptibility index is small and the SD is large, it is considered more reliable (Huang et al., 2022d).
5.2.3 Significance difference of susceptibility indexes
In this study, the Kendall synergy coefficient test is used to analyze the significance difference between the predicted susceptibility indexes of the models, and the null hypothesis of this test is that the susceptibility results of different models are consistent (Li et al., 2021). The formula of its rank correlation coefficient W is as follows:
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where m is the evaluation model, n is the sample number, Ri is the sum of the rank of the i th sample, and W ∈ [0 1]. When the susceptibility prediction results are consistent, W is taken as 1. When the value of W is less than 1, the Kendall synergy coefficient should reject the null hypothesis. The significance difference between modeling results is evaluated using a chi-square test at a 5% level of significance. Therefore, if the calculated significance level is less than or equal to 5%, the null hypothesis is rejected as the modeling performance is significantly different and vice versa (Li et al., 2021b).
6 ASSESSMENT OF FLASH FLOOD SUSCEPTIBILITY
6.1 Sample selection
The environmental factors in Longnan County are divided into 1,842,345 grids and 17 flash flood surfaces based on the 30 m resolution, and potential flash flood areas that have occurred are taken and transformed into 1,825 grids. All flash flood grid units are converted into flash flood points and their susceptibility is assigned to 1, while 1,825 non-flood grid units are chosen at random from the entire study area and converted into non-flood points and their susceptibility is assigned to 0. The assigned flash flood and non-flood susceptibility values are taken as the output variables of the model. A total of 3650 flash flood points and non-flood points are linked with their corresponding environmental factor original data. The flash flood and non-flood points are further randomly divided into a training dataset and a test dataset in a 7:3 ratio. The training dataset is used for model training and construction, and the test dataset is used to evaluate the generalization ability of the final model.
6.2 Flash flood susceptibility prediction
6.2.1 Machine learning modeling and parameter setting
The MLP, LR, SVM, and RF models are trained and tested using a training dataset of 2,555 flash flood-non-flash flood grid samples and a test dataset of 1,095 flash flood-non-flash flood grid samples. The trained models are then used to predict flash flood susceptibility for 1,842,345 points in the study area.
To obtain the most accurate prediction results from the model, the model’s parameters are adjusted one by one using the out-of-bag error screening method and cross-validation. Finally, the SVM model’s regularization parameter C is set to 10, the regression accuracy e to 0.1, and the RBF kernel function parameter to 0.3; all other models are left alone (Chen et al., 2021).
6.2.2 Flash flood susceptibility mapping
The predicted flash flood susceptibility data from SPSS Modeler 18.0 software are imported and converted into grid units in ArcGIS 10.2 software. The predicted flash flood susceptibility index is then classified into five levels based on the natural break method in the classification method: very low, low, moderate, high, and very high. The results of flash flood susceptibility predicted by MLP, LR, SVM, and RF models in Longnan County are shown in Figure 5 and Table 3, and it can be concluded that the majority of Longnan County is in very low and low flood-prone areas. The very low and low flood-prone areas predicted by MLP and SVM models, on the other hand, are significantly larger than those predicted by LR and RF models, and the high and very high flood-prone areas predicted by LR and RF models are more prominent than those predicted by MLP and SVM models.
[image: Figure 5]FIGURE 5 | Flash flood susceptibility diagram of each model: (A) MLP, (B) LR, (C) SVM, (D) RF.
TABLE 3 | Classification results of flash flood susceptibility index.
[image: Table 3]Longnan County’s very low and low flood-prone areas are mostly concentrated in the southwest, while the high and very high flood-prone areas are mostly concentrated in the center and extend in a strip-like pattern in all directions. The primary reason for this is that tectonic erosion hills dominate the central part of Longnan County, where gullies and ravines can be found. Furthermore, the county’s surroundings are the Quaternary alluvium layer, whose soil is relatively loose, and the likelihood of flash floods is higher during the heavy rainfall period in the subtropical humid monsoon climate. Longnan County also has a relatively dense population distribution and engages in a variety of engineering activities. The area is primarily dependent on mountains for self-built houses and roads, and the study area’s high-intensity engineering activities contribute to flash floods.
7 DISCUSSION
7.1 Evaluation of susceptibility prediction accuracy
The ROC curve and its AUC value are used to estimate the accuracy of flash flood susceptibility prediction. The closer the ROC curve is to the upper left corner of the graph, the more sensitive the model is and the lower the likelihood of error. The larger the distance between two adjacent ROC curves, the greater the difference in prediction performance of two corresponding machine learning models. The AUC can be used to quantify prediction accuracy; that is, the one-dimensional curve is mirrored by the two-dimensional area, making model prediction accuracy judgment more intuitive (Pradhan and Lee, 2010; Youssef et al., 2016). The AUC value is proportional to the model’s prediction accuracy. Figure 6 shows how the ROC curve is used to assess the accuracy of the MLP, LR, SVM, and RF models in predicting flash flood susceptibility in Longnan County. The AUC values of each model are ranked from largest to smallest, as shown in the figure: AUC(RF) > AUC(MLP) > AUC(SVM) > AUC(LR), implying that the RF model has the best prediction accuracy for flash flood susceptibility, followed by the MLP and SVM models, and the LR model has the worst. However, all four machine learning models perform well in terms of prediction.
[image: Figure 6]FIGURE 6 | ROC curves of each model predicting flash flood susceptibility.
7.2 Distribution rule of susceptibility index
The standard deviation and mean value measure the dispersion and central trend of the flood susceptibility index distribution, respectively. The model is more reliable when the mean value is smaller and standard deviation is larger. The results of flash flood susceptibility prediction revealed that the four models’ mean values of the susceptibility index are ranked from largest to smallest: LR>RF>SVM>MLP (Figure 7). The MLP and SVM models predict a susceptibility index that is primarily distributed at a very low susceptibility level. The index shows a decreasing trend from very low to high susceptibility levels, with a slight increase in the very high susceptibility level. The susceptibility index predicted by the LR and RF models is concentrated in the very low and low susceptibility levels, with the index overall decreasing from very low to very high susceptibility. Furthermore, the mean values of the predicted susceptibility index for all four models are in the low susceptibility range. When combined with the AUC values of the models, it is clear that the MLP model has the lowest mean value of susceptibility index while maintaining high prediction accuracy. At the same time, the LR model not only has the lowest prediction accuracy but also the highest mean value of susceptibility index, implying that the MLP model has the lowest prediction uncertainty, the SVM and RF models have the second highest, and the LR model has the highest prediction uncertainty.
[image: Figure 7]FIGURE 7 | Distribution rule of flash flood susceptibility index: (A) MLP, (B) LR, (C) SVM, (D) RF.
Furthermore, Figure 7 shows that the LR model has the greatest dispersion of the predicted susceptibility index, followed by the MLP and SVM models, and the RF model has the smallest. Overall, all four models have small mean values and large standard deviations, allowing differences in susceptibility index to be more accurately reflected. Furthermore, a low susceptibility index can represent as much known flash flood inventory information as possible. When the above ROC curves and their AUC values, mean value, and standard deviation of the susceptibility index are combined, it is concluded that the MLP model has the best prediction performance for flash flood susceptibility, followed by the SVM and RF models, and the LR model has poor prediction performance.
7.3 Significance difference analysis of flash flood susceptibility indexes
The Kendall synergy coefficient test is used to test the significant difference between the flash flood susceptibility indexes under any two groups of different models. If the Kendall rank correlation coefficient W is less than 1 and the significance of the test result is less than 0.05, the difference between the flash flood susceptibility indexes under these two groups of models is significant and the null hypothesis should be rejected.
The test results show that the significance level between the flash flood susceptibility indexes of each model is less than 0.05 and the value of W is 0.449. Thus, it is clear that the difference between the susceptibility indexes under each model is significant and the null hypothesis should be rejected. Therefore, it is necessary to explore the modeling uncertainty under different machine learning model work conditions to find a reliable and stable susceptibility prediction model.
7.4 The contributing environmental factors of flash flood susceptibility
The top contributing environmental factors of flash flood susceptibility are the most important environmental factors in controlling the occurrence of flash floods. Their significance can be used as a theoretical reference for studying flash flood susceptibility (Li et al., 2022c). SPSS Modeler and R Studio software are used to analyze 14 environmental factors of MLP, LR, SVM, and RF models in this study. The importance ranking of each environmental factor is derived (Figure 8), revealing that elevation, gully density, and population density are the top contributing factors of flash flood susceptibility in Longnan County. MNDWI, plan curvature, profile curvature, and other environmental factors, on the other hand, have minor effects on flash flood susceptibility.
[image: Figure 8]FIGURE 8 | Importance ranking of environmental factors: (A) MLP, (B) LR, (C) SVM, (D) RF.
Although the importance ranking and magnitude of environmental factors differ between machine learning models, they are generally similar. As shown in Figure 8, the environmental factors with a higher importance in the MLP and RF models are elevation, highway density, gully density, rainfall, and population density. The top five environmental factors are the same for the MLP and RF models. However, elevation is more important in the MLP model, and rainfall is more important in the RF model. Besides, only four of the top five environmental factors in the SVM model are the same as the MLP and RF models, while the LR model has only three. This leads to the difference in the model’s susceptibility prediction mapping and indirectly proves that MLP and RF models have similar and highest prediction accuracy, followed by SVM and LR models.
7.5 Problems and frontiers of machine learning model prediction susceptibility
Li et al. (2022) proposed a combination of LR and RF models with embedded feature selection for flash flood susceptibility prediction in the mainstream basin of the Songhua River and concluded that both models exhibited accurate and reliable performance. However, the RF model had better prediction performance than the LR model. Sellami et al. (2022) compared the flash flood susceptibility prediction performance of several machine learning models and found that the RF model had the highest performance, followed by the ANN and SVM models. Janizadeh et al. (2019) used five machine learning methods to estimate flash flood susceptibility in the Tafresh watershed of Iran and revealed that the ADT method was the best. The FT method ranked second, followed by KLP, MLP, and QDA. While the results of this study are that the MLP model has the best prediction performance, followed by the SVM, RF, and LR models, respectively. However, the results of this study are generally the same as the results of the above-mentioned literature analysis. The MLP, SVM, and RF models are relatively accurate and reliable models for predicting flash flood susceptibility, and the LR model has poor prediction performance. Thus, it can be seen that the prediction performance of different machine learning models is characterized by variability and regionality due to the differences in the weights of the input variables and the analysis methods.
In this study, the non-flood grid units are randomly selected in the whole study area. Although there is no artificial interference, the non-flood grid units selected by this method may be the potential units of flash floods, and their stability is not high, which will lead to errors in the susceptibility prediction results. In addition, due to the limitation of basic data sources, the flash flood data in this study is limited. Therefore, further research can focus on how to reasonably select non-flood grid units to improve the prediction accuracy of machine learning models. In the next research, we will collect more basic data on flash floods, strive to expand the data source of flash floods, and improve the modeling accuracy.
8 CONCLUSION

