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The accurate understanding of the influence of confining pressure on the mechanical characteristics of soft rock and how to comprehensively consider this influence in the elastoplastic analysis of tunnels are the fundamental premises for the effective evaluation of the deformation control and stability of soft rock tunnels. Therefore, this paper firstly investigates the effect of confining pressure on the deformation and strength characteristics of phyllite and slate, using triaxial experiment results and proposed variable models for the mechanical parameters (E, v, c, φ) of soft rock with confining pressure variation. Secondly, according to the second stress state around tunnels and these variable models for the mechanical parameters of soft rock, a new elastoplastic solution for tunnels is devised, which simultaneously considers the effect of confining pressure on the deformation and strength characteristics of the surrounding rock. Finally, with the proposed elastoplastic solution, the effect of multiple factors (initial pressure, supporting force, and tunnel radius) on the stress and displacement of tunnel surrounding rock is analyzed.
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1 INTRODUCTION
In recent years, increasing numbers of tunnels have been constructed in soft rock stratum. However, major deformation of tunnels occurs frequently when tunnels pass through soft rock with high geo-stress, which often leads to the destruction of the tunnel support structure and brings about significant potential safety hazards for constructors (Chen et al., 2020; Li et al., 2020). Essentially, the fundamental reason why the problem of tunnel deformation occurs frequently is that the influence of confining pressure on the mechanical characteristics of soft rock has not yet been completely ascertained, resulting in the existing elastoplastic solution not being accurately analyzed and evaluated for stress and displacement around tunnels (Li F et al., 2021; Luo et al., 2021). Therefore, the influence of confining pressure on the mechanical characteristics of soft rock and more accurate elastoplastic solutions for tunnels are current research hotspots (Wu et al., 2022).
Regarding the influence of confining pressure on the mechanical characteristics of soft rock, the achievements of numerous scholars in the past decades can be divided into three categories. Firstly, the influence of confining pressure on the stress-strain curves of soft rock was discovered by (Alam et al., 2008; Debecker and Vervoort, 2009; Chen et al., 2016; Fu et al., 2018) through triaxial experiments. The results of these experiments show that the lithology of soft rock is usually slate and phyllite, and the range of confining pressure is 0MPa–40 MPa (Gholami and Rasouli, 2013; Hu et al., 2016; Hao et al., 2019). Secondly, based on the above-mentioned experiment results, the evolution of mechanical characteristics with the influence of confining pressure was analyzed, for example, the effect of confining pressure on failure patterns, peak strength, etc. (Xu et al., 2018). Thirdly, a series of new strength criteria and a constitutive model, which considers the influence of confining pressure, was proposed, for example, the GZZ strength criterion, the uniform strength criterion, and the elastoplastic damage constitutive model, etc. (Saeidi et al., 2013; Singh et al., 2015). In addition, several scholars devoted to the influence of confining pressure on the creep mechanical behavior and gas tightness characteristics of soft rock, such as Lyu and Liu, have investigated the creep gas tightness characteristics through experiments and proposed a corresponding creep-damage constitutive model (Lyu et al., 2021; Lyu et al., 2022). However, the majority of existing studies only focus on the influence of confining pressure on the strength parameters of soft rock but neglect the influence of confining pressure on the deformation parameters of soft rock. Therefore, a new, universal variable model for the mechanical parameters (including strength and deformation parameters) of soft rock considering the influence of confining pressure is urgently needed, which is one of the main purposes of this paper.
