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Abstract

:

With excess slurry pressures exerted on the tunnel face, slurry particles tend to infiltrate into the soil in front of the tunnel. There will be excess pore pressure ahead of the tunnel in the case of infiltration, leading to an impairment in the supporting effect contributed by the excess slurry pressure. Corresponding to three slurry infiltration scenarios distinguished by the forms of the filter cake, different pressure transfer models are employed to describe the pore pressure distribution. Using the kinematic approach of limit analysis and the numerically simulated seepage field, the study of tunnel face stability under different slurry infiltration cases is extended by employing a 3D discretization-based failure mechanism. In addition, two simple empirical formulas describing the pore pressure distributions above the tunnel and in advance of the tunnel are established and verified. Combined with the dichotomy method and strength reduction method, the safety factors yielding rigorous upper-bound solutions are obtained by optimization. The proposed method is validated by a comparative analysis. The developed framework allows considering the influence of excess pore pressure on the whole failure mechanism and the three-dimensional characteristics of seepage. A parameter analysis is performed to study the effect of the excess slurry pressure, hydraulic conditions, soil strength properties, and pressure drop coefficient. The results show that the steady-state flow model leads to much more conservative results than the full-membrane model. The safety factor increases with the increasing excess slurry pressure and the decreasing pressure drop coefficient. The present work provides an effective framework to quickly assess the face stability of tunnels under excess slurry pressure considering different filter cake scenarios.
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1. Introduction


For shield-driven tunnels, it is very crucial to accurately evaluate the tunnel face stability and determine the necessary slurry support pressure [1,2]. Scholars [3,4] usually assessed the face stability of slurry shield tunnels using the full-membrane model, in which the slurry pressure is transferred to the soil skeleton by forming a dense filter cake in front of the TBM, and the applied slurry supporting force is assumed to completely support the soil skeleton. However, the full-membrane model is only suitable for some exceptional cases, such as opening the chamber to repair the slurry shield [5,6]. Due to the slurry pressure exceeding the soil’s pore pressure, the slurry is expected to permeate the leading soil, inducing a fluid flow and causing excess pore pressure in advance of the tunnel [7]. The existence of excess pore water pressure in front of the slurry shield tunnels has been widely measured and reported [8,9]. The excess pore pressure will considerably reduce the slurry-supporting effect, thereby reducing tunnel face stabilities [8,10,11]. When infiltration occurs, the total slurry pressure shall be divided into three components, namely, the component that combats the hydrostatic pressure in t soils, the excess pore pressure, and the effective support pressure to resist the earth pressure [10,12]. For decades, the slurry infiltration process, including the maximum range of slurry penetrations [13], the development of filter cakes [14], and the prediction of excess pore pressure distributions [15], has attracted much research interest. To explore the slurry infiltration process, slurry filtration column tests are widely conducted [16,17]. Several analytical studies have also given significant attention to delineating the progression of slurry infiltrations, and various models have been developed [8]. According to the filter cake forms and the types of potential flow motivated by the excess slurry pressure, the slurry infiltration cases can be generally divided into three types: full filter cake, partial filter cake, and no filter cake [10]. The filter cake forms are controlled by the relation between the slurry infiltration velocity    V  sl     and the TBM velocity    V  TBM    . In addition, the formation of the filter cake is also affected by the properties of slurry and soils, including the permeability of soil masses, permeability of slurry, the rheological properties of slurry (density and viscosity), and the particle size distribution [10]. Coefficient α (  0 ≤ α ≤ 1  ) is introduced to model the pressure change within the filter cake. When  α  approaches the lower limit of 0, it indicates the formation of a dense filter cake, where the slurry pressure is entirely exerted over the cake. Conversely, when  α  approaches the maximum value 1, it implies that no cake is formed. In the case where  α  lies between 0 and 1, a partial filter cake is formed, and there will be a partial pressure drop over the cake. The coefficient  α  can be determined according to the measurement [18]. In addition, with the assumption that the velocities of TBM and slurry infiltration are equal, Steenken [19] presented an equation to determine  α , namely the following:


  α =   n R  V  TBM     (  φ m  −  φ ∞  ) k    



(1)




where n is the porosity of the soil, R denotes the tunnel radius, and  k  denotes the permeability of the soil.