(1) Machine learning models can accurately predict regional flash flood risk. The MLP, LR, SVM, and RF models all perform well in terms of flood susceptibility prediction, and their flash flood susceptibility maps and susceptibility index distribution maps are generally similar. Longnan County’s very low and low flood-prone areas are mostly concentrated in the southwest, while the high and very high flood-prone areas are mostly concentrated in the center and extend in a strip in all directions.
(2) It is determined that the MLP model has the best prediction performance for flash flood susceptibility, followed by the SVM and RF models, and the LR model has poor prediction performance by comparing and analyzing the ROC curves and susceptibility index distribution maps of different machine learning models.
(3) According to SPSS Modeler and R Studio software, the top contributing environmental factors of flash flood susceptibility in Longnan County are elevation, gully density, and population density. In contrast, environmental factors such as MNDWI, plan curvature, and profile curvature have a much lower impact on flash flood susceptibility.
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To address the challenge of designing grouting reinforcement in a deep shaft to control water, this study established an elastic-plastic analytical formula for the grouted rock surrounding a shaft under the combined action of thermal, hydraulic, and mechanical fields based on the Mohr–Coulomb yield criterion. The various rules and influencing factors of stability and impermeability of the grouted rock surrounding the shaft are calculated and analyzed. The analysis shows that damage to the surrounding rock is aggravated by the action of high ground temperature and high water pressure in deep shafts, and the influence of water pressure is particularly significant. The larger the radius and cohesion of the grouted surrounding rock, the smaller the radius of its plastic zone. With an increase in the elastic modulus ratio between the grouted surrounding rock and the original rock, the radius of its plastic zone increases, so the elastic modulus of the grouted surrounding rock design should consider the original surrounding rock. With a decrease in the permeability coefficient of the grouted surrounding rock, the radial stress decreases, the tangential stress increases, and the radius of the plastic zone increases. The development of plastic zone not only affects the stability but also causes an increase in the permeability coefficient. There is mutual restriction and influence between the shaft water inflow, the permeability coefficient, the radius of the grouted surrounding rock, and the radius of its plastic zone. In the design of grouting reinforcement, the stability of surrounding rock and the control requirements of shaft water inflow should be comprehensively considered and the optimal parameters should be selected based on theoretical calculation. This study provides a theoretical basis for the optimization of grouting reinforcement parameters in a deep shaft.
Keywords: deep shaft, grouting reinforcement, elastoplastic solution, stability, water inflow
1 INTRODUCTION
With the continuous promotion of the strategy of seeking mineral resources and energy in deep mines, the construction depth of mine shafts has exceeded 1500 m in China and will soon exceed 2000 m. For example, the design depth of the main shaft in the Sanshandao Gold Mine under construction in the Xiling mining area is more than 2000 m. Existing research results (Xiang et al., 2022a; Xiang et al., 2022b) show that the in situ stress at a depth of 2000 m is as high as 70 Mpa, the water head pressure is close to 20 Mpa, and the temperature exceeds 60 °C. Disasters caused by high stress, high water pressure, and high temperature environments are the biggest challenges faced by the deep shaft project, of which the water hazard is the most prominent, and the pregrouting reinforcement of the surrounding rock in the working face is the main means of controlling water hazards at present. After grouting, the surrounding rock must meet impermeability requirements, and the surrounding rock’s stability should not be ignored during shaft excavation.
In terms of theoretical research on the grouting reinforcement of the rock surrounding shafts, Zhang Dingli et al. put forward a new design concept of active waterproofing and drainage control and established an overall seepage mechanical model including the reinforcement area and the primary support. They clearly show that the reinforcement area and the primary support are locations where water inflow is controlled (Li et al., 2012; Zhang and Sun, 2019). Song Zhiheng et al. studied the influence of the grouted reinforcement area of a tunnel on the water inflow velocity and optimized the grouting parameters according to the numerical simulation results. Yang et al. (2017) carried out an experimental study on the influence of a grouted reinforcement area on the seepage field, and the results show that the grouted reinforcement area can bear part of the underground load and effectively reduce tunnel drainage. Li et al. (2013) established a simplified seepage model of a shaft in an infinite aquifer and analyzed and verified the influence of grouting reinforcement parameters on the external water pressure of the lining. Li et al. (2020) studied the influence of grouting reinforcement parameters on the seepage field of the surrounding rock under different waterproof and drainage types of tunnels using theoretical analysis and numerical simulation methods. Zhou et al. (2020) deduced the analytical solutions of the Darcy seepage field, the non-Darcy seepage field, and the effective stress field of the rock surrounding the tunnel and analyzed the influence of the grouting effect on the seepage and stress fields of the surrounding rock (He et al., 2020).
There have been many theoretical achievements in analytical solutions research on the stability of a circular chamber. One achievement is the elastoplastic analytical theory based on the mechanics of a circular hole in an infinite plane without considering the effects of water and temperature (Ren and Qiu, 2005; Xiao et al., 2013; Chen et al., 2017; Ma et al., 2021). Another achievement is the elastoplastic analytical theory considering the “fluid solid” coupling of groundwater or the “thermal” coupling of ground temperature (Rong and Cheng, 2004; Li et al., 2004; Shi et al., 2008; Carranza-Torres and Zhao, 2009; Lü and Xu, 2009; Xu et al., 2015; Xu et al., 2020; Jin et al., 2022). In addition, an analytical theory considers the interaction of thermal, hydraulic, and mechanical fields (Kong et al., 2005; Bai, 2011; Pandey et al., 2017; Liu et al., 2019), but most of them only involve elastic problems and cannot be directly used in the stability analysis of underground caverns. Zhang Yujun et al. established an elastic-plastic analytical solution for a circular cavern under the combined action of thermal, hydraulic, and mechanical fields but did not consider the effect of grouting (Zhang and Zhang, 2013).
To sum up, most existing research focuses on tunnel engineering, but there is little discussion of the grouting reinforcement and seepage resistance of a 2000-m deep shaft under the combined action of high stress, high water pressure, and high temperature. Therefore, in this article, an elastic-plastic analytical solution of the surrounding rock reinforced by grouting under the combined action of high stress, high water pressure, and high temperature is established, and the variation law and influencing factors of the stability and impermeability of reinforced rock in a deep shaft are analyzed, providing a theoretical basis for the design and optimization of parameters of deep grouting reinforcement.
2 SOLUTION OF STRESS AND DISPLACEMENT OF SURROUNDING ROCK REINFORCED BY GROUTING IN SHAFTS
Due to the high water pressure in the deep stratum, it is very difficult to control water once the water-bearing fractured stratum is exposed during shaft excavation. Therefore, the rock surrounding the working face is usually pregrouted to prevent seepage and block water; that is, the water-bearing fractured stratum is first grouted and consolidated, and then, blasting excavation is carried out.
First, the mechanical model of grouting the rock surrounding a deep shaft under the combined action of thermal, hydraulic, and mechanical forces is simplified into a stable plane model, as shown in Figure 1. The model can be regarded as the problem of steady heat conduction and steady seepage of a double-layered ring composed of the grouted reinforcement area and the original surrounding rock, which is a plane strain problem.In this model, [image: image] is the distance between the inner edge of the reinforced grouted rock surrounding the shaft and the shaft center, [image: image] is the distance from the outer edge of the grouted reinforcement to the shaft center, and [image: image] is the original surrounding rock. Assuming [image: image] is large enough, the water pressure outside the area is constant at [image: image], the temperature is constant at [image: image], and the stress is constant at [image: image]. At the inner edge of the grouted reinforcement [image: image], the support pressure is [image: image], the temperature is [image: image], and the water pressure is 0.
[image: Figure 1]FIGURE 1 | Mechanical model of surrounding rock reinforced by grouting in shaft.
2.1 Calculation of seepage field
It is assumed that the permeability coefficient of the material in the aforementioned model is the same in all directions, the seepage direction is mainly radial, and the buoyancy in the seepage volume force has little influence and can be ignored. Therefore, this problem can be simplified as an axisymmetric stable seepage problem. The second-order ordinary differential equation of the stable seepage field formed after grouting reinforcement is as follows:
[image: image]
The distribution law of water pressure in the seepage field of surrounding rock reinforced by grouting is as follows (He et al., 2020):
[image: image]
where [image: image] are the permeability coefficients of the reinforcement area and the original surrounding rock, respectively.
2.2 Calculation of temperature field
Assuming that the thermal conductivity of the material in the above model is the same in all directions and the thermal conductivity direction is mainly radial, the problem is simplified as an axisymmetric steady-state heat conduction problem. The second-order ordinary differential equation of the steady-state temperature field is as follows (Xu, 2006):
[image: image]
The distribution law of the temperature field of surrounding rock reinforced by grouting can be obtained as follows:
[image: image]
where [image: image] are the thermal conductivities of the reinforcement area and the original surrounding rock, respectively.
Research shows that under the action of higher temperature, 0.4–0.45 MPa thermal stress can be generated in the rock mass when the temperature changes by 1 [image: image] (He, 2004). The thermal stress can be approximately calculated according to the following expression (Yue et al., 2017):
[image: image]
Then, the distribution law of thermal stress expression of shaft-surrounding rock is obtained as follows:
[image: image]
where [image: image] are the elastic modulus and linear expansion coefficient of surrounding rock in the reinforcement area, respectively; [image: image] are the elastic modulus and linear expansion coefficient of the original surrounding rock, respectively.
2.3 Elastic-plastic analytical solution under the combined action of thermo-hydro-mechanical forces
2.3.1 Equilibrium differential equation
Assuming that the rock surrounding the grouting and surrounding rock mass are homogeneous, ignoring the dead weight of the element, and only considering the unidirectional coupling of thermal stress and seepage stress to the stress field, this study is conducted according to the axisymmetric plane strain problem, and the equilibrium differential equation is as follows (ZHANG and ZHANG, 2013):
[image: image]
where [image: image] is the generalized effective stress coefficient, and [image: image] and [image: image] are radial and tangential effective stresses, respectively. The compressive stress is positive, and the tensile stress is negative.
To achieve the effect of water blocking, the range of grouting reinforcement must be larger than the damage and failure area of the surrounding rock during actual excavation, so only the plastic failure area in the reinforcement body must be analyzed.
2.3.2 Plastic zone of the reinforcement area
In order to achieve the effect of water plugging, the range of the grouted reinforcement area must be larger than the damage zone of the surrounding rock during the actual excavation, so it is only necessary to analyze the case that the plastic zone is within the scope of reinforcement. As shown in Figure 1, [image: image] is the radius of the plastic zone. The equilibrium differential equation of the microelement in the plastic zone of the grouted reinforcement area can be obtained by substituting Eq. 4 and Eq. 6 into Eq. 7:
[image: image]
where [image: image] [image: image]
It is assumed that the grouted surrounding rock meets the Mohr–Coulomb criterion after entering the plastic state, and the tangential stress is the first principal stress during excavation; that is, [image: image]. Because the specified compressive stress is positive, the yield condition is
[image: image]
where [image: image] are the cohesion and the internal friction angle of the grouted surrounding rock, respectively (note: the formula in Lü and Xu (2009) is written incorrectly).
Substitute Eq. 9 into Eq. 8 to get
[image: image]
The stress in the yield zone can be solved using Eq. 10 as follows:
[image: image]
where B is the integral constant, and the expression of A is as follows:
[image: image]
By substituting the boundary condition [image: image] into Eq. 11, the radial stress [image: image] and tangential stress [image: image] in the plastic zone can be obtained:
[image: image]
[image: image]
2.3.3 Elastic zone of the reinforcement area
The equilibrium differential equation of the microelement in the elastic zone of the grouted reinforcement area is the same as Eq. 8, and the boundary condition is [image: image], [image: image] is the normal force at the elastic-plastic interface, and [image: image] is the normal force on the contact interface between the grouted surrounding rock and the original surrounding rock. The formula for calculating the displacement, radial stress, and tangential stress of the elastic zone is as follows:
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
2.3.4 Elastic zone of original surrounding rock
The differential equation of stress balance in the elastic zone of the original surrounding rock is consistent with Eq. 8, and only the parameter [image: image] is replaced by [image: image], where
[image: image]
The boundary condition is [image: image]. The calculation formula of the displacement and stress of the original surrounding rock can be obtained as follows:
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
2.3.5 Equation solving
According to the stress and displacement expressions derived previously, the elastoplastic solution can be obtained by introducing the initial values and boundary conditions. At the elastic-plastic interface of the reinforced surrounding rock, [image: image] meet the Mohr–Coulomb yield condition, and the following results are obtained by combining Eqs 9, 16, 17:
[image: image]
At the elastic-plastic interface of the reinforced surrounding rock, the radial stress shall also meet the following requirements:
[image: image]
In addition, the displacement continuity condition of the contact surface between the original surrounding rock and the reinforced surrounding rock can be obtained as follows:
[image: image]
Combining the aforementioned three groups of equations, a transcendental equation about [image: image] can be obtained, and [image: image] can be determined using an iterative method. Then the area is obtained using the elastoplastic interface radial stress [image: image] and the radial stress [image: image] at the interface between the original surrounding rock and the reinforcement.
3 STABILITY AND IMPERMEABILITY ANALYSIS OF SURROUNDING ROCK REINFORCED BY GROUTING IN A DEEP SHAFT
In order to further analyze the influencing factors of stability and impermeability of surrounding rock reinforced by grouting, the following is illustrated by the specific calculation of an example. Taking a metal mine shaft of 2000 m depth in the Laizhou area of Shandong Province in China as an example, according to the mine survey and design data, the basic parameters of the shaft model at 2000m depth are as follows:
The grouted surrounding rock: [image: image].
The original surrounding rock: [image: image], [image: image].
The shaft diameter and initial boundary conditions are as follows: [image: image], [image: image], [image: image] =20MPa, [image: image].
Based on the aforementioned parameters and through variable analysis, the influence law of each parameter on the performance of the grouting reinforcement area can be obtained.
3.1 Analysis of factors influencing the stability of grouted surrounding rock
Figure 2 shows the distribution of the radial stress and tangential stress of the surrounding rock under four conditions. It can be seen from the analysis that the radius of the plastic zone is the largest under the combined action of thermo-hydro-mechanical forces, the second largest is under the action of hydro-mechanical forces, the third largest is under the action of thermo-mechanical forces, and the smallest is under the action of mechanical forces alone. It can be seen that the surrounding rock damage is significantly exacerbated by the high temperature and high water pressure of the deep stratum, and the effect of water is significantly greater than that of temperature. Tangential stress jumps at the contact surface between the grouted rock surrounding the shaft and the original rock.
[image: Figure 2]FIGURE 2 | Stress distribution of surrounding rock under the combination of thermo-hydro-mechanical forces.
In the legend, T represents temperature, H represents hydraulic, and M represents mechanical.
Figure 3 shows that the radius of the plastic zone of the grouted surrounding rock decreases with the increase of the radius of the grouted area and surrounding rock. When the radius of grouted area exceeds a certain limit (about twice the radius of the plastic zone), the plastic zone does not change. When the radius of the grouted surrounding rock is equal to the radius of the plastic zone, the critical radius of the grouted surrounding rock can be obtained. When the radius of the grouted surrounding rock is greater than the critical value, the radius of the plastic zone decreases with an increase in the grouted reinforcement radius. When the radius of the grouted reinforcement is less than the critical value, the plastic damage range will exceed the reinforcement area. Therefore, the critical value can be used as a reference standard for the stability design of grouted surrounding rock. In addition, the higher the in situ stress, the larger the radius of the plastic zone of the corresponding reinforcement.
[image: Figure 3]FIGURE 3 | Effect of reinforcement area radius on plastic zone radius.
Figure 4 shows that the radius of the plastic zone increases with the increase of initial water pressure. The larger the water pressure, the greater the rate of plastic zone increase. With an increase in the temperature difference between the wellbore and the original formation, the radius of the plastic zone in the reinforcement area increases. Due to the limited change of temperature, its impact on the plastic zone is much weaker than the water pressure.
[image: Figure 4]FIGURE 4 | Effect of initial water pressure and temperature on plastic zone radius.
Figure 5 shows that the radius of the plastic zone decreases with the increase of the cohesive force of the grouted surrounding rock. Increasing the cohesive force of the grouted surrounding rock has an obvious effect on improving its failure. In addition, the radius of the plastic zone increases with the increase of the elastic modulus of the surrounding rock. The higher the elastic modulus of the original surrounding rock, the smaller the radius of the plastic zone is. It can be seen that the elastic modulus of the original surrounding rock has a great influence on the plastic zone of the grouted surrounding rock. In a word, the radius of the plastic zone increases with the increase of the elastic modulus ratio of the grouted surrounding rock and the original rock.
[image: Figure 5]FIGURE 5 | Effect of elastic modulus and cohesion on plastic zone radius.
From the aforementioned analysis, it can be seen that too large an elastic modulus of surrounding rock reinforcement is not necessarily beneficial. To analyze the causes, Figure 6 shows the distribution of the surrounding rock stress field under two conditions. The first condition is that the elastic modulus of the grouted surrounding rock is greater than that of the original surrounding rock, which usually corresponds to the condition that the thickness of the surrounding rock fracture zone is large. After the rock surrounding the shaft is grouted, the surrounding rock in the distance is still a broken area, and the elastic modulus is relatively low. At this time, the stress after shaft excavation is mainly concentrated in the grouted surrounding rock. The stress in the grouted surrounding rock is much higher than that in the original surrounding rock, and its plastic damage range is also large. The second condition is that the elastic modulus of the grouted surrounding rock is smaller than that of the original surrounding rock, which usually corresponds to a small thickness of the fracture zone. At this time, the grouting reinforcement covers the entire fracture zone, and the surrounding rock in the distance is a relatively complete original stratum with a relatively large elastic modulus. In this case, the stress after shaft excavation is mainly concentrated in the original surrounding rock, and the stress concentration in the grouted surrounding rock is relatively small, which greatly reduces the plastic damage range. It can be seen that the jumping direction of the maximum tangential stress is related to the elastic modulus ratio of the grouted surrounding rock and the original surrounding rock. When the elastic modulus of the grouted surrounding rock is greater than the original surrounding rock, the maximum tangential stress appears at the elastoplastic interface; otherwise, it appears at the contact surface between the grouted surrounding rock and the original rock. The distribution of the plastic zone of the grouted surrounding rock is closely related to the surrounding rock characteristics. The elastic modulus design of the grouted surrounding rock should consider the original surrounding rock conditions, especially the bearing role of the original surrounding rock.
[image: Figure 6]FIGURE 6 | Effect of elastic modulus of original surrounding rock on stress field.
Figure 7 shows that with an increase in shaft support pressure, the plastic zone decreases significantly. It can be seen that timely support during excavation has a good effect on reducing the damage to the grouted surrounding rock. The larger the permeability coefficient ratio of the original surrounding rock and the grouted surrounding rock, the larger the plastic zone radius is. When the coefficient ratio exceeds 40, the change in the plastic zone tends to ease. Figure 8 shows that when the permeability coefficient of the original rock is unchanged, the radial stress of the surrounding rock decreases with the reduction of the permeability coefficient of the grouted surrounding rock, and the tangential stress increases, leading to more plastic failure of the rock. Therefore, increasing the permeability coefficient of the grouted surrounding rock can reduce the radius of the plastic zone, which is beneficial to the stability of the surrounding rock. However, the increase in the permeability coefficient will also lead to an increase in the water inflow of the shaft. Therefore, the design of the permeability coefficient must comprehensively consider the surrounding rock stability and water inflow control requirements.
[image: Figure 7]FIGURE 7 | Variation of plastic zone radius with support pressure and the permeability coefficient ratio.
[image: Figure 8]FIGURE 8 | Stress distribution under different permeability coefficient ratios.
3.2 Impact analysis of water inflow
When the shaft is excavated, due to the plastic failure of some grouted surrounding rock near the shaft center, its permeability characteristics will also change. Assuming that the permeability coefficient of the plastic zone is infinite, that is, the water pressure at the elastic-plastic interface of the reinforcement surrounding rock is zero and the force of the blocked water is mainly borne by the elastic zone of the grouted surrounding rock, the expression of water pressure in the elastic zone of the grouted surrounding rock can be obtained according to Formula (2):
[image: image]
The expression of wellbore water inflow can be obtained using Darcy’s law (Zhou et al., 2020):
[image: image]
where [image: image]-flow is the rate per unit length of the wellbore in m3∙d−1∙m−1, and [image: image] is the weight of water, measured in N∙m−3.
It can be seen that the water inflow of the shaft is related to the permeability coefficient of the rock mass, the radius of the grouted surrounding rock, and the radius of the plastic zone. The radius of the grouted surrounding rock is r1. The value should consider both the thickness of the plastic zone and the control requirements of the water inflow of the shaft. The grouting reinforcement radius considering the influence of the plastic zone can be obtained by combining Eqs 27–29, 31. Taking the water inflow control at a depth of 2000 m of the metal mine shaft as an example, the thickness of the aquifer is 10 m. The calculation results are shown in Table 1. With the increase of the standard value q of water inflow control, the requirements for the grouting reinforcement radius decrease accordingly. When the influence of the plastic zone is not considered ([image: image] =0), the radius of surrounding rock reinforcement is reduced by approximately half. Therefore, the radius of the surrounding rock reinforced by deep grouting should be determined comprehensively according to stability and water inflow requirements. The permeability coefficient of the plastic zone is limited, and it still has a certain ability to resist seepage and block water. Therefore, the radius of surrounding rock reinforcement can theoretically be between the aforementioned two calculation results.
TABLE 1 | Relationship between water inflow, radius, and plastic zone of grouted surrounding rock.
[image: Table 1]4 DISCUSSION AND CONCLUSION

