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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.
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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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