In terms of elastoplastic solutions for soft rock tunnels, the influence of confining pressure on the strength of soft rock and the strain-softening behavior of soft rock are the current research focuses. For instance, Kang et al. (Yi et al., 2020) and Chen et al. (Chen et al., 2022) devised a series of new solutions, which consider the influence of confining pressure on the strength of soft rock. In developing these solutions, they considered that it introduces many new strength criteria, such as GZZ, improved M-C, and D-P strength criteria to elastoplastic solutions. Many other scholars (Cui et al., 2015) have devised a series of new solutions for the strain-softening behavior of soft rock. In developing these solutions, they defined the plastic softening parameters (η) and assumed that η linearly controls the strength parameter variation in the post-failure stage. However, the effect of confining pressure is not considered in these solutions. Most existing solutions only consider the effect of confining pressure or the strain-softening behavior of soft rock on strength characteristics but ignore the influence of confining pressure on deformation characteristics, which leads to these solutions not calculating and evaluating stress and displacement around soft rock tunnels. Therefore, it is necessary to propose a new elastoplastic solution for soft rock tunnels, which simultaneously considers the effect of confining pressure on the deformation and strength of soft rock, which is another of the main purposes of this paper.
Therefore, this paper firstly investigates the effect of confining pressure on the mechanical characteristics of soft rock using triaxial experiment results and proposes variable models for the mechanical parameters (E, v, c, φ) of soft rock considering the influence of confining pressure. Secondly, a new elastoplastic solution for tunnels was devised, which simultaneously considers the mechanical characteristic variation of the surrounding rock due to the influence of confining pressure. Finally, the effect of multiple factors (initial pressure, supporting force, and tunnel radius) on the stress and displacement of tunnel surrounding rock is analyzed.
2 VARIABLE MODEL FOR MECHANICAL PARAMETERS OF SOFT ROCK WITH THE INFLUENCE OF CONFINING PRESSURE
2.1 Variable model for elasticity modulus (E) with the influence of confining pressure
Based on the triaxial experiment results of 69 samples (35 samples of slate and 34 samples of phyllite from eight regions), the variation of the elasticity modulus under the influence of confining pressure for slate and phyllite, respectively, is revealed in Figure 1. Experimental result sources can be found in Supplementary Appendix SA.
[image: Figure 1]FIGURE 1 | Variation of elasticity modulus with the influence of confining pressure of slate and phyllite.
As shown in Figure 1, the elasticity modulus of phyllite and slate gradually increases with increasing confining pressure, not constant. Further, using the universal global optimization method, it has been found that the power function can represent this variation with the influence of confining pressure, and the correlation coefficient of fitting results of all sample groups are more than 90%. Therefore, the variable model for the elasticity modulus of soft rock with the influence of confining pressure is proposed in Figure 5, and the undetermined parameters of variable models can be obtained by means of triaxial compression experiments.
2.2 Variable model for Poisson ratio (ν) with the influence of confining pressure
Based on the triaxial experiment results of 67 samples (35 samples of slate and 32 samples of phyllite from nine regions), the variation of the Poisson ratio with the influence of confining pressure for slate and phyllite, respectively, is revealed in Figure 2. Experimental result sources can be found in Supplementary Appendix SA.
[image: Figure 2]FIGURE 2 | Variation of Poisson ratio with the influence of confining pressure influence for slate and phyllite.
As shown in Figure 2, the variation trend for the Poisson ratio of soft rock with variable confining pressure is almost linear, and the value of the Poisson ratio under different confining pressure conditions is practically equal to that under the 0 MPa confining pressure condition, which means the confining pressure does not have a significant influence on the Poisson ratio of soft rock. Therefore, the variable model for the Poisson ratio of soft rock with the influence of confining pressure is proposed in Figure 5.
2.3 Variable model for friction angle (φ) with the influence of confining pressure
Based on the triaxial experiment results of 57 samples (31 samples of slate and 26 samples of phyllite from six regions), the variation of the friction angle with the influence of confining pressure for slate and phyllite, respectively, is revealed in Figure 3. Experimental result sources can be found in Supplementary Appendix SA.
[image: Figure 3]FIGURE 3 | Variation of friction angle with the influence of confining pressure influence for slate and phyllite.