(1) Compared with considering the effect of in situ stress only, the damage to the surrounding rock is significantly exacerbated by the high temperature and high water pressure of the deep stratum, and the effect of water is significantly greater than that of temperature. Tangential stress jumps at the contact surface between the grouted surrounding rock and the original rock, and the direction of the stress jump is related to the ratio of elastic modulus of the two. When the elastic modulus of the grouted surrounding rock is greater than the original surrounding rock, the maximum tangential stress appears at the elastoplastic interface; otherwise, it appears at the contact surface between the grouted surrounding rock and the original rock.
(2) The radius of the plastic zone of the grouted surrounding rock decreases with the increase of the radius of the grouted surrounding rock. When the radius of the grouted surrounding rock exceeds roughly twice that of the plastic zone, the plastic zone does not change. With the increase of the in situ stress, water pressure, and temperature difference, the corresponding radius of the plastic zone of the grouted surrounding rock increases.
(3) The radius of the plastic zone decreases with an increase in the cohesion in the surrounding rock. With an increase in the elastic modulus ratio between the grouted surrounding rock and the original rock, the radius of the plastic zone increases. When designing the elastic modulus of the grouted surrounding rock, the original surrounding rock should be considered to give full play to the stress-bearing role of the original surrounding rock.
(4) Increasing the permeability coefficient of the grouted surrounding rock can reduce the radius of the plastic zone, which is beneficial to the stability of the surrounding rock, but it will also lead to an increase in water inflow. The water inflow of the shaft, the permeability coefficient of the grouted surrounding rock, the radius of the grouted surrounding rock, and the radius of the plastic zone are all interrelated. Therefore, the grouting reinforcement parameters should be designed based on the stability of the surrounding rock and water inflow control requirements, and the optimal solution should be selected through theoretical calculation.
Due to the author’s mathematical and mechanical level, this article does not consider the complete coupling effect of thermal, hydraulic, and mechanical fields. Whether the Mohr–Coulomb criterion can truly reflect the failure characteristics of surrounding rock in deep strata remains to be discussed. In addition, the interaction between the surrounding rock reinforced by grouting and the shaft wall structure needs further study.
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The mesoscale heterogeneity of rock determines its macroscale mechanical performance to a large extent. In this paper, a sub-block element discontinuous deformation analysis (DDA) method coupled with a statistic heterogeneity model was used to simulate the fracturing failure of pre-notched rock specimens. The simulation recreated the macroscale whole-process nonlinear deformation and fracturing failure of pre-notched disc and rectangular specimens with some important features explored in experiments or other numerical simulations. Combing intact heterogeneous rock specimen simulations in previous work, the effect of the heterogeneity on the reproducibility of macroscale strength and failure patterns of the specimens were investigated. Results indicate that the influence degree of the heterogeneity on the macroscale equivalent strength and fracturing failure pattern reproducibility varies with the specimen particularities (disc or rectangular, pre-notched or intact, and inclination of the pre-existing flaw), and the reason behind was discussed from the point view of stress concentration. This work is meaningful for the understanding of the result discreteness of rock specimen experiments, and assures the importance to consider the rock heterogeneity in practical rock engineering.
Keywords: rock fracturing failure, heterogeneity, reproducibility, pre-existing flaw, discontinuous deformation analysis (DDA)
INTRODUCTION
Rock masses are composed of rock bulks and discontinuities such as joints and faults, while the rock bulk is a typical heterogeneous material consists of mineral grains, grain boundaries and defects like voids and microcracks, etc., at the mesoscale. The mesoscale mechanical heterogeneity of rock is charactered by the variation of the deformation and strength properties with the mesoscopic spatial locations, which consequently leads to the uncertain and statistic characters of the macroscale deformation and fracturing failure of rock (Tang et al., 1998; Li et al., 2022; Yang et al., 2022). An acknowledged phenomenon that could largely attributed to the heterogeneity of rock is that rock experiments of specimens generally show poor reproducibility of the macroscale strength and fracturing failure patterns (Alzaki et al., 2020; Shirole et al., 2020; Sun et al., 2022). For engineering practices, e.g., in the prediction of geological disasters and the design of rock engineering structures, the heterogeneity of rock is an important issue that should be carefully considered (Manouchehrian and Cai, 2016; He et al., 2019).
The mesoscale material components and distributions of rock could be well captured by high precision instruments and handled by the measure of image processing etc., which then could be correlated to the rock mechanical properties (Zheng et al., 2020; Wang and Sun, 2021). From the theoretical aspect, Bai et al. (2019) and Bai et al. (2021) developed thermo-hydro-mechanical models for geomaterials based on the tenet of particle rearrangement in porous granular materials. Regarding the study of the mesoscale mechanical behaviors of rock, therefore the macroscale equivalent mechanical performances could also be investigated, numerical simulation is an effective and favorable approach. For example, Gui et al. (2016) conducted a comprehensive investigation of grain effect (size and distribution) in discrete element modelling of intact rock through Brazilian disc and uniaxial compressive tests using Universal Distinct Element Code. Gao et al. (2016) developed a distinct element grain-based method to simulate the microstructure of rock-like materials, which allows the assignment of specific properties to both the grains and grain boundaries. Peng et al. (2021) investigated the effect of grain size on the strength of polymineralic crystalline rock using the grain-based modeling approach in discrete element method by interpreting micro-cracking process in response to loading. Rasmussen (2022) proposed a breakable grain scheme and a method to achieve bi-modular elastic material behavior in grain-based models of rocks using the hybrid lattice/discrete element method. Wu et al. (2017) and Zhou et al. (2022) developed Voronoi grain-based numerical manifold methods to investigate deformation and damage of intact rock at the mesoscale.
The above works simulated rock mechanical behaviors by explicitly representing the mesoscale structure of rock on the grain level, which may suffer high computational cost for large scale simulations. Alternatively, the mesoscale heterogeneity could be equivalently described by heterogeneity index of statistic models. For example, Liu et al. (2018) presented a heterogeneity index to describe mesoscale heterogeneity induced by grain size variation in intact rock. Li et al. (2022) used a random discrete element method to model rock heterogeneity. Yang et al. (2022) simulated the effect of heterogeneity on the characteristics of ubiquitiformal cracks in the Brazilian splitting test of rock by ABAQUS, in which the material heterogeneity is characterized by the Weibull distribution. In fact, the Weibull distribution has been widely applied to describe the mesoscale heterogeneity of materials, e.g., in the widely used rock mechanics software Rock/Realistic Failure Process Analysis (RFPA) (Tang et al., 1998; Tang et al., 2000; Tang et al., 2000). To understand the physical mechanism for the discrepancy of rock tension, Xu et al. (2020) carried out RFPA simulations of direct tension and semi-circular bending tests of intact heterogeneous rock. Tang and Zhang (2009) also presented a spatial correlation length factor into the traditional Weibull distribution to investigate the heterogeneity character of concrete failure. Combining linear elastic material constitutive relations and statistic heterogeneous models at the mesoscale, the macroscale nonlinear deformation and failure behaviors of rock could be well predicted (Tang et al., 1998).
Regarding the numerical methods to simulate the mesoscale deformation and fracturing failure of rock, discontinuous deformation analysis (DDA) (Shi and Goodman, 1985; Shi, 1992) could be a good choice among those widely used discontinuum-based methods like distinct element method (DEM) (Cundall and Hart, 1992). DDA has been widely used in various static and dynamic rock mechanics and engineering problems (Ning et al., 2017; Ning and Lv, 2022), in which rock fracturing could be successfully simulated by the sub-block element approach (Ning et al., 2011; Jiao et al., 2012; Ni et al., 2020). Ning et al. (2021) also have introduced a mesoscale statistic heterogeneity model for rock based on the Weibull distribution introduced into DDA. In that work, the fracturing failure of intact heterogeneous disc and rectangular specimens under compression were comprehensively simulated to investigate the influence of heterogeneity on the fracturing failure pattern and macroscale equivalent response of intact rock.
In the present work, the DDA method enhanced with the sub-block fracturing modeling algorithm and the Weibull distribution heterogeneity model is applied to simulate pre-notched rock specimens, and combing intact heterogeneous rock specimen simulations in previous work, the effect of the heterogeneity on the reproducibility of macroscale strength and failure patterns of the specimens are investigated. The arrangement of the rest sections of the paper is as follows. In Section 2, the applied sub-block element DDA method for fracturing simulation and the mesoscale statistic heterogeneity model for rock are briefly introduced. In Section 3, the radial compression of center-notched disc rock specimens and uniaxial compression of center-notched rectangular rock specimens are simulated with an emphasis to investigate the fracturing failure reproducibility, along with the comparison with intact heterogeneous disc and rectangular specimens. Finally, conclusion are dawn in Section 4.
NUMERICAL METHODS
The applied sub-block element DDA method for fracturing simulation
DDA (Shi, 1992) is a block-based discontinuous numerical method that takes six variables as (u0 ν0 r0 εx εy γxy) with clear physical meanings for each block in two-dimension, where the first three are the translatory and rotary motions at the block center, and the last three are the normal and shear strains of the block, respectively. These variables represent a full first order approximation of the block deformation and lead to very simple form of energy formulas of elasticity, loading, constraint, inertia and contact penalty, etc. By the minimization of these energies, the corresponding sub-matrices are added to construct the global equilibrium equations of a block system through a time-marching schedule, and then the system equations are implicitly solved. Combing a strict open-close iteration to achieve the contact status convergence between blocks, DDA could be well used to solve the deformation and displacement problems of rock.
The sub-block approach is usually adopted to simulate material fracturing by DDA. As shown in Figure 1, sub-block elements are glued by artificial joints to represent continuum, and the fracturing is allowed to take place along artificial joint surfaces. In the present work, the sub-block element DDA fracturing simulation method which judges the tensile/shear fracturing along artificial joints based on the adjacent sub-block stress levels is adopted. The tensile and shear fracturing follows the maximum tensile strength criterion and the Mohr-Coulomb criterion, respectively. Compared with judging the fracturing based on the contact stresses on the artificial joint surface (Ning et al., 2011; Jiao et al., 2012), the adopted method greatly reduces the influence of sub-block divisions and especially the artificial joint orientations on the simulation results of fracturing path and failure strength, and it was also proved that triangular elements are effective for fracturing simulation with the sub-block element DDA (Ni et al., 2020).
[image: Figure 1]FIGURE 1 | Illustration of the sub-block element DDA fracturing simulation method.
Heterogeneity model
An element-level mesoscale heterogeneity model is applied in DDA based on the Weibull distribution function. By introducing the mesoscale heterogeneity, the macroscale nonlinear behaviors of rock could be well represented based on the linear-elastic constitutive relation of DDA (Ning et al., 2021). From the Weibull distribution formula,
[image: image]
the cumulative distribution function can be obtained by integration as
[image: image]
Let Q (x) = y and simplify, it is derived that
[image: image]
where y is a random number between 0 and 1 m is the heterogeneous index that controls the heterodonty degree, x0 is the homogeneous material property, and x is the heterogeneous material property corresponding to the random number y. By replacing x0 with the homogeneous elastic modulus E, Poisson’s ratio μ, friction angle θ, cohesion c, and tensile strength σt, respectively, the corresponding heterogeneous rock properties related to the random number y and the heterogeneous index m can be obtained. For each DDA sub-block element, the random heterogeneous material properties are generated by a random number created by the computer, thus a heterogeneous DDA model for a problem to be simulated is constructed. Compared with the widely used finite element code RFPA for heterogeneous rock simulation, DDA gets the advantage to simulate the contacts and possible large displacements of rock.
It is worthy to be noted that most previous studies generally only considered the heterogeneity of the elasticity (modulus and Poisson’s ratio) and ignored the strength (tensile strength, cohesion, and friction angle) heterogeneity. However, it is a fact that the strength varies with locations like that of the elasticity in real rock at the mesoscale, which means that the heterogeneity of strength should be considered as well. It was proved that rock is more prone to be destructed accompanied by more dispersing cracks when considering the heterogeneity of elasticity and strength simultaneously (Ning et al., 2021). Therefore, in the present study the elasticity and strength heterogeneities are both considered.
REPRODUCIBILITY INVESTIGATION
Radial compression of disc specimens and uniaxial compression of rectangular specimens are widely applied experiments to test the deformation and fracturing failure behaviors of rock materials. Here, the fracturing failures of center-notched disc specimens and center-notched rectangular specimens are simulated to investigate the reproducibility of the radial compression test and the uniaxial compression test of rock, respectively, under the same heterogeneity degree. For the disc specimen, three different inclination angles of the pre-existing flaw are considered, and for each condition of the pre-existing flaw inclination, eight times of simulations are carried out under the same heterogeneity degree. Comparatively, to control the computational cost, for the rectangular specimen, two different inclination angles of the pre-existing flaw are considered, and for each condition of the pre-existing flaw inclination, five times of simulations are carried out under the same heterogeneity degree.
In the previous work (Ning et al., 2021), the influence of the heterogeneity degree on the fracturing failure of intact disc and rectangular specimens was investigated by considering five different values of the heterogeneity index m, namely, 1.5, 2.5, 5, 20, and 200. In the present work, a middle level heterogeneity, namely, m = 5, is considered for all the simulations. Moreover, the maximum displacement ratio, step time and the contact penalty spring stiffness in the DDA simulation are 5×10–4, 1×10–6 s, and 100 GPa, respectively, the same as those used in the previous work (Ning et al., 2021).
Radial compression of center-notched disc specimen
The geometrical model of the disc is shown in Figure 2. The radius of the disc is 50 mm, and there are two platforms with a central angle of 10° at the upper and lower ends. The radial compression is applied by two rigid loading plates at a velocity of 2 mm/s. A measuring plate is placed between the upper loading plate and the disc to capture the diametral macroscale equivalent mechanical response of the disc under the compression (note that each DDA block is in a constant stress state in each time step because of the first order assumption). The pre-existing flaw has dimensions of 29 × 0.25 mm (Al-Shayea, 2005) and an inclination angle β. The two ends of the flaw are arced like, that is, normally conducted in physical experiments.
[image: Figure 2]FIGURE 2 | Geometrical model of the center-notched disc specimen.
Three different β values, namely, 30°, 45° and 60°, are considered and the corresponding sub-block element number of the model is 5511, 5469 and 5607, respectively. The mesh size is determined based on trial calculations considering the result convergency and the computational cost simultaneously. The homogeneous material properties of the disc are elastic modulus E = 20 GPa, Poisson’s ratio μ = 0.2, friction angle θ = 30°, cohesion c = 20 MPa and tensile strength σt = 5 MPa, respectively. The upper and lower platforms of the disc are set frictionless like that in the physical experiment to avoid the lateral constraint of the disc. For each disc model of the same inclination of the pre-existing flaw, eight times of simulations are carried out.
Figure 3 shows the fracturing failure pattern of the center-notched disc with three different inclination angles of the pre-existing flaw, respectively. Under each inclination of the pre-existing flaw, it can be found that the main crack paths are nearly the same in the eight simulations, which start from the two ends of the pre-existing flaw and grow to the two loading ends of the disc, similar to that in the typical experimental results in Figure 4. However, the secondary cracks differ obviously in the eight simulations under each inclination of the pre-existing flaw. When there are secondary cracks, they generally start from the disc edge and propagate to the end of the pre-existing flaw. This phenomenon also agrees with the experimental results. Therefore, for the center-notched discs, the discreteness of the fracturing failure pattern due to the heterogeneity is mainly reflected by the secondary cracks.
[image: Figure 3]FIGURE 3 | Fracturing failure patterns of the center-notched disc specimen with different β under the same heterogeneity degree (m = 5).
[image: Figure 4]FIGURE 4 | Typical experimental results of center-notched rock disc without (A) and (B), Huang et al., 2022) and with secondary cracks (C) and (D), Ou, 2020).
Figure 5 shows diametral equivalent stress-loading displacement curves of the disc simulations. These curves reflect the energy accumulation and dissipation characteristics of the specimens during the deformation and fracturing process under the diametral compression. It can be found that the curves are nearly linear at the initial stage and almost duplicate for the eight simulations under each inclination of the pre-existing flaw, which indicates that the heterogeneity does not influence the reproducibility of the macroscale equivalent modulus of rock evidently. The curves quickly drop after reaching the peak, and show occasional obvious rise thereafter during the falling stage. These phenomena are in good agreement with the reported experimental results (e.g., Zhang and Wang, 2009) of radial compression of center-notched rock discs. Each rising and falling of the curves represent the rest of the old cracks and the initiation and growth of new cracks.
[image: Figure 5]FIGURE 5 | Diametral equivalent response curves of the center-notched disc specimen with different β under the same heterogeneity degree (m = 5).
