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In order to investigate the mechanism of water-rich and fully weathered granite on the water bursting and mud bursting, the single-factor variable method is adopted in this study. The particle size gradation, initial porosity, water pressure, confining pressure, and anti-outburst thickness are chosen to determine each factor on the evolution of sand gushing, porosity, permeability, fine particle concentration, and water gushing velocity. Results indicate that a particle loss is the most critical reason for the water bursting and mud bursting of water-rich and fully weathered granite. The transition of water bursting from the linear to the nonlinear stage is the most significant feature. Soil particles with a larger Talbol power index are more likely to lead to water bursting. In addition, there is a critical water pressure to control the occurrence of water bursting and mud bursting. It is found that when the confining pressure reached the soil yield strength, the evolution of water bursting and mud bursting is independent of the increase in confining pressure. The increase in anti-outburst thickness can also effectively limit the risk of water bursting and mud bursting.
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INTRODUCTION
Generally, the water-rich and fully weathered granite has poor engineering characteristics such as low strength, poor water stability, and strong disintegration. The rock particles are easily disintegrated into a flow plastic shape and migrated especially at construction disturbance, and the water bursting and mud bursting are becoming more and more serious since they easily take place under a tunnel construction (Zhao et al., 2013; Wu et al., 2017; Liu et al., 2018; Song et al., 2018). It is of great importance to evaluate the evolution mechanism of water bursting and mud bursting disasters.
So far, the research studies about the mechanism of water bursting and mud bursting have been focused on the water bursting owing to the high-pressure fracture in rock masses (Li et al., 2017; Meng et al., 2020), karst water bursting (Li et al., 2017; Huang et al., 2019; Zhu and Li, 2020), and activated water bursting in fault zones (Guo et al., 2020; Peng et al., 2020; Yang et al., 2020). However, very few research studies in the past years paid their attention on the mechanism of water bursting and mud bursting (Liu et al., 2020), especially the variable mass characteristics about the evolution of water bursting and mud bursting in fully weathered granite were not involved. On the contrary, the linear Darcy seepage or modified Darcy seepage equations (Wang and Park, 2003; Yang et al., 2007; Wang et al., 2020; Wu et al., 2021) are frequently adopted when research studies are faced with those problems; nevertheless, it is not effective enough to describe the nonlinear seepage and sudden changing characteristics of water bursting and mud bursting.
Actually, factors that affect the water bursting and mud bursting include water pressure (Liu et al., 2010; Geng and Saleh, 2015; Zhang et al., 2021), particle size gradation, stratum compaction (or initial porosity), stress condition (that is the confining pressure condition) (Ma et al., 2013; Wang et al., 2014; Wu et al., 2018), and anti-outburst thickness (Liu et al., 2018; Liu et al., 2018; Liu et al., 2019; Liu et al., 2020). In this study, a self-designed large triaxial test device for dynamic water grouting is used to uncover the evolution mechanism of water bursting and mud bursting. Specifically, the developed device implements the functions of particle migration and variable mass migration, and the complex stress environments such as confining pressure, water pressure, and axial pressure can be freely set. In addition, different engineering boundary conditions are also realized in this device. Therefore, modeling tests are conducted in this study, and the particle size gradation, stratum initial porosity, water pressure, confining pressure, and anti-outburst thickness are evaluated to reveal the evolution of water bursting and mud bursting, and the critical condition that the disaster occurs.
INDOOR MODELING TEST SYSTEM
In order to simulate the water bursting and mud bursting of soil at a certain water pressure and Earth pressure, as shown in Figure 1, a large triaxial test system for dynamic water grouting was designed. The confining pressure, axial pressure, and water pressure are adjusted by the pressure pump, and the designed formation pressure and water bursting pressure are steadily obtained.
[image: Figure 1]FIGURE 1 | Large triaxial testing system: (A) schematic design and (B) practicality picture.
In this article, the factors (i.e., particle size ratio, initial porosity, water pressure, confining pressure, and sample height) are analyzed to determine the influence of factors on the mass loss, permeability, fine particle concentration, water gushing velocity, and porosity. Finally, the impacts of factors on the evolution of water bursting and mud bursting are comprehensively revealed.
CALCULATION OF TEST PARAMETERS
Calculation of Sand Gushing
It is important to collect the lost particles at regular time intervals and weigh the dry mass [image: image]; hence, the amount of gushing [image: image] in each interval is given as follows:
[image: image]
Calculation of Porosity
The initial porosity of the sample is [image: image]; as the testing process continues, the porosity of the sample changes, owing to the mass loss. Therefore, the relationship between changes in a void rate [image: image] and sand gushing [image: image] within each interval is determined as given below:
[image: image]
where [image: image] means the sample diameter, [image: image] denotes the sample height, and [image: image] denotes the particle density. The porosity at each interval is given by:
[image: image]
Calculation of Permeability
Since sample penetration leads to the particle migration, the porosity and permeability increase accordingly. When the permeability increases to a certain extent, the liquid flow state is inevitably changed; then the flow regime is determined by the Reynolds number:
[image: image]
where [image: image] is the water density (kg/m3), [image: image] means the seepage velocity of water (m/s), [image: image] denotes the sample particle size (m) (determined by the limit of particle size accounting for 10% of the mass), and [image: image] represents the power of water coefficient of viscosity (Pa•s).