As shown in Figure 4, the friction angle of soft rock gradually decreases with increasing confining pressure. Further, using the universal global optimization method, it is found that the logarithmic function can represent this variation with the influence of confining pressure, and the correlation coefficient of fitting results of all sample groups are more than 90%. Therefore, the variable model for the friction angle of soft rock with the influence of confining pressure is proposed in Figure 5, and the undetermined parameters of the variable model can be obtained by means of triaxial compression experiments.
[image: Figure 4]FIGURE 4 | Variation of cohesion with the influence of confining pressure influence for slate and phyllite.
[image: Figure 5]FIGURE 5 | Variable models for mechanical parameters of soft rock with the influence of confining pressure.
2.4 Variable model for cohesion (c) with the influence of confining pressure
Based on the triaxial experiment results of 57 samples (31 samples of slate and 26 samples of phyllite from six regions), the variation of cohesion with the influence of confining pressure for slate and phyllite is revealed in Figure 4. Experimental result sources can be found in Supplementary Appendix SA.
As shown in Figure 4, the cohesion of soft rock gradually decreases with increasing confining pressure. Further, using the universal global optimization method, it has been found that the power function can represent this variation with the influence of confining pressure, and the correlation coefficient of fitting results of all sample groups are more than 90%. Therefore, the variable model for the cohesion of soft rock with the influence of confining pressure is proposed in Figure 5, and the undetermined parameters of variable models can be obtained by means of triaxial compression experiments. In variable models for the mechanical parameters of soft rock, the units of confining pressure and cohesion are both MPa, the unit of the elasticity modulus is GPa, and the unit of the friction angle is degree.
3 ELASTOPLASTIC SOLUTION FOR TUNNELS CONSIDERING THE INFLUENCE OF CONFINING PRESSURE
After the circular tunnel excavation, the secondary stress state of the surrounding rock is shown in Figure 6 (Fang et al., 2021). Radial stress increases with increasing radial distance, which means confining pressure on the surrounding rock increases with increasing radial distance, not constant. Meanwhile, by combining the variable model for the mechanical parameters of soft rock with the influence of confining pressure, it can be concluded that the mechanical parameters of surrounding rock vary with radial stress variation, not constant.
[image: Figure 6]FIGURE 6 | Secondary stress state of surrounding rock and variation of mechanical parameters of surrounding rock.
Therefore, in order to derive an elastoplastic solution for tunnels considering the influence of confining pressure, the stress field of the rock surrounding the tunnel is divided and the stress partition of the surrounding rock is: surrounding rock are divided into numerous concentric circle rings, the center of which is the center of the tunnel in polar coordinates, as shown in Figure 7. The mechanical parameters of each concentric circle ring are controlled by radial stress, which can be calculated using a variable model for the mechanical parameters of soft rock, and the mechanical parameters at different angles are the same in each ring.
[image: Figure 7]FIGURE 7 | Stress partition of tunnel surrounding rock.
The derivation process of elastoplastic solutions for tunnels considering the influence of confining pressure is subject to the following basic assumptions: (1) Surrounding rock is homogeneously isotropic. (2) The tunnel excavation disturbance process is considered a plane strain problem. (3) Surrounding rock is in a hydrostatic stress field without considering the influence of gravity before tunnel excavation, and the hydrostatic stress is [image: image]. (4) After tunnel excavation, [image: image] is considered [image: image], [image: image] is considered [image: image], and [image: image] is considered [image: image].
3.1 Yield function and plastic potential function
The yielding function controls the yielding process of the surrounding rock:
[image: image]
In Eq. 1, [image: image] is friction angle and [image: image] is cohesion, and both are controlled by radial stress ([image: image]).
Based on the non-associative plastic flow rule (Chen et al., 2022), the plastic potential function is:
[image: image]
[image: image] is dilation angle in Eq. 2. Then
[image: image]
and, if [image: image], Eq. 8 can be transformed into:
[image: image]
3.2 Critical supporting pressure ([image: image])
When the tunnel radius is equal to that of the plastic zone, [image: image] is equal to [image: image]. Therefore, [image: image] and [image: image] at the radius of the tunnel satisfy the stress condition:
[image: image]
Then, the expression of [image: image] is:
[image: image]
So, [image: image] can be obtained by solving the above-mentioned expression.