Table 1 lists the maximum and minimum peak values of the curves. It can be found that, in general, the disc gets relatively lower peak strength when β = 45°, and the corresponding discreteness of the peak strength (20.7%) is the smallest among the three different conditions of the pre-existing flaw inclination. The three discreteness values for the center-notched specimens are all obvious larger than that of the intact rock disc (15.4%) with the same disc size, loading condition, material properties and heterogeneity degree (m = 5), indicating poorer strength reproducibility of the center-notched rock discs under heterogeneity, which could be attributed to the local stress concentration because of the pre-existing flaw. Figure 6 shows the fracturing failure results of the intact disc specimen for eight times of simulations. Compared with that in Figure 3, it can be found that the intact specimen gets relatively better reproducibility of the fracturing failure pattern. This could be attributed to that the intact disc gets ideal tensile stress concentration along the loading diameter.
TABLE 1 | Peak strength discreteness of disc specimens (m = 5).
[image: Table 1][image: Figure 6]FIGURE 6 | Fracturing failure patterns of the intact disc specimen with m = 5 (Ning et al., 2021).
Uniaxial compression of center-notched rectangular specimen
The geometrical model of the rectangular specimen is shown in Figure 7A. The specimen has dimensions of 150 × 75 mm. The uniaxial compression is applied by two rigid loading plates at a velocity of 2 mm/s. A measuring plate is placed between the upper loading plate and the specimen to capture the axial macroscale equivalent mechanical response of the specimen under the compression. The pre-existing flaw has dimensions of 20 × 0.4 mm (Wong et al., 2002) and an inclination angle β. The two ends of the flaw are arced like, that is, normally conducted in physical experiments. Two different β values, namely, 30° and 45°, are considered and the corresponding sub-block element number of the model is 13515 and 14415, respectively. The homogeneous material properties of the specimen are elastic modulus E = 20 GPa, Poisson’s ratio μ = 0.2, friction angle θ = 30°, cohesion c = 5 MPa and tensile strength σt = 2.5 MPa, respectively. The upper and lower ends of the specimen are set frictionless like that in the physical experiment to avoid the lateral constraint of the specimen. For each rectangular specimen model of the same inclination of the pre-existing flaw, five times of simulations are carried out.
[image: Figure 7]FIGURE 7 | Geometrical model and RFPA simulation of a center-notched rectangular specimen.
Figure 8 shows the fracturing failure pattern of the center-notched rectangular specimen with two different inclination angles of the pre-existing flaw, respectively. Under each inclination of the pre-existing flaw, it can be found that the main crack paths are nearly the same in the five simulations, which start from the two ends of the pre-existing flaw and grow to the two opposite corners of the specimen. However, similar to that in the above disc specimen simulations, the secondary cracks differ obviously. The secondary cracks, especially when β = 45°, generally start from the pre-existing flaw ends and propagate nearly parallel to the uniaxial loading direction. Figure 7B is the RFPA simulation result of a center-notched rectangular rock specimen that has close geometry with the specimen in Figure 8B. It can be found that the fracturing patterns obtained by DDA and RFPA agree well. Generally, for the center-notched rectangular specimens, the discreteness of the fracturing failure pattern due to the heterogeneity is also mainly reflected by the secondary cracks.
[image: Figure 8]FIGURE 8 | Fracturing failure patterns of the center-notched rectangular specimen with different β under the same heterogeneity degree (m = 5).
Figure 9 shows the axial equivalent stress-loading displacement curves of the rectangular specimen simulations. These curves reflect the energy accumulation and dissipation characteristics of the specimens during the deformation and fracturing process under the uniaxial compression. It can be found that the curves are nearly linear at the initial stage and almost duplicate for the five simulations under each inclination of the pre-existing flaw. Similar to that in the above disc simulations, it indicates that the heterogeneity does not influence the reproducibility of the macroscale equivalent modulus evidently. However, different from that of the disc specimens, the curves do not show the obvious occasional rise phenomenon during the falling stage after the peak for the rectangular specimens, which are also in good agreement with that of wide experiments.
[image: Figure 9]FIGURE 9 | Axial equivalent response curves of the center-notched rectangular specimen with different β under the same heterogeneity degree (m = 5).
Table 2 lists the maximum and minimum peak values of the curves. It can be found that, in general, the specimen gets larger peak strength when β = 30°, and the corresponding discreteness of the peak strength (8.8%) is relatively smaller than that when β = 45° (9.2%). The two discreteness values for the center-notched specimens both are obvious larger than that of the intact rectangular specimen (5.0%) (Ning et al., 2021) with the same specimen size, loading condition, material properties and heterogeneity degree (m = 5), indicating poorer strength reproducibility of the center-notched specimens under heterogeneity again. Figure 10 shows the fracturing failure results of the intact rectangular specimen for five times of simulations. Compared with that in Figure 8, it can be found that the center-notched specimen gets much better reproducibility of the fracturing failure pattern. The poorer strength reproducibility and better fracturing pattern reproducibility of the pre-notched rectangular specimen relative to the intact rectangular specimen both could be attributed to the local stress concentration because of the pre-existing flaw. Moreover, compared with that in Table 1, it also can be concluded that the rectangular specimens, center-notched or intact, have better strength reproducibility than the disc specimens under the same heterogeneity degree.
TABLE 2 | Peak strength discreteness of rectangular specimens (m = 5).
[image: Table 2][image: Figure 10]FIGURE 10 | Fracturing failure patterns of the intact rectangular specimen with m = 5 (Ning et al., 2021).
CONCLUSION
In this work, by employing the sub-block element DDA method coupled with a statistic heterogeneity model based on the Weibull distribution, the fracturing failure of center-notched disc and rectangular rock specimens under the same heterogeneity degree is simulated. The simulations successfully recreate some important features of the macroscale whole-process nonlinear deformation and fracturing failure of pre-notched rock specimens that are explored in experiments or other numerical simulations. Regarding the reproducibility under the same heterogeneity degree, by combining previous work on intact heterogenous specimen simulations, it is mainly concluded that:
1) The influence of the heterogeneity on the fracturing failure pattern reproducibility is mainly reflected by the secondary cracks for the pre-notched specimens and the intact disc specimen. The pre-notched disc specimen has poorer fracturing failure pattern reproducibility than the intact disc specimen because of the ideal tensile stress concentration along the loading diameter in the intact disc. Comparatively, the pre-notched rectangular specimen has much better fracturing failure pattern reproducibility than the intact rectangular specimen because of the stress concentration induced by the pre-existing flaw.
2) The heterogeneity does not influence the reproducibility of the macroscale equivalent modulus of the specimens evidently, but its influence on the reproducibility of the macroscale equivalent strength is obvious. Generally, the pre-notched specimens have poorer macroscale strength reproducibility than the intact specimens, and the rectangular specimens have better macroscale strength reproducibility than the disc specimens. Moreover, for the pre-notched specimens, the macroscale strength reproducibility also varies with the inclination of the pre-existing flaw remarkably.
The exact microstructures of rock including the mineral grain shapes and microcracks etc., will be considered in the future work on DDA simulations of rock heterogeneities.
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Introduction: The present study examines the fatigue reliability of subway tunnel invert structures subjected to train-induced loads, a critical factor in ensuring the safety and longevity of these vital infrastructures.
Methods: By integrating higher-order moment theory, fatigue equations, and cumulative damage theory, this research analyzes the impact of train loads on invert structures, taking into account factors such as tension stress, compression stress, train axle weight, speed, and lining thickness.
Results: The findings indicate that the reinforcement of the invert structure is required under tension stress, while it is not necessary for compression stress. Notably, the train’s axle weight and speed exert a significant influence on the fatigue reliability index, with speed displaying a marginally greater effect than axle weight. Conversely, the lining thickness demonstrates a negligible impact on the reliability index. As time progresses, the fatigue reliability index diminishes, resulting in an elevated probability of failure.
Discussion: In light of these findings, it is imperative to conduct regular inspections and maintain the tensile state of the invert structure, which warrants the most attention. To safeguard the safety and longevity of subway tunnel invert structures, it is essential to concentrate on the aspects related to tensile stress and closely monitor train loads, specifically axle weight and speed.
Keywords: time-varying fatigue reliability, higher order moment, performance function, invert structure, subway tunnel, train loads
1 INTRODUCTION
The tunnel is an integral component of highway and railroad engineering construction projects (Zhou et al., 2020). Scholars have made significant progress in tunnel engineering theory over the past few decades. This research topic has shifted from deterministic research (Shi et al., 2021; Wang et al., 2022; Zhou et al., 2023) to randomness and uncertainty (Chen et al., 2014), which better reflect the realistic issues of underground engineering. As a result, most tunnel engineering research has become closely associated with reliability theory, which has become a significant subject of research, spanning the construction and operation periods. During the operation period, the tunnel is primarily subjected to dynamic cyclic train loads over an extended period, leading to deterioration of the structure beneath the rails.
In the field of engineering, various factors such as soil parameters, train loads, lining structure, and surrounding rock pressure can impact the fatigue of structures, and these effects are often unpredictable and unknown. In order to ensure the safety and reliability of subway tunnel components during operation, it is crucial to consider the randomness and uncertainty of these factors and conduct a reliability study based on the establishment of fatigue performance functions. Reliability methods are founded on the principles of probability theory. These methods involve randomly selecting parameters in a model and using these parameters to calculate the established reliability model, thus determining the reliability index and the likelihood of failure. When dealing with practical engineering problems, it is necessary to consider multiple random factors and utilize appropriate reliability methods, such as the first-order reliability method (FORM), the second-order reliability method (SORM) (Fattahi and Jiryaee, 2022), the Monte Carlo method (Xie et al., 2022), and the response surface method (Li and Yang, 2019), to calculate the reliability indices for different research objects. Examples have shown that the reliability technique is more aligned with real-world conditions as it takes into account the force situation in a complex geological environment.
The application of reliability theory to engineering problems dates back to early times, but its use in tunnel engineering was first proposed by Rosenblueth and Esteva (1972). They used reliability methods based on performance functions and determined the probability of failure in tunnel structures by assuming the type of distribution of random variables. In 1985, Ellingwood and Hwang conducted research on the reliability method and applied it in the safety analysis of geotechnical engineering (Ellingwood and Hwang, 1985). Laso et al. (1995) used the method to perform a reliability analysis of the tunnel support system and evaluated its safety based on the obtained failure probability. Lü and Low (2011) utilized the reliability method in the stability analysis of tunnel structural systems and established a stochastic polynomial model for the safety analysis of tunnel structures. Mollon et al. (2009) and Mollon et al. (2011) improved the traditional reliability method by using a quadratic polynomial model to calculate the failure probability of tunnel structures (Mollon et al., 2009; Mollon et al., 2011). Chen et al. (2014) improved the response surface method and the first-second-order moment method to calculate the safety of tunnels during construction. They confirmed the superiority of the improved method over traditional methods.
The reliability analysis methods mentioned above mainly focus on the stability of the surrounding rock, support systems, and settlement changes during the construction period of tunnels. However, during the tunnel operation period, the degradation of the structural components under train loads must also be considered. This idea is known as time-varying reliability. There are few studies that address this aspect. For example, Mori and Ellingwood (1993) examined the time-varying characteristics of external loads and simplified them to a stochastic process. The results of their predictions provided a theoretical foundation for the life prediction of similar bridge structures in service. Qing Li (2004) reviewed the current time-varying reliability methods and proposed several improved methods for the reliability index of time-varying degradation of bridge junction performance under chloride salt attack in coastal areas. Frangopol et al. (1997) conducted a study on the time-varying reliability of concrete girder bridges in service in the United States, proposing a time-varying resistance decay model. This model was integrated into the flexural and shear load capacity model of reinforced concrete bridges, resulting in accurate predictions. Val and Melchers (1996) used a similar reliability method to determine the time-varying laws of reinforced concrete slab bridges under the influence of specific parameters.
The reliability of tunnels has been studied by several researchers using various approaches. However, each method has its own strengths and limitations when applied to engineering problems. It is crucial to consider the actual engineering background while selecting the reliability method. The primary stress pattern during the tunnel’s operational phase is the cyclic train loads over a long period of time. Hence, the analysis of the tunnel structure’s reliability should consider not only the structural time-variability but also the randomness and uncertainty of the factors that influence it. Despite numerous studies on bridge structures, there are relatively fewer studies on tunnel structures. This highlights the need for research on subway tunnels. The present study aims to investigate the time-dependent reliability analysis of the structure under subway train loads. The goal is to determine the limit state function of fatigue failure of the invert structure, which is subjected to the combined action of train loads and surrounding rock pressure. The study also proposes a new time-varying reliability calculation method based on high-order moment theory.
2 PERFORMANCE FUNCTION OF STRUCTURES
The commonly used reliability methods for structural analysis include the First-Order Reliability Method (FORM), the Second-Order Reliability Method (SORM), the Monte Carlo Method, the Response Surface Method, and the higher-order Moment Theory. A review of existing literature shows that the higher-order Moment Theory is characterized by its high computational efficiency, accuracy, and wide application in engineering structural reliability analysis. In this paper, we adopt the Moment Method to analyze the time-varying reliability of the invert structure of subway tunnels under long-term dynamic fatigue loads. The study obtains the time-varying fatigue reliability index and failure probability of the invert structure under compression and tension and identifies the relationship between the fatigue reliability index and the service deterioration index of the invert structure. This research provides a new idea for the reliability calculation of the invert structure of subway tunnels and provides theoretical support for the evaluation of the service state of subway tunnel structures.
It is relatively convenient to obtain parameters for reliability analysis of the structure using the first-order second-moment theory. However, the method requires repeated iterative verification, which has minor computational efficiency and accuracy. Theoretically, the higher order, the higher the calculation accuracy. Structure engineering problems are much more complex, and various factors should be considered. Hence, establishing the performance functions is more complicated, and the computational difficulty and computation time will sharply increase. Currently, some scholars have proposed a higher-order moment theory that can better solve more complex issues with high computational efficiency and accuracy (Rosenblueth, 1975; Zhao and Ono, 2000; Zhao and Ono, 2001; Zhao et al., 2006). Therefore, this paper will use a higher-order moment method to analyze the time-varying fatigue reliability of the invert structure of subway tunnels.
The typical fatigue life curve (S-N curve) is shown in Figure 1. It can be separated into three fatigue areas with various tendencies of variation, i.e., low-cycle fatigue, high-cycle fatigue, and sub-fatigue. Different parts of the S-N curve can be fitted using various fitting functions, which include the exponential function equation, power function equation, three-parameter equation, four-parameter equations, etc. The subway tunnel is an important transportation facility with a high frequency of use, and the stress state of its invert structure is much lower than the strength limit of the concrete material. Hence, it is in line with the high-cycle fatigue, which will be the focus of this paper.
[image: Figure 1]FIGURE 1 | Typical fatigue life curve (S-N curve) (Shiozawa et al., 2001).
Figure 2 compares the results of the fatigue equation for concrete under different compression and tension conditions (as listed in Tables 1, 2) where the stress level is dimensionless. As shown in Figure 2A, with the increase in fatigue cycles, the stress level calculated by the concrete fatigue equation for each stress condition slowly and linearly decreases. However, the stress level calculated by Kim and Kim (1996) is greater than 1, while the other equations result in stress levels less than 1, indicating that concrete stress levels generally decrease with fatigue cycles. Considering the fatigue characteristics of subway tunnel structures, the results obtained from Song et al. (2008) are more consistent with the research object, have a clearer formula, and are more convenient for engineering applications. The predicted results are also conservative and in line with the fatigue stress state of subway tunnel structures, ensuring service safety. Although the stress level obtained by Hou (2001) fatigue equation is lower, it underestimates the fatigue stress level of subway tunnel structures. The formula proposed by Song et al. (2008) can be used to study the time-varying fatigue reliability of the subway tunnel under-track structure.
[image: Figure 2]FIGURE 2 | Comparative analysis of fatigue equation results for concrete under (A) compression conditions (Aas-Jakobsen, 1970; Matsushita and Tokumitsu, 1979; Yao, 1990; Kim and Kim, 1996; Hou, 2001; Song et al., 2008); and (B) tension conditions (Song et al., 2008; Tepfers, 1979; Saito, 1983; (Zhao et al., 1993) (Cornelissen and Reinhardt, 1984) (Lü, 2002).
TABLE 1 | Arrangement of fatigue equations of concrete under compression condition.
[image: Table 1]TABLE 2 | Arrangement of fatigue equation of concrete under tensile condition.
[image: Table 2]By analyzing the above results, the fatigue equation for concrete under pressure state proposed by Song et al. (2008) is used for the establishment of the fatigue function of the structure under the rail of the subway tunnel, and the expression of the equation is as follows:
[image: image]
Where Scmax is the maximum compressive stress of concrete; N is the number of fatigue cycles.