A reasonable assessment of the stability of the tunnel face is always a changing task, especially in complex conditions [20,21]. In recent years, the concept of sustainable development has been increasingly emphasized in practical engineering, such as green materials and green buildings [22,23]. To be in line with the concept of sustainability, it is of practical importance to reasonably evaluate the stability of engineering structures to achieve savings in support [24,25,26,27]. There have been few studies examining the stability of tunnel faces in light of slurry infiltration. To address this, the wedge model incorporating the infiltrated zone has been employed, utilizing limit equilibrium theory to evaluate tunnel face stability [5,9]. In these studies, the slurry infiltration leads to a mass force applied on the soil skeleton, and the total slurry support can be derived by the integration of the mass force over the zone of the wedge (i.e., the triangle soil column). However, it should be noted that this method has theoretical defects: First of all, the infiltration is described by a one-dimensional formula for the entire tunnel face, whereas in practice, seepage occurs in three dimensions. Secondly, it only considers the excess pore pressure in the circular area in front of the tunnel. However, the excess pore pressure exists not only in the front of the tunnel face but also above the tunnel, acting on the whole failure mechanism, not just the lower part of the wedge model (i.e., triangle soil column). In addition, several failure mechanisms better than the wedge model have been successfully employed in the studies on tunnel face stability, such as the horn failure mechanism proposed by Subrin and Wong [28], the improved multi-block mechanism proposed by Mollon et al. [29] and the advanced 3D rotational failure mechanism using the spatial discrete technology proposed by Mollon et al. [30]. Concerning the numerical methods, Bezuijen et al. [31] used the finite element program DIANA to calculate the critical slurry pressure in different cases of pressure drop over the filter cake. Kaalberg et al. [32] performed a 3D FEM analysis in 3D PLAXIS and derived the safety factors. In these analytical and numerical studies, the effect of slurry infiltration is typically confined to a cylindrical range ahead of the tunnel face, and the slurry pressure acting on the tunnel surface is usually assumed uniform. Moreover, the variation of the slurry pressure in the vertical direction should be considered. There is also a lack of comparison of the results of tunnel surface stability under different slurry infiltration cases. The objective of this work is to develop a useful framework for assessing the stability of tunnel faces under excess slurry pressure. Since the framework is developed from a discrete aspect, it allows the effects of slurry infiltration to be considered over the entire potential failure area.



The primary objective of this paper is to evaluate the stability of tunnel faces driven by slurry shields, taking into account the impact of excess slurry pressure exerted on the tunnel face. The ideal full-membrane model and steady-state model are introduced to describe the impact of slurry infiltration, in which the results of the steady-state model are analyzed emphatically, and the full-membrane model serves as a reference. Firstly, a numerical simulation is performed to model the slurry infiltration. In addition, two empirical formulas are established through trial and error to model the pore pressure development in front of and above the tunnel. Then, based on pore pressure distributions derived from the numerical simulation and empirical formulas, an interpolation based on the extracted numerical results is performed in Matlab to determine the pore pressure of each discrete point in the 3D rotational failure mechanism. Combined with the strength reduction method and dichotomy method, the safety factors corresponding to different filter cake models, various tunnel geometry, excess slurry pressure, hydraulic conditions, and soil properties can be obtained through optimization. The results of the pore pressure distribution and the tunnel face stability are verified by a comparison with previous research. Through the analysis process established in this work, the influence of excess pore pressure on the whole failure mechanism, the variation of slurry pressure in the vertical direction, and the three-dimensional characteristics of seepage are all involved. A parameter analysis is then performed to study the effect of excess slurry pressure, hydraulic conditions, pressure drop coefficient, and soil strength properties. Finally, several design charts are given for practical reference.