3.3 Elastoplastic solution for plastic zone of surrounding rock
As shown in Figure 8, the plastic zone is divided into n concentric annuli and the boundary of i th is in Eq. 7:
[image: image]
[image: image] is the plastic zone radius and it is assumed that each annulus has the same thickness, which can be expressed as below:
[image: image]
[image: Figure 8]FIGURE 8 | Plastic zone of tunnel surrounding rock.
The outer stress boundary condition ([image: image]) in the plastic zone is:
[image: image]
Eq. 9 can be solved using MATLAB software, then [image: image] and [image: image] can be obtained.
Then, the strain in the first ring is:
[image: image]
[image: image] and [image: image] of any ring (i th ring) is obeyed by the yield criterion. So, the yield criterion is:
[image: image]
Meanwhile, [image: image] and [image: image] satisfy the equilibrium equation:
[image: image]
Eq. 12 could be transformed as:
[image: image]
Where:
[image: image]
Then, [image: image] and [image: image] are expressed as:
[image: image]
[image: image]
And stress increment is:
[image: image]
[image: image]
Total strains can be separated into two parts:
[image: image]
So that Eq. 18 can be reformulated as:
[image: image]
Combined with Eqs 16, 17, the elastic strain increments are:
[image: image]
[image: image]
Combined with Eqs 19–21, the compatibility equation (Eq. 12) can be approximated as:
[image: image]
Approximating Eq. 22 with regard to ρ and rearranging [image: image] gives:
[image: image]
[image: image] is given as below:
[image: image]
Total strain is:
[image: image]
For a sufficiently large n, mechanical parameters of the (i+1) ring can be replaced by those of the i ring and the stop condition of finite difference iterative process is:
[image: image]
[image: image] can be calculated in accordance with [image: image] and the displacement at the tunnel can be obtained using the following expression:
[image: image]
[image: image]
3.4 Elastoplastic solution for elastic zone of surrounding rock
After tunnel excavation, the elastic zone can be regarded as a thick-walled cylinder. The stress conditions at inner and outer boundaries are:
[image: image]
Lame solution (Yi et al., 2020) can calculate radial and tangential stresses at any radius. So, the stress expressions at any radius in the elastic zone are listed below:
[image: image]
[image: image]
Further, combined with the mechanical parameter expression of the surrounding rock, the strain expressions at any radius in the elastic zone are as follows, and the subscript “elastic” is applied in the expression to represent the elastic zone of the surrounding rock.
[image: image]
[image: image]
3.5 Finite difference calculation process
The above-mentioned expressions were compiled by MATLAB software for automatic solution operation. The finite difference calculation process is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Finite difference calculation process.
3.6 Verification example
If the undetermined coefficient of the confining pressure term is equal to zero in every variable model for the mechanical parameters of surrounding rock, the finite difference process can be reduced to the classic elastoplastic solution.
Therefore, in order to validate this new solution, the results of two methods (new solution and classic solution) are compared with each other. Parameters of verification examples are listed in Table 1. Expressions of classic solutions are obtained from (Fang et al., 2021).
TABLE 1 | Parameters of verification example.
[image: Table 1]As shown in Figure 10, the plastic zone radius and radial stress distribution results of the proposed solution agree with those of the classic solutions, and displacement around the tunnel resulting from the proposed method is slightly greater than that of the classic solution, but the deviation does not affect the accuracy of the proposed method. The reason for the deviation in the displacement of tunnel surrounding rock is that the classic solution ignores the small quantity of higher order in the derivation process, so the calculated result is smaller than that obtained by the proposed solution. However, the deviation cannot affect the accuracy of the proposed method; therefore, the above result validates the proposed solution as accurate and correct.