According to the Nicholas curve (Erhard et al., 2010), when Re ≤ 10, the flow pattern is determined as a laminar flow or a transitional flow dominated by a laminar flow, in which the penetration process yields the Darcy’s law. When ignoring the effect of gravity, the seepage in the sample can be approximately seen as one-dimensional seepage. Therefore, assuming the pressure gradient uniformly distributed, 
[image: image]
[image: image]
where [image: image] represents the permeability of the sample (m2), [image: image] means the water pressure (Pa), and [image: image] denotes the gushing water flow rate (m3/s). According to Eq. 5a and Eq. 5b, the permeability is
[image: image]
However, when Re > 10, the flow pattern represents a turbulent phase. Correspondingly, the permeation process should be calculated according to the non-Darcy process. Actually, the Forchheimer-type non-Darcy equation can be adopted, namely,
[image: image]
where [image: image] is the non-Darcy flow inertia coefficient, which is related to the porosity and permeability of the sample. As to porous media, the following formula can be used (Evans and Civan, 1994):
[image: image]
where [image: image] is the coefficient that relates to the rock and soil medium; it can also be obtained according to experiments. Based on Eqs. 7, 8 and Eq. 5b, the permeability at a non-Darcy flow regime can be obtained as follows:
[image: image]
Calculation of Fine Particle Concentration
Generally, the concentration of fine particles means the particle content in the liquid, which is determined as
[image: image]
where [image: image] is the water gushing velocity within [image: image].
EXPERIMENTAL DESIGN
Sample Preparation
The fully weathered granites from an engineering site are used in this study. Considering the changes of particle gradation in actual stratum generally caused by excavation disturbance, groundwater flow, and water bursting and mud bursting, the Talbol grading formula is used to design the gradation range of the sample, which is expressed as follows:
[image: image]
where [image: image] is the maximum dry density, [image: image] means the current particle size, and [image: image] and [image: image] denote the maximum particle size and Talbol power exponent, respectively.
Figure 2A shows the particle size distribution (determined by the sieve method and specific gravity method) of soil from an engineering site; the contents of different particle ranges are adjusted based on Figure 2A so that the impact of particle size gradation is evaluated in this study. First, soil particles are screened to different particle size ranges, and then samples are prepared according to the designated Talbol power index. Five groups’ particle size, 0.00–0.25 mm, 0.25–2.00 mm, 2.00–3.00 mm, 3.00–5.00 mm, and 5.00–10.00 mm are proportioned according to the Talbol formula. The gradation curves of different Talbol power exponents are given in Figure 2B.
[image: Figure 2]FIGURE 2 | Particle size distribution curve: (A) particle size distribution curve before and after water bursting and (B) particle size distribution curve with different Talbol power exponents.
Test Plan
In order to obtain the time-varying laws of mass loss, water gushing velocity, and porosity of the fully weathered granite at a long-term high water pressure, and analyze the evolution characteristics of mass loss owing to the changes in particle size ratio, initial porosity, initial stress state, water pressure, and anti-outburst thickness (sample height), the test plan is shown in Table 1. In addition to the variable that needs to change, test conditions are set with axial pressure of 2 MPa, initial porosity maintains 0.3, water pressure maintains 0.6 MPa, Talbol power index n = 0.4, and the height of the sample maintains 25 cm.
TABLE 1 | Variable value.
[image: Table 1]Test Procedure
Figure 3 shows the test procedure that a sample is loaded in layers and saturated at first. The confining pressure, axial pressure, and water pressure are added according to the Test Plan; when the test is conducted, the muddy water gushing volume at the exit is collected every 30 s until the water quality got clear and the water volume became stable, and then the experiment can be stopped if no sediment particles were flowing out.
[image: Figure 3]FIGURE 3 | Test procedure.
TEST RESULT ANALYSIS
Influence of Particle Size Gradation on the Evolution of Water Bursting and Sand Gushing
Influence of Particle Size Gradation on Sand Gushing
Figure 4 shows the sand gushing curve at five particle size gradations. Almost all the time-varying laws are identical, which gradually develops with time. Simultaneously, when the Talbol power exponent is large (n > 0.8), the evolution of sample gushing develops rapidly; when the power exponent is small, the development of sample gushing is very slow.