In Figure 2B, the stress level calculated by the concrete fatigue equation in each tensile state decreases linearly as the number of fatigue cycles increases. Similar to the results obtained in the compressed state, the stress level in the tensile state is generally less than 1, consistent with the actual engineering situation. It is found that the stress level obtained from the concrete fatigue equation calculation by Cornelissen is too conservative, which may cause misjudgment of the fatigue calculation results of subway tunnel structures. The fatigue equation proposed by Song et al. (2008), as expressed in Eq. 2, is more consistent with the research object and has relatively conservative prediction results that are safe for actual engineering use and in line with the concept of safe operation of the subway tunnel.
[image: image]
Where Stmax is the maximum tensile stress of concrete, Stmin is the minimum tensile stress of concrete; N is the number of fatigue cycles.
3 PERFORMANCE FUNCTION OF THE INVERT STRUCTURE OF THE SUBWAY TUNNEL
Long-term exposure of the subway tunnel structure to the cyclic stress imparted by the upper train loads will produce fatigue damage to the tunnel structure, particularly the tunnel invert structure. From the standpoint of fatigue stress damage to concrete, there is frequently both compressive and tensile damage. Thus, fatigue analysis will also be conducted from these two perspectives. Miner fatigue cumulative damage theory (Miner, 1945) is widely used in analyzing the fatigue failure probability of the invert concrete structure of the tunnel:
[image: image]
Where D (t) is the loss factor.
The total damage to the tunnel invert structure in the tension or compression state within 1 year is:
[image: image]
Assume that the concrete material is repeated ni times under the action of the stress value of σi, which can be expressed by:
[image: image]
Where m is the concrete material constant, σmin is the minimum stress level.
Hence, Eq. 4 can be expressed by:
[image: image]
Therefore, the fatigue strength of the invert structure of the subway tunnel under Ne times equal amplitude repetitive stress after t years is obtained as σr(N0), which can be obtained from the S-N curve of the concrete material, then the cumulative loss value after t years is:
[image: image]
Here, set [image: image], assuming the probability density function of repeated random stress variation is [image: image]. For high circumferential cyclic fatigue structures, when the total number of cycles is large enough (>105), [image: image], Then the number of cycles [image: image] and the cumulative loss value is:
[image: image]
Where [image: image] is the m-order origin moment of [image: image]; σr (N0) is the concrete tensile or compressive fatigue strength under equal amplitude repetitive stress; m is the concrete material constant, and the value of m is determined according to the relevant literature and is taken as 19.38 in bending and tension and 16.90 in compression (Ou, 2016), hence:
[image: image]
Accounting for computational model uncertainty variables γ in the equation:
[image: image]
The limiting state equation is obtained as follows:
[image: image]
Substituting Eqs 1, 2 into Eq. 11, respectively, we obtain the limit state equation for the compressive fatigue of concrete in the invert structure of the subway tunnel as
[image: image]
Where σec is the equal amplitude equivalent repetitive compressive stress of the invert structure of the subway tunnel.
The tensile fatigue limit state equation is:
[image: image]
Where σet is the equal amplitude equivalent repetitive tensile stress of the invert structure of the subway tunnel.
According to the Chinese code for the design of concrete structures GB 50010-2015 (Zhou et al., 2021), under fatigue loading, the tensile and compressive stress amplitudes of concrete can be calculated according to the following formula respectively:
[image: image]
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Where Mmax is the maximum moment caused by the combined effect of train loads and rock surrounding pressure; h is the height of the cross-section; x0 is the center of gravity position; I0 is the cross-sectional moment of inertia.
Therefore, the standard stress spectrums of concrete at the fatigue analysis location are:
[image: image]
[image: image]
The subway tunnel structure experiences the continuous cyclic impact of dynamic train load when in service. As a result, the invert structure may experience fatigue damage over time, which could affect train operation safety and passenger safety. When the subway tunnel operates for a long time in a complex underground environment, the material properties of both the tunnel structure and the surrounding rock structure may deteriorate. Hence, the reliability of the tunnel structure must be calculated, taking into account not only fatigue damage but also the time-varying decay of resistance (Stewart and Val, 1999).
[image: image]
Where R0 is the original resistance without considering the effect of time, y(t) is a reasonable resistance decay function.
This paper uses a polynomial decay function to better express the correlation between parameters and the design life of the subway tunnel, considering the environment it will be used in. The expression for the polynomial decay function is as follows:
[image: image]
Where k1 and k2 are the attenuation coefficient related to the type of structure, generally divided into high, medium, and low three different attenuation rates, combined with the subway tunnel structure used in this paper to study the environment, determine the parameters k1 and k2 in the function to take the value of 0.005 and 0, respectively (Vu and Stewart, 2000).
The invert structure of the subway tunnel may experience two different stress states depending on the action form of the train and the bottom surrounding rock pressure state. These stress states can be categorized into two types: compressive strength state and tensile strength state. The exact stress state experienced by the invert structure will depend on the specific environmental conditions.
When the invert structure of the subway tunnel is in the compressive state, the limit state equation is obtained as follows:
[image: image]
Kp is the uncertainty factor, β is the Longitudinal bending coefficient of the component, and β = 1 for tunnel linings, a is the eccentricity influence factor, b is Lining section width, h is Lining section height, fc0 is the ultimate compressive strength of concrete, t is time, σ1 is axial structural force.
When the invert structure of the subway tunnel is in the tensile state, the limit state equation is obtained as follows:
[image: image]
ft0 is the ultimate tensile strength of concrete; e0 is the axial force eccentricity distance.
To summarize, the subway tunnel operates under dynamic train loads and complex environmental conditions. The analysis conducted reveals that the final limit state equation for the tensile fatigue of the concrete structure of the invert structure of the subway tunnel can be expressed as follows:
[image: image]
Similarly, the final limit state equation for the compressive fatigue of the invert structure of the subway tunnel can be obtained as follows:
[image: image]
4 TIME-VARYING FATIGUE RELIABILITY ANALYSIS OF INVERT STRUCTURE OF SUBWAY TUNNEL
In this section, a subway tunnel (liner thickness is 300 mm) with a daily operating time of 15 h is investigated. The subway train has a load vibration frequency of 1.0 Hz, a standard operating speed of 80 km/h, a total length of 80 m, and an axle weight of 14t. The cyclic train loads acting on the invert structure are considered as an equal amplitude fatigue load, and the number of repetitions is 4.
Combined with the research background of the subway tunnel provided in this paper, the time-varying fatigue limit state function of the invert structure of the subway tunnel under longitudinal compression can be obtained by using the equation as follows:
[image: image]
[image: image] is a variable that varies with time, and other variables neglect the effect of time. In this paper, six influencing factors that do not vary with time are considered, and their random variables are described in detail, as shown in Table 3.
TABLE 3 | General description of random variables.
[image: Table 3]The general description of the random variables given in Table 3 is in the original spatial state, while the failure probability of the fatigue state of the tunnel invert is solved by the higher-order moment method. After Rosenblatt’s inverse normal transformation, the seven-point estimates corresponding to each random variable are determined, and the values obtained are shown in Table 4.
TABLE 4 | Random variable seven-point inverse normal transition value.
[image: Table 4]The above calculation steps have been conducted to obtain the origin moment of concrete under longitudinal compression. The calculation results are then substituted into Eq. 24, resulting in the following expression:
[image: image]
In order to study the effect of time on reliability and failure probability, it is essential to consider the continuity of time T. A time period of 70 years was selected, with a time interval of 1 year. When the selected time is 1 year, the expression with only two variables can be obtained. Then, the first third-order moments of this expression are estimated using the seven-point estimation method. Similarly, the first third-order moments of this expression can be obtained for each time period. Finally, the reliability indexes and corresponding failure probabilities of the concrete structure of the invert structure of the subway tunnel under fatigue stress in each time period are calculated using the third-order moment method. Additionally, the Monte Carlo method (4 million times) was used for comparative analysis to verify the feasibility and rapidity of the third-order moment method. The trend of the reliability indexes with time was obtained by collating and analyzing the calculation results shown in Figure 3.
[image: Figure 3]FIGURE 3 | Variation of time-varying fatigue reliability of invert structures of subway tunnels.
The fatigue reliability of the concrete structure of the invert structure of the subway tunnel was calculated, and the results indicate that there is no significant fatigue problem for this part of the structure under the action of dynamic train load. The calculated fatigue reliability indexes are above 4.5 in both lateral and longitudinal compression cases, with a corresponding failure probability of less than 0.86 × 10−7. The lateral fatigue results are even better, with all indexes above 8.0, and it can be considered that the failure probability under this force condition is close to zero. However, in the lateral bending-tension edge of the invert structure, the fatigue reliability indexes of concrete bending-tension fatigue cracking range from 1.774 to 3.235, with corresponding failure probabilities between 2.436 × 10−6 and 3.356 × 10−4. On the other hand, the fatigue reliability indexes of bending and tensile fatigue cracking of concrete in the longitudinal tension edge are only between 0.473 and 1.421, with corresponding failure probabilities between 0.104 and 0.293. These results indicate that bending and tensile fatigue cracking is more likely to occur in the longitudinal tension edge of the invert structure under train load and complex environmental conditions, especially in long-term service conditions. Moreover, the probability of failure increases significantly over time.
The results obtained from the two methods (the third-order moment method and the Monte Carlo method) overlap, indicating that the third-order moment method is both accurate and efficient in evaluating the fatigue reliability of concrete structures in subway tunnel invert structures. The Monte Carlo method, while commonly used for reliability verification, requires a high number of calculation runs, making it less efficient. Thus, the third-order moment method is a suitable choice for the analysis of fatigue reliability in invert structure of subway tunnels.
5 PARAMETRIC ANALYSIS
In the previous section, we examined the time-varying fatigue reliability of the invert structure of the subway tunnel under train load stress. However, during actual subway operation, there are variations in operating speed, train type, and lining thickness in different sections. These variations can impact the fatigue life of the subway tunnel structure, necessitating detailed research and comparative analysis. In this section, we will further discuss the influences of subway train speed, axle weight, and tunnel lining thickness.
5.1 Effects of the train speed
The train speeds are set to 60, 80, 100, and 120 km/h, and the fatigue reliability indices of the invert structure of the subway tunnel under different operating speeds are calculated using the third-order moment method. The calculated results are depicted in Figure 4.
[image: Figure 4]FIGURE 4 | Effects of different train speeds on the fatigue reliability of the invert structure.
Figure 4 illustrates how the time-varying fatigue reliability of the invert structure of the subway tunnel changes at four different speeds for longitudinal and lateral compression and tension. All four cases show a decrease in the fatigue reliability index and an increase in failure probability as the number of fatigue cycles increases. When the train speed increases, the fatigue reliability index decreases, and the failure probability increase, but the rate of change slows down. The worst damage occurs in the longitudinal tension position, followed by the lateral tension position. This suggests that the invert structure will experience significant concrete tension damage due to cyclic train loads, which are also affected by factors such as surrounding rock pressure, groundwater conditions, and structural form. Train speed has a significant impact on the fatigue reliability index of the invert structure, so a comprehensive analysis is necessary to determine the fatigue life in different regions and interval sections.
5.2 Effects of axle weight
This study will evaluate the effects of axle weight on the fatigue reliability of the invert structure of the subway tunnel. The train axle weights are set to 11, 14, and 16 t based on the actual service conditions of the subway tunnel.
Figure 5 shows the fatigue time variation reliability indexes of the invert structure of a subway tunnel under three different train axle weights in both longitudinal and lateral compression and tension. As fatigue cycles increase, the reliability index decreases, and the probability of failure increases, indicating degradation of the concrete material during service. Increasing train axle weights results in a continuous decrease in the fatigue reliability index and an increase in the probability of failure, with the most severe damage occurring at the location of longitudinal tension and then transverse tension. This effect is consistent with the influence of train speed and reduces the service life of the invert structure of the subway tunnel. The effect of different train axle weights on the fatigue life is slightly greater than that of train speed and should be evaluated for tunnel sections with high pedestrian flow. While heavier trains may be needed for transporting large numbers of people, such sections require special attention to avoid unpredictable dangers. Therefore, it is important to evaluate the impact of different axle weights on the fatigue life of the invert structure in high-pedestrian-flow interval sections. While it may be necessary to use trains with heavier axle weights in these sections to meet capacity demands and prevent overcrowding, the increased weight will also accelerate the degradation of the concrete structure, potentially posing a safety risk.
[image: Figure 5]FIGURE 5 | Effect of different axle weights on the fatigue reliability of the invert structure.
5.3 Effects of lining thickness of the subway tunnel
The lining thicknesses of the subway tunnel are set to 300, 350, 400, and 450 mm. The fatigue reliability indices are calculated using the third-order moment method; the obtained fatigue reliability index calculation results are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Effect of different lining thicknesses on the fatigue reliability of the invert structure.
Figure 6 shows the fatigue time variation reliability index of the concrete structure of the invert structure at four different lining thicknesses in longitudinal compression, tension, and lateral compression and tension, and they all exhibit similar trends. As the fatigue time increases, the fatigue reliability index decreases, and the failure probability increases. When the lining thickness increases under longitudinal tension, the fatigue reliability index decreases slowly, and the failure probability increases slowly. However, under longitudinal compression, lateral compression, and lateral tension, the fatigue reliability index does not change significantly. The most severe fatigue failure occurs under transverse tension, regardless of the lining thickness, and the most severe fatigue failure occurs under longitudinal tension. These findings suggest that the concrete structure of the invert structure of subway tunnel will experience severe concrete strain degradation from long-term cyclic train loads. This is also influenced by the surrounding rock pressure and tunnel structure type within the subway tunnel. Although the lining thickness has a certain influence on the fatigue reliability index of the concrete structure of the invert structure at the local position, this influence is less than that of the previous two influencing parameters. Therefore, when designing the tunnel lining thickness, it is necessary to meet only the minimum requirements of the design and save construction costs to realize the concept of green environment protection.
According to the analysis above, different factors such as train speeds, axle weights, and lining thicknesses have impacts on the fatigue reliability index and failure risk of the concrete construction of the subway tunnel. The influence pattern of these factors on the fatigue reliability index of the invert structure is similar, showing a gradual decrease of the fatigue reliability index and a corresponding increase in failure probability with increasing fatigue time, but none of these factors change the location of the most severe damage, which occurs mainly along the longitudinal axis. This is related to the uniform distribution of the surrounding rock pressure and the continuous force produced by the train’s dynamic load combined with the direction of the tunnel. The results of the fatigue reliability analysis of the concrete structure of the invert structure indicate that on-site inspections of the subway tunnel should focus on the areas most susceptible to damage. The time-varying fatigue reliability analysis of the invert structure of the subway tunnel is more consistent with the actual service period, and the computed results provide a scientific and theoretical basis and technical indicators for the subsequent evaluation of the subway tunnel’s health status.
6 CONCLUSION
A study was conducted to assess the reliability of the concrete structure of the invert structure in subway tunnels over time, considering the repeated loads from trains. Higher-order moment theory, fatigue equation, and cumulative damage theory were used for this purpose. The results of this study will provide insight into the health and reliability of subway tunnels and facilitate their condition monitoring. Key findings include the following:
(1) The extent of fatigue damage in the invert structure of subway tunnels is largely determined by the stress it is under. Stress levels were measured and used to predict the concrete’s stress tolerance, which was then used to determine the stress limit for the invert structure before fatigue damage occurs.
(2) The results of the time-varying fatigue performance function of the invert structure of the subway tunnel are essentially consistent with those obtained from the Monte Carlo method, indicating the method’s suitability for fatigue reliability analysis of the invert structure. The probability of failure in the case of compression is low, while the concrete is more susceptible to bending and tension fatigue cracking in the case of tension, necessitating reinforcement of the invert structure for longitudinal and lateral tension concrete detection and maintenance.
(3) Train axle weight and speed have a relatively large impact on the fatigue reliability index, with speed having a slightly greater effect than axle weight, and lining thickness having a negligible effect. As the number of fatigue cycles increases over time, the fatigue reliability index decreases continuously, and the corresponding probability of failure increases continuously. The area requiring the most inspection and maintenance is determined to be the tensile state of the invert structure.
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Shearing rate, v: mm/min Description