[image: Figure 10]FIGURE 10 | Comparison results between classic solution and proposed method.
4 ANALYSIS OF INFLUENCING FACTORS
The influence of initial pressure, supporting force of the tunnel, and radius of the tunnel on stress and displacement around the tunnel is analyzed by the proposed solution. Taking the Muzhailin tunnel as an example, variable models for the mechanical parameters of surrounding rock are based on experimental results from the Muzhailin tunnel in Table 2 (Li Z et al., 2021). The Muzhailing tunnel is a typical soft rock tunnel under high geo-stress conditions and belongs to the Lanzhou-Chongqing Railway in China. The longitudinal length of the Muzhailing tunnel is 19020m, and the height and width of the tunnel section are 11.98 m and 10.48m, respectively. The maximum geo-stress of the Muzhailing tunnel is 27.5 MPa and the surrounding rock of the Muzhailing tunnel is carbonaceous slate.
TABLE 2 | Variable models for the mechanical parameters of surrounding rock.
[image: Table 2]4.1 Influence analysis of initial pressure factor
In the influence analysis of the initial pressure ([image: image]) factor, the tunnel radius ([image: image]) is 5m, and the supporting force ([image: image]) is 0 kPa. Figure 11 shows the influence analysis results of the initial pressure factor.
[image: Figure 11]FIGURE 11 | Influence analysis results of initial pressure factor.
As shown in Figure 11, the stress level of tunnel surrounding rock significantly increases with increasing initial pressure. Moreover, the distance from the tunnel center to the appearance location of peak tangential stress of the surrounding rock increases gradually. When the initial pressure is 5 MPa, the peak tangential stress is 7.84 MPa, and its location is 2.16 times the tunnel radius. However, the peak tangential stress is 29.66 MPa, and its location is 5.2 times the tunnel radius when the initial pressure increases to 20 MPa. Displacement around the tunnel and the plastic zone radius of the surrounding rock increase with the increasing initial pressure. When initial pressure is 5 MPa, the plastic zone radius and displacement around the tunnel are 10.63 m and 3.81cm, but they increase to 25.9m and 55.22 cm (increasing by 143% and 1,349%) when initial stress is 20 MPa.
4.2 Influence analysis of supporting force factor
In the influence analysis of the supporting force ([image: image]) factor, the radius of the tunnel ([image: image]) is 5 m and the initial pressure ([image: image]) is 20 MPa. Figure 12 shows the influence analysis results of the supporting force factor.
[image: Figure 12]FIGURE 12 | Influence analysis results of supporting force factor.
As shown in Figure 12, the stress state of tunnel surrounding rock gradually changes to a three-dimensional state from a two-dimensional plane state with increasing supporting force. When supporting force increases, the stress level of tunnel surrounding rock increases, but the distance from the tunnel center to the appearance location of peak tangential stress of the surrounding rock gradually decreases. When the supporting force is 200kPa, the distance is 4.42 times the tunnel radius; however, the distance decreases to 2.99 times the tunnel radius (decreasing by 32.35%) when the supporting force increases to 1000 kPa. The peak stresses (including radial and tangential stress) of tunnel surrounding rock are determined only by the strength parameters of the surrounding rock; therefore, the supporting force only affects the appearance location of the peak stresses, not their values. Displacement around the tunnel and the plastic zone radius of the surrounding rock both decrease with increasing supporting force. The plastic zone radius of the surrounding rock and displacement around the tunnel are 22.12 m and 40cm, respectively, when the supporting force is 200 kPa. However, the radius and the displacement decrease to 14.97 m (decreasing by 32.32%) and 17.9 cm (decreasing by 61.96%), respectively, when the supporting force increases to 1000 kPa.
4.3 Influence analysis of tunnel radius factor
In the influence analysis of the tunnel radius ([image: image]) factor, the initial pressure ([image: image]) is 20 MPa and the supporting force ([image: image]) is 0 kPa. Figure 13 shows the influence analysis results of the tunnel radius factor.