[image: Figure 4]FIGURE 4 | Time-varying curve of sand gushing with different particle size gradations.
Influence of Particle Size Gradation on Porosity Evolution
Figure 5 shows the influence of particle size gradation on porosity. The development tendency of porosity is consistent with that of sand gushing. That is, the velocity of porosity developedis positively correlated with the power index. However, the relation between the final porosity and power exponent of the particle size do not show a positive correlation; specially, the final porosity is large when the power exponent is less than 0.4 or larger than 0.6, and the final porosity is least when the power exponent is in the range of 0.4–0.6.
[image: Figure 5]FIGURE 5 | Time-varying curve of porosity with different particle size gradations.
Generally, the development of porosity is directly related to the amount of particle loss. According to the previous analysis, because the sample has a higher content of fine particles, the decreasing power index leads to a substantial increase in porosity after a long-term particle migration. However, when the power exponent is very high and the content of fine particles is small, because of the high initial permeability, there is a significant increase in migration of particles and permeability.
Influence of Particle Size Gradation on the Evolution of Permeability
Figure 6A shows the time-varying curves of permeability vs. different particle size gradations. It is seen that the permeability develops logarithmically with time. The larger the power exponent, the faster the permeability increases and the higher the final permeability.
[image: Figure 6]FIGURE 6 | Influence of particle size gradation on porosity: (A) time-varying curve of permeability with different particle size gradations and (B) final permeability under different particle size gradations.
Figure 6B shows the change in final permeability vs. power index. Obviously, the final permeability increases with the power index. When the particle size power indexes are 0.2, 0.4, 0.6, 0.8, and 1.0, the final permeability eventually reached 1.8 × 10–13 m2, 1.2 × 10–13 m2, 2.2 × 10–13 m2, 2.8 × 10–13 m2, and 6.2 × 10−13 m2, respectively; correspondingly, the incremental values are 18, 12, 22, 28, and 62 times compared with the initial permeability, respectively.
Since the evolution of permeability is related to the initial permeability and the degree of particle loss, the larger the particle size power index, the greater the initial permeability and seepage velocity in the sample, and hence the higher the particle loss velocity and permeability development velocity. On the contrary, the smaller the power exponent, the better the fine particles and the smaller the initial permeability, as well as the lower the seepage rate and particle loss velocity, and the development of permeability is also lower. Particularly, the evolution of permeability is closely related to the evolution of water bursting disasters; that is, the faster the development of permeability, the smoother the expansion of water bursting channels, and the faster the development of seepage speed. In addition, one can imagine the higher development of water gushing velocity is more likely to cause a water bursting disaster.
Influence of Particle Size Gradation on the Evolution of Fine Particle Concentration
Figure 7A shows the time-varying curve of fine particle concentration vs. different particle size gradations. The development tendency of a fine particle concentration includes two parts, the initial rapid growth phase and late decline phase. The concentration of fine particles is mainly composed of the amounts of liquid erosion and particles transported by the liquid. When the liquid starts flowing, the movable particles are eroded and dissolve in the liquid; thereby, the concentration of fine particles is increased. However, the flowing liquid would result in a particle loss; as a result, the concentration of fine particles is reduced. In addition, both processes jointly determine the concentration of fine particles in the liquid. When the particle amount in the erosion process is larger than that in transportation process, the concentration of fine particles keeps increasing at all times until both processes reach the same peak value. While as the seepage channel gets smooth, the amount of the transportation process is becoming greater than that of the erosion process, which eventually leads to the increase of concentration of fine particles.
[image: Figure 7]FIGURE 7 | Influence of particle size gradation on the evolution of the fine particle concentration: (A) time-varying curve of permeability with different particle size gradations and (B) final permeability under different particle size gradations.
Figure 7B shows the changes in peak fine particle concentrations with Talbol power exponents. The peak fine particle concentration presents a quadratic distribution law with the power exponent. When the power exponent is 0.2 or 1.0, the maximum fine particle concentration peak reaches 0.15, while the peak fine particle concentration is relatively small (about 0.1) for other power exponents. As shown in Figure 7A, the smaller the power exponent, the longer it will take to reach the peak for the particle concentration. Specifically, a low power exponent means the content of fine particles is relatively high and a low permeability. As a result, the evolution of seepage is quite slow, and it takes longer time to reach the peak value. While the concentration of fine particles quadratically changes with the power index, since the concentration of fine particles frequently migrate in the sample, a lower power index leads to better fine particles, which eventually results in a larger peak value of fine particle concentration. However, when the power exponent is very high, very fewer fine particles exist in the sample, and the seepage velocity is so large that a larger range of particle sizes easily migrate through the sample. As a result, the peak fine particle concentration becomes relatively large.