2. Problem and Methodology


2.1. Depiction of Tunnel Faces Subjected to Excess Slurry Pressures


As shown in Figure 1, a circular tunnel having a diameter of d and buried at depth C is being excavated beneath the water table while experiencing linear excess slurry pressure acting on its face. The chamber filled with pressurized bentonite slurry can provide counterpressure to the excavated tunnel face. Hw denotes the location of water table with respect to the tunnel crown.    P 0    refers to a typical point ahead of the tunnel face.    h e    and    h 0    represent the piezometric head and the groundwater level elevation measured from the point    P 0    (   h e    >    h 0   ). The sketch of the slurry pressure is also presented in Figure 1, in which the average slurry pressure can be written as   p +  γ  slu   R +  γ w   H w   , where  p  represents the excess slurry pressure at the tunnel crown;    γ  slu     and    γ w    are the unit slurry weight and the unit water weight; R is the tunnel radius. Several necessary assumptions are made in this paper: the soil and slurry are both considered homogeneous and isotropic in the analysis.



Under pressure, the bentonite slurry penetrates into the soil mass and tries to form a cake. After a distinct pressure drop within the filter cake, the slurry keeps infiltrating forwards a certain distance, defined as the infiltration zone, beyond which the pore pressure progressively drops to the hydrostatic pressure [10,13]. Throughout the process of infiltration, the excess pore pressure undergoes a continuous dissipation, while the slurry pressure undergoes a continuous transfer to the effective support. Based on different slurry infiltration cases, Figure 2 illustrates three excess slurry pressure transfer models, where the pressure drop trend and the accumulation of the transferred excess slurry pressure during infiltration away from the tunnel face are sketched. The primary distinctions among these three models reside in the extent of pressure reduction within the filter cake range and the subsequent flow after the pressure drop, which leads to the difference in the efficiency of the excess slurry pressure transfer.



As shown in Figure 2a, a complete filter cake is usually developed under the condition of    V  TBM   = 0   (i.e., the standstill stage), and the permeability of the slurry through soil masses is very small [19]. In this case, the slurry particles can only penetrate a small distance through the cutter head and accumulate to form a dense filter cake. The filter cake’s permeability is much less than the soil’s permeability, and thus the fluid is prevented from infiltration, which can be regarded as the case of no flow [33]. For this particular scenario, the full-membrane model can be utilized to depict the pressure change, wherein the entire excess slurry pressures are transferred to the effective support through the full filter cake.



In Figure 2b, no filter cake is formed; and the excess pressure gradually decreases ahead of the tunnel face. The excess slurry pressure is transferred only through the flow. The case of no filter cake usually occurs when the velocity of TBM    V  TBM     is faster than that of slurry infiltration    V  sl     but slower than that of the water infiltration [19]. In this situation, the slurry particles are continually mixed with the soil in the chamber and removed. Thus, there is no filter cake formed ahead of the tunnel face, and only the water is continuously infiltrated into soil masses ahead [7]. Bezuijen et al. [31] proposed the steady-state flow model to model the pressure transfer in the case of no filter cake, in which an approximate one-dimensional expression is used to predict the distribution of excess pore pressure and has been verified by mode tests and measured data [19,34]. The steady-state flow model is mainly suitable in homogeneous soils in unconfined aquifers. It assumes that the tunneling process conforms to the quasi-static condition; that is, the flow from the tunnel face remains steady, and the tunnel face maintains a constant excess slurry pressure [19].