[image: Figure 13]FIGURE 13 | Influence analysis results of tunnel radius factor.
As shown in Figure 13, the stress level of tunnel surrounding rock gradually decreases, but the stress disturbance range of the surrounding rock increases as the tunnel radius increases. The distance from the tunnel center to the appearance location of peak tangential stress of the surrounding rock gradually increases as the tunnel radius increases. When the radius of the tunnel is 3 m, the distance is 15.54m; however, the distance increases to 25.9 m (increasing by 66.67%) when the tunnel radius increases to 5 m. The tunnel radius only affects the appearance location of peak tangential stress of the surrounding rock, not its values. With the increasing tunnel radius, displacement around the tunnel and the plastic zone radius of the surrounding rock both increase. The plastic zone radius of the surrounding rock and displacement around the tunnel are 15.54 m and 33.13 cm, respectively, when the tunnel radius is 3 m. However, the radius and the displacement respectively increase to 25.9 m (increasing by 66.67%) and 55.22 cm (increasing by 66.68%) when the tunnel radius increases to 5 m.
5 CONCLUSION
This paper firstly investigates the effect of confining pressure on the deformation and strength characteristics of soft rock (slate and phyllite) using triaxial experiment results and proposed variable models for the mechanical parameters (E, v, c, φ) of soft rock with confining pressure variation. Secondly, according to the second stress state around tunnels and these variable models for the mechanical parameters of soft rock, a new elastoplastic solution for tunnels was devised, which simultaneously considers the effect of confining pressure on the deformation and strength characteristics of the surrounding rock. Moreover, this new solution is validated by classical solutions. Finally, the effect of multiple factors (initial pressure, supporting force, and tunnel radius) on the stress and displacement of tunnel surrounding rock are analyzed. Several main conclusions can be summarized as follows.
1. Regarding the influence of confining pressure on the deformation parameters (E, v) of soft rock, confining pressure has a significant influence on the elasticity modulus but does not significantly affect the Poisson ratio of soft rock. With increasing confining pressure, the elasticity modulus significantly increases, but the Poisson ratio is practically constant. Variable parameter models for the elasticity modulus (its form being power function) and the Poisson ratio (its form being constant function) were established, respectively, with the influence of confining pressure.
2. Regarding the influence of confining pressure on the strength parameters (c, φ) of soft rock, confining pressure has a significant influence on the friction angle and cohesion of soft rock. With increasing confining pressure, the friction angle decreases and cohesion increases gradually. Variable parameter models for the friction angle (its form being logarithmic function) and cohesion (its form being power function) were established, respectively, with the influence of confining pressure.
3. After soft rock tunnel excavation, with the variable radial stress of the surrounding rock, the mechanical parameters (E, v, c, φ) of the surrounding rock vary and are controlled by radial stress, not constant. Based on the secondary stress state of surrounding rock and variable models for the mechanical parameters of soft rock, a new elastoplastic solution was devised, which simultaneously considers the effect of confining pressure on the deformation and strength characteristics of the surrounding rock. Meanwhile, this new solution can be reduced to the classical solution, and its correctness and accuracy are validated by the classical solution.
4. The influence of multiple factors (initial pressure, supporting force, and tunnel radius) on the stress and displacement of tunnel surrounding rock are analyzed. With increasing initial pressure, the displacement around the tunnel and the plastic zone radius of the surrounding rock both gradually increase. With the increasing supporting force of the tunnel, the distance from the tunnel center to the appearance location of peak tangential stress of the surrounding rock decreases. With increasing supporting force, the plastic zone radius of the surrounding rock and displacement around the tunnel both decrease gradually. With increasing tunnel radius, the distance increases from the tunnel center to the appearance location of peak tangential stress of the surrounding rock. With increasing tunnel radius, the plastic zone radius of the surrounding rock and displacement around the tunnel both increase gradually.
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