Influence of Particle Size Gradation on the Water Gushing Velocity
Figure 8A shows the time-varying curves of water gushing velocity at different power exponents. When n = 1.0, the evolution of water gushing velocity can be divided into three stages: the initial linear seepage stage, rapid growth of water gushing velocity, and stable stage with high water gushing velocity.
[image: Figure 8]FIGURE 8 | Influence of particle size gradation on the evolution of the fine particle concentration: (A) time-varying curves of water gushing velocity with different power exponents and (B) time-varying curve of Reynolds number (n = 1.0).
In addition, as shown in Figure 8B, since the formation porosity and permeability are quite small when t < 15 s, the seepage velocity and particle migration are relatively slow, and the seepage eventually stays in a linear Darcy seepage state (Re < 10). However, when the amount of particle migration reaches a certain level, the formation porosity and permeability significantly increase and that means the Reynolds number significantly increases, and there is a transition from the linear Darcy seepage to the non-Darcy seepage for the seepage flow state. As a result, the water bursting evolution becomes a mutation condition, in which the seepage velocity significantly increases and the porosity no longer increases when a large number of particles are flowing out. Simultaneously, the pores of soil are connected and the water behaves as a pipe flow, which eventually leads to the water bursting disaster.
Figure 9 shows the entire evolution of water gushing and sand gushing. First of all, the gushing water includes the yellow muddy water, and the gushing velocity is very low. However, after a while, the content of yellow mud water gradually increases with the highly outflow of sand gushing. Finally, the water gushing velocity increases significantly and the water quality gradually becoming clear; hence, the final water gushing velocity stays in the stable stage.
[image: Figure 9]FIGURE 9 | Evolution picture of water and sand gushing (n = 1.0).
In addition, when the power exponent is relatively small (<0.8), the water gushing velocity and the evolution velocity are also very small. As a result, the entire evolution process linearly develops and the water gushing is hard to occur. However, when the power index is large (>0.8), the water gushing velocity shows a nonlinear and sudden increase, and the water gushing is easy to occur. According to Figure 8A, when the particle size power exponents are 0.2, 0.4, 0.6, 0.8, and 1.0, the corresponding final water gushing velocities are 176.4 ml/min, 113.2 ml/min, 209.9 ml/min, 272.3 ml/min, and 551.1 ml/min, respectively. Nevertheless, when the power index is small (<0.6), the water gushing velocity finally reaches 200 ml/min. Hence, if the power index is large, the water gushing velocity increases significantly, which markedly increases and may exceed 550 ml/min. As a result, the water gushing velocity is 2.5 times that of a lower power index.
It is also found that the changes in sand gushing, porosity, and permeability are extremely complicated at different Talbol power exponents, since the loss of particles leads to the increase in porosity, which effectively promotes the increase in medium permeability, and hence the concentration of the fine particles is changed, which eventually leads to the rapid growth of water gushing velocity. Generally, the permeability and water gushing rate increase with the power exponent; especially, when the power exponent increases from 0.8 to 1.0, the growth of water gushing velocity changes from the linear to the nonlinear state, which shows a significant flow regime transition. Besides, more than 2.5 times increasing in water gushing velocity is reached; in other words, larger power exponent (>0.8) will result in a higher risk of water gushing hazard in the formation, which demonstrates that the strong disturbance area (large power index) has a higher risk of water gushing hazard.
Influence of Initial Porosity on the Evolution of Water Bursting and Sand Gushing
Influence of Initial Porosity on the Amount of Sand Gushing
Figure 10A illustrates the time-varying curve of sand gushing vs. different initial porosities; when the initial porosity decreases, the amount of sand gushing shows a decreasing trend. If the initial porosity decreases from 0.36 to 0.30, seldom change occurs in total sand loss, while the early loss in velocity is obviously limited. However, when the initial porosity decreases from 0.3 to 0.23, the decrease in sand gushing changes from 337.3 to 239.8 g.
[image: Figure 10]FIGURE 10 | Influence of initial porosity on the evolution of water bursting and sand bursting: (A) time-varying curves of sand gushing with different initial porosities, (B) time-varying curves of porosity with different initial porosities, (C) time-varying curves of permeability with different initial porosities, (D) time-varying curves of fine particle concentration with different initial porosities, and (E) time-varying curves of water gushing velocity with different initial porosity.
Seeing from the test results, the decrease in initial porosity (within 15%) has no effect on the long-term particle loss, but it significantly improves the particle loss in the formation when disturbance occurs and prolongs the developing time for particle loss. However, when the porosity reduces to 0.23, the sand gushing can be effectively controlled. Hence, the formation backfill grouting significantly reduces the sand gushing and enhances the stratum compactness in actual engineering, and eventually improves the anti-outburst effect of stratum.