Onsoy-$51 263 50 05 [ Base case @ 50 kPa, K=0.5
Onsoy-552 260 50 05 25 Effect of shearing rate
Onsoy-583 247 150 05 01 Base case @ 150 kPa
Onsoy-584 264 50 05 [ Onsoy-SS1 repeat
Onsoy-BI 278 50 065 [ Effect of K, Base case @ 50 kPa, K=0.65
Onsoy-B2 w6 | s | 065 25 Effect of shearing rate
Onsoy-B3 276 50 05 [ Onsoy-SS1 repeat
Onsoy-B4 272 50 1 [ Effect of K
Onsoy-B5 285 50 3 o1 Effect of K
Onsoy-B6 27.1 50 065 01 Effect of lower BP
Onsoy-B7 253 50 065 [ Onsoy-BI repeat
Onsoy-BS 243 100 065 [ Effect of consolidation strain
Onsoy-BY 238 200 065 01 Base case @ 200 kPa
Onsoy-B10 276 100 065 01 Base case @ 100 kPa
Onsoy-BI1 259 100 065 [ | Effect of lower BP
Onsoy-B12 243 100 065 o1 Onsoy-BI0 repeat
Onsoy-B13 Cows 100 065 o1 Onsoy-BIO repeat
Brunei-SS1 27.1 50 05 ‘ [ Base case @ 50 kPa
Brunei-§52 27.1 50 05 25 Effect of shearing rate
Brunei-$3 243 150 05 01 ' Base case @ 150 kPa
Bayswater-SS1 260 50 05 01 Base case @ 50 kPa
Bayswater-552 2538 50 05 25 Effect of shearing rate
Bayswater-53 246 150 05 01 Base case @ 150 kPa
Bayswater-BI w2 50 05 01 Bayswater-SS1 repeat
Bayswater-B2 | ke 50 065 [ Effect of K
Bayswater-B3 240 100 065 [ Base case @ 100 kPa
New Kaolin-51 239 50 05 [ Base case @ 50 kPa
New Kaolin-552 2338 50 05 25 Effect of shearing rate
New Kaolin$53 230 150 05 [ Base case @ 150 kPa
New Kaolin-554 2338 150 05 [ New Kaolin-583 repeat