Influence of Initial Porosity on Porosity Evolution
Figure 10B shows the influence of initial porosity on porosity evolution. First of all, porosity with different initial values gradually increases and then becomes stable with time, which is more evident in view of the evolution velocity of porosity. Meanwhile, the initial porosities 0.23, 0.30, and 0.36 eventually increase to 0.30, 0.40, and 0.47, respectively, whose increment accounts for more than 30%. In other words, changes in the initial porosity can effectively alter the developing velocity of porosity but seldom influence the increment of porosity.
Influence of Initial Porosity on Permeability Evolution
Figure 10C illustrates the time-varying relation of permeability at different initial porosities. When the initial porosity is 0.36, the permeability significantly increases with time and eventually reaches 1.6 × 10–13 m2; the permeability increased more than 16 times the initial permeability. When the initial porosity decreased to 0.3 or smaller, the permeability hardly changes; as a result, the permeability finally reaches 5.5 × 10–14 m2, with the reduction of permeability by more than 66%.
It is notable that the decrease in the initial porosity enhances the compactness of the sample and reduces the initial permeability, which obviously reduces the water flow rate and particles loss, and the development of permeability is reduced. Therefore, the way of backfilling is often adopted to reduce the formation porosity in actual engineering, which effectively curbed the development of formation permeability and improved the anti-outburst characteristics.
Influence of Initial Porosity on the Evolution of Fine Particle Concentration
Figure 10D shows the effect of initial porosity on the concentration of fine particles. The time to reach peak fine particle concentration decreases with the initial porosity. In other words, the greater the initial porosity, the faster the fine particles reach the peak value, and the smaller the peak concentration of fine particles. It indicates that the particles are quickly taken away by the flowing water, and hence the inability of particle deposit eventually causes the decrease in the fine particle concentration. Therefore, the increase in porosity accelerates the migration and loss of particles, and eventually results in easier expansion and penetration of seepage channels.
Influence of Initial Porosity on Water Gushing Velocity
Figure 10E shows the time-varying relation of water gushing velocity with different initial porosities. When the initial porosity is below 0.36, the water gushing velocity is almost linear and stable. However, when the initial porosity reaches 0.36, the water gushing velocity exhibits a significant nonlinear growth. It demonstrates that the initial porosity at 0.36 is more likely to induce the water bursting disasters; when it drops to 0.30, the water bursting disaster can be effectively limited. Specifically, the amounts of water gushing velocities at initial porosities 0.23, 0.30, and 0.36 reach 77.5 ml/min, 98.1 ml/min, and 226.3 ml/min, respectively. Compared with the porosity at 0.36, the decrease in water gushing velocity with the porosity at 0.23 and 0.30 is by 66 and 57%, respectively. To sum up, a certain decrease in porosity has a significant effect on the control of water gushing velocity and water bursting disasters.
Influence of Water Pressure on the Evolution of Water Bursting and Sand Gushing
Influence of Water Pressure on the Amount of Sand Gushing
Figure 11A shows sand gushing under different water pressures. When the water pressures are 0.2, 0.4, and 0.6 MPa, corresponding sand gushing values are 54.8, 187.5, and 354.8 g, respectively, which account 1.7, 4.2 and 9.8% for the total mass of samples. It is notable that the amount of sand gushing under water pressures 0.4 and 0.6 MPa increased by 2.4 times and 5.5 times, respectively. According to Figure 11B, the amount of sand gushing increases exponentially with water pressure. However, a lower water pressure (less than 0.4 MPa) may encounter less amount of sand gushing (less than 5% for the total). When the water pressure reaches 0.6 MPa, the amount of sand gushing significantly increases and eventually reaches 10% for the total mass of the sample.
[image: Figure 11]FIGURE 11 | Influence of water pressure on the evolution of water bursting and sand gushing: (A) time-varying curves of sand gushing with different water pressures, (B) final sand gushing under different water pressures, (C) time-varying curves of porosity with different water pressures, (D) time-varying curves of permeability with different water pressures, (E) time-varying curves of fine particle concentration with different water pressures, and (F) time-varying curves of water gushing velocity with different water pressures.
Generally, water pressure is the driving force for the loss of particles. When the pressure is very low, according to the theory of seepage mechanics, the formation seepage velocity is quite low, and it is difficult for the liquid to carry particles. Only when the water pressure reaches a certain level, the high-velocity of flowing liquid will be able to carry particles. Different size particles need different flowing velocities, which contrarily results in different particle losses at different water pressure conditions. Therefore, when the water pressure is small, a very small part of particles can be driven, and it is unable to form an obvious water gushing channel; that is, a water bursting disaster will not occur. When the water pressure reaches a certain level, it promotes a larger amount of particle loss and even forms a water gushing channel; as a result, water bursting and mud bursting occur. Hence, there is a critical water bursting pressure that causes the occurrence of water bursting and mud bursting disasters.
Influence of Water Pressure on Porosity Evolution
Figure 11C shows the influence of water pressure on porosity evolution. It is obvious that when the water pressure is 0.2 MPa, the final porosity reaches 0.31, which is almost unchanged compared with the initial porosity. When the water pressure increases to 0.4 MPa, correspondingly, porosity also increases and eventually reaches 0.36, whose increment reaches more than 20%. When the water pressure further increases to 0.6 MPa, the porosity increases to 0.42, and about 40% increment in porosity has been achieved. Therefore, the increase in water pressure significantly accelerates the evolution of porosity, especially when the water pressure is no less than 0.6 MPa.
In addition, when the water pressure increases, there is significant increase in flow velocity for water inside the sample, which effectively accelerates the loss of particles and increase in porosity. However, when the water pressure is very low, the energy required for driving particles is far from enough and particles cannot be effectively driven; as a result, the porosity hardly changes. Therefore, only high enough water pressure can effectively drive the particles and promote the porosity increases rapidly.
Influence of Water Pressure on the Evolution of Permeability
As shown in Figure 11D, the permeability slowly develops when the water pressure is no more than 0.4 MPa; the final permeabilities reach 9.9 × 10–11 m2 and 9.2 × 10–14 m2 when the water pressures are 0.2 and 0.4 MPa, respectively. However, if the water pressure reaches 0.6 MPa, the permeability develops very fast, and the final permeability eventually reaches more than 2.8 × 10–13 m2, which is more than 3 times higher than that for the water pressure at 0.4 MPa. Therefore, it is concluded that there exists a critical water pressure, making the permeability increase rapidly. If the water pressure reaches the critical value, the permeability increases exponentially.
Influence of Water Pressure on the Evolution of Fine Particle Concentration
Figure 11E shows the variation of fine particle concentration at different water pressures. Obviously, the change rules of the fine particle concentration at different water pressures are almost identical. When the water pressures are 0.2, 0.4, and 0.6 MPa, the corresponding peak fine particle concentrations are 0.20, 0.16, and 0.15, respectively, and time that is required to reach the peak value is 22, 18, and 5 min, respectively. In other words, increase in the water pressure leads to the decrease in the peak concentration of fine particles and time required to reach the peak. The higher the water pressure, the faster the sample seepage develops, and the faster the formation of seepage channel inside the sample. As a result, particles produced by erosion quickly migrate with the flowing water; hence, it is difficult to reach a higher peak fine particle concentration.
Influence of Water Pressure on Water Gushing Velocity
Figure 11F shows the influence of water pressure on the water gushing velocity. Obviously, when the water pressure was no more than 0.4 MPa, the water gushing velocity develops linearly and stably, and finally reaches about 50 ml/min. However, if the water pressure increases to 0.6 MPa, the development of water gushing velocity increases nonlinearly and rapidly, and eventually reaches 400 ml/min at most, which is eight times higher than that of water pressure at 0.4 MPa. Therefore, there exists a critical water pressure promoting the increase in water gushing velocity, while the existence of critical water pressure accelerates the occurrence of water bursting.
According to the analysis of change in sand gushing, porosity, and permeability, it is clear that all the indexes at water pressure at 0.6 MPa are higher than those at water pressure at 0.4 MPa. When the water gushing velocity gradually increases to 0.6 MPa, a transition from the linear to the nonlinear state occurs. Hence, the pressure at 0.6 MPa is the critical water pressure for fully weathered granite on the evolution of water bursting and mud bursting.
Influence of Confining Pressure on the Evolution of Water Bursting and Sand Gushing
Influence of Confining Pressure on the Amount of Sand Gushing
Figure 12A shows the time-varying relation of sand gushing at different confining pressures. Relations between sand gushing and time are similar with each other even though the confining pressures are different. Especially, a higher confining pressure will lead to a higher increment for the velocity of sand gushing. For example, the amount of sand gushing at a confining pressure 0.5 MPa is 164.7 g. While confining pressure at 1.0 MPa significantly causes 289.8 g sand gushing, which is approximately twice for the sand gushing at confining pressure 0.5 MPa. However, when the confining pressure increases to 1.5 MPa, there is very small improvement in the sand gushing velocity, and the total amount of sand gushing is also unchanged.
[image: Figure 12]FIGURE 12 | Influence of confining pressure on the evolution of water bursting and sand gushing: (A) time-varying curves of sand gushing with different confining pressures, (B) time-varying curves of porosity with different confining pressures, (C) time-varying curves of permeability with different confining pressures, (D) time-varying curves of fine particle concentration with different confining pressures, and (E) time-varying curves of water gushing velocity with different confining pressure.