Note: To test the effect of consolidation strain, the preconsolidation pressure is 47 kPa, which is much smaller than the test pressure. To test the effect of lower BP, the back pressure is
200 kPa. while in other cases. it is 400 kPa.
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Onsoy-SS1 50 05 0.1 263 0.42 0.95 039

Onsoy-$52 50 05 25 260 0.19 0.96 0.40
‘ Onsoy-SS3 [ 150 | 05 | 0.1 [ 247 0.41 | 0.90 [ 0.26
Onsoy-SS4 50 05 0.1 264 045 0.93 032
Onsoy-B1 50 0.65 0.1 278 0.49 0.97 031
Onsoy-B2 50 0.65 25 266 024 103 0.40
Onsoy-B3 50 05 0.1 276 0.42 0.89 032
Onsoy-B4 50 1 0.1 272 0.40 | 101 039
Onsoy-B5 50 2 0.1 285 0.30 L15 051
Onsoy-B6 50 0.65 0.1 27.1 0.46 0.95 0.30
Onsoy-B7 50 0.65 0.1 253 0.46 0.98 0.34
Onsoy-B8 [ 100 0.65 0.1 243 0.50 0.95 0.26
Onsoy-B9 200 0.65 0.1 228 045 0.90 026
Onsoy-B10 100 0.65 0.1 276 045 0.91 027
Onsoy-B11 100 0.65 0.1 259 0.42 0.96 029
Onsoy-B12 100 0.65 0.1 243 0.51 0.97 [ 024
Onsoy-B13 100 | 0.65 0.1 [ 275 045 | 0.91 028
Brunei-SS1 50 05 0.1 27.1 0.38 123 038
Brunei-§52 50 05 25 27.1 0.27 1.20 042
Brunei-SS3 [ 150 05 0.1 243 0.36 | 0.92 027
Bayswater-SS1 50 05 0.1 260 0.24 0.80 038
Bayswater-S$2 50 05 25 258 0.06 0.89 0.40
Bayswater-S$3 [ 150 05 0.1 246 0.34 | 0.88 029
Bayswater-B1 50 05 0.1 262 0.28 0.85 038
Bayswater-B2 50 | 0.65 0.1 266 033 | 0.97 042
Bayswater-B3 100 0.65 0.1 240 035 0.91 033
New Kaolin-$$1 50 05 0.1 [ 239 0.54 | 104 023
New Kaolin-§S2 50 05 25 238 0.48 114 025
New Kaolin-$$3 150 | 05 0.1 [ 230 0.46 | 0.96 [ 0.18
New Kaolin-$84 150 05 0.1 238 038 0.92 020