Fully weathered granite under water-rich conditions is easily disintegrated and flowing plasticized; hence, the rock and soil are more likely to yield and flow away as the confining pressure increases. Therefore, the sand loss at a confining pressure 1.0 MPa is larger than that at 0.5 MPa. Besides, since the rock and soil have a strength limit, the sand loss no longer increases with the increase in confining pressure at yield strength, that is why the amount of sand gushing almost is constant even though the confining pressure is increasing to 1.5 MPa.
Influence of Confining Pressure on Porosity Evolution
Figure 12B shows the porosity changes with time at different confining pressures. When the confining pressure is 0.5 MPa, there is a slightly increase in porosity. As the confining pressure increases to 1.0 MPa, porosity significantly changes from 0.33 (confining pressure at 0.5 MPa) to 0.36 (confining pressure at 1.0 MPa). However, when the confining pressure further increased to 1.5 MPa, even though initially ascending in porosity occurs, the change in porosity is constant and similar to the final porosity at confining pressure 1.0 MPa. Hence, it is concluded that the increase in confining pressure significantly accelerates the development of porosity, while this acceleration process is limited.
Influence of Confining Pressure on the Evolution of Permeability
Figure 12C shows the time-varying curves of permeability at different confining pressures. The developing velocity of permeability is improved to a certain extent when the confining pressure increases, while the increase of confining pressure hardly affects the final permeability, that is, changes in confining pressure primarily affect the evolution velocity of permeability but has little influence on the final value. Since the changing in confining pressure mainly alters the stress condition of the sample, the sample soil is easier to yield and move at higher confining pressure. In other words, the initial permeability changes more obviously at a higher confining pressure condition. However, the final change in permeability is only relevant to the particle size distribution of the formation, water pressure, etc., but little influenced by the confining pressure. Therefore, the final permeability values at different confining pressures are almost identical.
Influence of Confining Pressure on the Evolution of Fine Particle Concentration
As shown in Figure 12D, when the confining pressure increases from 0.5 to 1.0 MPa, the peak fine particle concentration significantly increases from 0.08 to 0.12. Correspondingly, the time the fine particle concentration changes from the initial value to the peak value is also prolonged. However, when the confining pressure increases to 1.5 MPa, the peak concentration of fine particles and the time the concentration changes from initial value to peak value are obviously decreased. In other words, the increase in confining pressure considerably accelerates the yield of soils, since the particles are easily dissolved in the liquid and hard to be transported away immediately; as a result, the concentration of fine particles is noticeably increased. Nevertheless, when further increasing the confining pressure, the yield strength of soil is significantly exceeded, which remarkably accelerates the dissolution of particles. On the other hand, due to the sharply reduce of shear strength, What's more soil sample withstand water pressure is easier to be penetrated and form the seepage channel. Finally, particles quickly flow away and result in the decrease of the fine particle concentration.
Influence of Confining Pressure on Water Gushing Velocity
As shown in Figure 12E, the development of relation water gushing velocity vs. time at different confining pressures can be divided into three stages; even though all the increasing velocities are different, the final water gushing velocities are almost identical; that is, the influence of confining pressure on the water gushing velocity is mainly reflected in the initial increasing velocity for the water gushing velocity, which has little influence on the development of final water gushing velocity.
According to the test, an increase in the confining pressure steadily accelerates the yield of soil, which significantly promotes the increase of sand gushing and porosity. Hence, a change in the confining pressure generally affects the initial evolution velocity of permeability and water gushing velocity, which has limited influence on the final testing results.
Influence of Anti-Outburst Thickness on the Evolution of Water Bursting and Sand Gushing
Influence of Anti-Outburst Thickness on Sand Gushing
As shown in Figure 13A, sand gushing rapidly increases with time and then remains stable. Results show that 15 cm thick anti-outburst thicknesses result in the most increase in the amount of sand gushing, whose total amount reaches 503.16 g, accounting for 10% of the total mass of the sample. When the thickness is increased to 20 cm, total sand gushing is 143.46 g, only accounting for 2.2% of the total mass of the sample. However, when the thickness increases to 25 cm, very few sand particles were flowing out of the sample, and the total sand gushing mass is 66.46 g, accounting for less than 1% of the total mass of sample. It reveals that thickness at 15 cm is easily cause mud bursting, even though the thickness is increased to 20 cm, very little amount of sand bursting occurs, while the water bursting and mud bursting hardly occurred at 25 cm thick.
[image: Figure 13]FIGURE 13 | Influence of confining pressure on the evolution of water bursting and sand gushing: (A) time-varying curves of sand gushing with different anti-outburst thicknesses, (B) time-varying curves of porosity with different anti-outburst thicknesses, and (C) time-varying curves of water gushing velocity with different anti-outburst thicknesses.