Note: In simple shear tests, H=H, and o,
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B
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N

FC (MPa)
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1335
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0575
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133
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Crushed stone
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09
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Component Number Volume/mm” Proportion %
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Notes: e, i, Mg and iy represent the quality of cement, water, VAE emulsion,
and defoamer in 1 m® grout.
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X-ray diffraction analysis showed that the mineral composition of the sample is mainly quartz, muscovite, and calcium carbonate, but also contains a small amount of kaoliniteand chlorite
(about 18%).
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Variables Number Meal Coefficient of variation Distribution type
| o y MPa ‘ 325 0.098 Log-normal distribution
‘ P x kN ‘ 280 015 Normal distribution
‘ E, [ x MPa ‘ 35 % 10° 0.08 [ Log-normal distribution
‘ Ex x N/m ‘ 4x107 01 Normal distribution
{ K | x - ‘ 135 0035 | Normal distribution
| E ) X | MPa \ 15 x 10 | 01 Weibull distribution
‘ v X5 - ‘ 1 005 [ Log-normal distribution

Note: ., is the concrete compressive strength, P is the train load, E, is the modulus of elasticity of the invert structure, Ey is the fastener stiffness, Ky is the lateral force adjustment factor, E, s the
Baer iasbitr modd. + 5wt ety vatidlls factar:
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Machine learning models Susceptibility levels Grids in the study area Ratio of grids in the study area (

MLP Very low 1558322 84.58
Low 71675 389
Moderate 46069 250
High 48445 263
Very High 117834 640
LR Very low 862680 4683
Low 310515 1685
Moderate 29722 1355
High 223552 1213
Very High 195876 1063
sVM Very low 1489470 8085
Low 110841 6.02
Moderate 67058 364
High 64012 347
Very High 110964 602
RE Very low 709172 3849
Low 436183 2368
Moderate 369373 2005
High 206100 1119
Very High 121517 660
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References Sample Expressions.

Tepfers, (1979) Cubic | Stmax = 1-B(1 - RIgN
Saito (1983) - ' Sumax = 09873~ 0.0413lg N
Zhao et al. (1993) | - Simax = A= BIgN
Cornelissen and Reinhardt (1984) Cylinder Dry sample: IgN = 1481 ~ 14.525; s + 2.795 i Sealed maintenance

specimens. IgN = 13.92 = 14.525, max + 2.79S min
Lii (2002) Prism IgN = 16.67 = 16.768 ma + 5.17Smin

Song et al. (2008) - IgN = 16.67 ~ 16,765, max +5.17Smin

Note: s the correction factor, generally taking a value of 0.0685; The axial, split, and bending tensions correspond to A and B of 0970 and 0.05, 0,965 and 0.054,0.942 and 0.045, respectively;
Siians 6 s midotiiasns erins Tachk BRoaae £ dha mbideci s Sey Lol
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Elevation Aspect Rainfall Gully Slope Population Highway Surface

density density density radiation
Elevation 1
Aspect ~0030 1
Rainfall 0522 0029 1 [
Gully density -0.627 0.006 ~0.166 | 1
Slope 0473 0.129 0.174 -0.375 | 1
NDVI 0382 Loz oas | oz | ows 1
Population ~0009 -0310 | 0257 0076 | oot | 0050 1
density
Highway density | ~0.585 0033 -0319 0549 | oass | oms 0095 1
Surface radiation | ~0225 0ste | o7 | 0204 | 022 o390 ~0.460 0284 1
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Sample
Cubic

Cylinder

Cylinder

Expressio

Semwe = 1= (1= RIgN

OEN-023)(1-S )
7

Semin + (1= Scmin)
(1.09 - 0.0741gN)

Semax = —m(%)zmlgN

{f)”

Semax = 116 - 0153 lgN

[1+ (03ugN)]™

~0.0381gN

Song et al. (2008)

Semax = 0.9885 — 0.0618Ig N

Note: Scmux=femax/f R is the stress ratio, and R= fopin/femax N is fatigue cycle; fomin and femax are the minimum and maximum values of fatigue load respectively; f is the correction factor,

generally taking a value of 0.064; f, is 1 Mpa.
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Environmental factors Variable value Type Grids in the study area Grids in a flash flood

Elevation (m) [189.038,288.535) Continuous 321655 571
[288.535,375.054) 447009 827

[375.054,457.247) 363067 222

[457.247,543.766) 281319 187

(543.766,634.611) 187893 18

(634.611,738.434) 129592 0

[738.434,868.213) 82452 0

(868.213,1292.156] 29358 0

Slope () [0,4.627) Continuous 303351 365
[4.627,8.997) 376257 475

(8.997,13.110) 362859 325

[13.110,16.965) 296030 318

[16.965,20.821) 27282 184

[20821,24.934) 156110 136

[2493429.818) 90137 18

[29.818,65.548] 30319 4

Aspect () 1 Continuous 213 0
(0.22.5),1337.5,360] 225668 185

[225,67.5) 203275 63

(67.5,112.5) 234841 52

[1125,157.5) 261363 185

[1575,202.5) 224726 206

[2025.247.5) 202983 194

[2475292.5) 226164 433

[2925,337.5) 263112 507

Lithology Pt K, | Discrete 888416 834
72738 244

&F 294991 319

0,D,Q 366906 122

Y 187841 25

T 31357 61

MNDWI [0,0.157) " Continuous 79291 91
0.157,0.294) 171110 177

0.294,0.408) 278621 232

(0.408,0.518) 313888 237

[0518,0.627) 308717 268

0.627,0.745) 303827 314

(0.745,0.878) 230441 277

[0878,1] 156450 229

NDVI [0.480,0.681) Continuous 33841 17
[0.681,0.728) 56183 92

0.728,0.767) 111291 203

[0767,0.797) 227631 445

(0.797,0.824) 347136 459

(0.824,0.853) 436101 385

0.853,0.885) 405218 159

[0.885.0.979] 224944 65

Plan curvature 09.907) T Continuous 335955 397
9.907,18.535) 405874 344

[18:535,27.803) 290259 271

[27.803,37.709) 215758 213

[37.709,48.256) 162764 184

[48.256,59.121) 128860 128

[59.121,70.946) 119318 94

[70.946,81.492] 183557 194

Profile curvature (0,1.791) Continuous 434806 443
[1.791,3.444) 470627 578

[3.444,5.235) 378849 386

[5.235,7.164) 256694 228

7.164,9.368) 159318 108

9:368,11.986) 88119 57

[11.986,15.567) 41880 19

[15,567,35.131] 12054 6

Surface radiation 0 Continuous 0 0
(0,0580) 38329 0

0.580,0.667) 91940 0

[0.667,0.741) 131302 19

(0741,0.812) 196488 97

[0.812,0.882) 304086 124

[0.882,0.941) 309820 184
[0.941,1] 770380 1401

Terrain wetness index [2342,5.259) Continuous 575455 477
5.259,6.880) 719772 756

(6:880,8.824) 335400 352

[8.824,11.255) 133303 184

[11.255,14.496) 59228 30

[14.496,23.733) 18976 26

[23.733,33.294) 85 0

[33.294,43.665] 126 0

Gully density (km/km?) [0,0.335) Continuous 130468 0

[0335,0.512) 251649 0

[0512,0.670) 304011 177

[0.670,0.827) 326880 67

0.827,0.984) 304533 774

[0.984,1.141) 243056 336

[1.141,1.319) 190752 402

[1319,1.742] 90996 69

Highway density (km/km?) [0,0.233) Continuous 300064 0
[0233,0.731) 522923 219

[0731,1.329) 499043 573

1329,2.060) 286928 809

[2.060,3.024) 130962 24

(3.024,4.319) 68302 0

[4319,6.114) 20460 0

[6.114,8.473] 13663 0

Population density (km/km?) 78,126.039) Continuous 20156 243
[126.039,148.686) 116000 164

[148.686,163.784) 199033 228

[163.784,178.882) 286524 331

178.882,196.039) 322175 553

[196.039,215.941) 298677 251

[215.941,236.529) 319857 34

[236.529,253] 279923 2

Rainfall (mm) 0.280,0.307) Continuous 524252 157
0:307,0.330) 680084 1610

0.330,0.359) 364758 58

0.359,0.393] 273251 0
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