Influence of Anti-Outburst Thickness on Porosity
Seeing from Figure 13B, the final porosities at different anti-outburst thicknesses are different. The porosity at 15 cm thick increased more than 30% and eventually remained in a stable stage, while the final porosity reached 0.39, which is higher than that at 20 cm thick. Therefore, a thicker anti-outburst thickness keeps the porosity constant as initial.
Influence of Anti-Outburst Thickness on Water Gushing Velocity and Permeability
Figure 13C shows the variation of water gushing velocity at different anti-outburst thicknesses. Obviously, the changes in growth velocity of water bursting velocity reach the peak at 15 cm thick and present a nonlinear fluctuation, which indicates that the seepage channel underwent repeat blockage and expanding transfixion in seepage evolution. In addition, the maximum water gushing velocity reaches about 120 ml/min, which is extremely prone to water bursting. However, when the thickness is increased to 20 cm, there is a slight increase in the water gushing velocity and a significant reduction in the nonlinear growing stage. Meanwhile, the final steady water gushing velocity dropped to less than 40 ml/min. The water gushing velocity at 25 cm thick is 12.5 ml/min, which only accounts for 10% of the velocity at 15 cm thick. Besides, according to Table 2, the final permeability at 15 cm thick is 6.4 × 10–14 m2, which is 6.4 times higher than that of initial permeability. Nevertheless, the final permeabilities at 20 and 25 cm thick are merely 2.5 × 10–14 m2 and 1.0 × 10–14 m2, respectively.
TABLE 2 | Permeability under different anti-outburst thicknesses.
[image: Table 2]ANALYSIS OF THE MODELING TEST RESULTS OF WATER-RICH AND FULLY WEATHERED GRANITE ON WATER BURSTING AND MUD BURSTING
According to the test results, the water bursting and mud bursting mechanisms of water-rich and fully weathered granite are given in Figure 14.
1) Since the soil particles come from the development of the pore structure, the cohesion and strength between particles are very weak. In addition, because much fine particles and clay minerals exist in the fully weathered granite, the occurrence of water bursting and mud bursting attributes to the disintegration and loss of granite, and the principle external cause is the water pressure, which accelerates water bursting and mud bursting.
2) Due to the pressure gradient, water can easily seep within the pore for the rock soil. As a result, the fine particles in the rock mass are easily dissolved in the water and migrated with flowing water, which considerably increases the porosity of rock mass. However, the clay minerals in the rock mass are easily disintegrated when exposed to the water, and the porosity of rock mass is significantly increased due to the migration of clay particles. Therefore, both factors are the reason for the increase in porosity and acceleration of permeability in the rock mass. While the increase in permeability in turn affects the particle migrating velocity, such coupling effects eventually accelerate the evolutions of porosity and permeability.
3) When migration occurs in certain particles, the pore structure easily leads to the loss of stability and forms a water bursting channel. As a result, the liquid transforms from the initial Darcy flow to conduit flow; this unstable transition eventually leads to the water bursting and mud bursting disasters.
[image: Figure 14]FIGURE 14 | Catastrophic mechanism of water and mud bursting.
CONCLUSION
In this study, a self-developed dynamic water grouting triaxial test apparatus was used to evaluate the water bursting and mud bursting characteristics of water-rich and fully weathered granite. The factors (particle size gradation, initial porosity, initial water pressure, confining pressure, and anti-outburst thickness) were considered to comprehensively analyze the mass loss, water gushing velocity, permeability, fine particle concentration, and porosity in the water bursting and mud bursting processes. The main conclusions are as follows:
1) The fully weathered granite particles obviously migrate under water pressure; as a result, the increase of permeability and porosity significantly accelerates the increase of water gushing velocity, which is the most critical reason for the occurrence of water bursting and mud bursting. In addition, the transition of water flow from the linear (Reynolds number Re < 10) to the nonlinear state is also the significant feature of water bursting.
2) The evolution of water bursting velocity can be divided into three stages: the initial linear seepage stage, seepage mutation stage, and steady seepage stage. Permeability at the first stage is very low, the water flowing velocity is quite small, and a very small amount of particles effectively migrate with the flowing water. As a result, the porosity and permeability finally increase slowly. At the second stage, because of the increase in permeability, the accelerated water flowing velocity eventually results in a rapid and massive loss of particles; hence, the permeability, porosity, and water gushing velocity are drastically increased. However, the amount of sand gushing and water gushing velocity almost remained constant at the third stage.
3) The water gushing disaster is easy to occur when the Talbol power exponent is large (>0.8). However, there are some effective methods, such as backfill and compaction, to restrain the disasters. In addition, a critical water pressure (greater than the critical water pressure for particle starting) exists, which obviously accelerates the occurrence of water bursting and mud bursting disasters. Likewise, the increase in the thickness of anti-outburst can effectively limit the water bursting and mud bursting disasters.
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