Figure 2c shows a partially formed filter cake, which is usually formed when    V  sl   >  V  TBM    . The pressure transfer is processed through the filter cake and the flow, which results in a distinct pressure drop over the partial filter cake. The remaining pressure will lead to a flow in front of the cake. There exist two methods to describe the pressure transfer of the partial cake. One is the transient flow model, where a linearly varied pressure drop is assumed across the “average cake” by computing the maximum infiltration distance and time span [13]. Within the theory of elastic storage, it assumes a transient flow in a semi-confined aquifer. Employing the transient flow model of the whole excavation cycle, including the drilling and intermediate standstill stages, the increase and dissipation of excess pore pressure ahead of the tunnel can be expressed. Combined with the estimation of the flow rate from the working chamber, the transient flow model can well predict the excess pore pressure under the condition of a multi-layered case [7]. The other is the reduction coefficient-based steady-state model, where the coefficient α (  0 < α < 1  ) represents the pressure drop.



In the present study, the cases of full filter cake, no filter cake, and partial filter cake are considered. As stated in Bezuijen et al. [31], the excess pore pressure distribution derived from the transient flow and the reduction coefficient-based steady-state flow model is similar in the range of 2 to 3 times the diameter ahead of the tunnel face. Meanwhile, the failure mechanism is generally confined in the 1-diameter range in advance of the tunnel. Consequently, it is assumed that the solution from the reduction coefficient-based steady-state flow model is similar to that assessed by the transient flow model. In addition, the full-membrane model is only suitable for the rare cases where the filter cake is formed well and can completely transform the slurry pressure to stabilize tunnel faces.




2.2. Kinematical Analysis of the Tunnel Face


Here, the tunnel face stability is evaluated using the 3D discretization-based failure mechanism proposed by Mollon et al. [30], as illustrated in Figure 3. The process of generating discrete points can be divided into Section I and Section II, where the discrete accuracy is controlled by parameters n and δβ, as shown in Figure 3. For the specific process of generating discrete points, please refer to Mollon et al. [30]. The rotational center is expressed by    β E    and    r E   , which also serves as optimization parameters used to identify the critical failure state.



In the considered problem, the external work includes the following items: pore pressure, soil gravity, and slurry pressure. The calculation of the limit analysis is performed by equaling the internal energy dissipation rates and external work rates [35,36,37,38,39]. To balance the work rate equation, an index σf representing the extra required uniform support pressure, in addition to the applied slurry pressure to maintain the tunnel face stability, is introduced. By calculating the work rates of pore pressure, soil weight, slurry pressure, and internal energy dissipation, the critical extra supporting pressure σf can be derived as follows:


   σ f  =  γ  sat   d  N γ  +  γ w   H w   N  p p   − c  N c  −  σ  s p    N  s p    



(2)




with c and    γ  sat     being the soil cohesion and the unit saturated weight;    σ  s p     being the average slurry pressure over the tunnel face;    N γ   ,    N c   ,    N  s p     , and    N  p p     being the dimensionless coefficients denoting the contribution of soil gravity, cohesion, slurry pressure, and pore pressure. The expression of    N γ   ,    N c   ,    N  p p    , and    N  s p     are [30,40] as follows:


   N c  =   cos φ   ∑ i     ∑ j   (  R  i j    S  i j   )         ∑ j   (   ∑ j    S j   R j  cos  β j  )        



(3)






   N γ  =     ∑ i     ∑ j   (  R  i j    V  i j   sin  β  i j   )       d   ∑ j   (   ∑ j    S j   R j  cos  β j  )        



(4)






   N  p p   =   sin φ   ∑ i     ∑ j   ( p  p  i j    R  i j    S  i j   )         ∑ j   (   ∑ j    S j   R j  cos  β j  )        



(5)






   N  s p   =     ∑ j   (   ∑ j    σ  s  p j     S j   R j  cos  β j    )      σ  s p   ⋅   ∑ j   (   ∑ j    S j   R j  cos  β j  )        



(6)




in which    S  i j    ,    V  i j    , and (   β  i j    ,   R  i j    ) are the area, volume, and the corresponding local coordinate of the discrete elements of the failure surface (see Figure 3); while Sj and (   β j   ,   R j   ) are the area and corresponding local coordinate of the discrete elements of the tunnel face; and    σ  s  p j      and   p  p  i j     are the slurry pressures and pore pressures corresponding to a discrete element, as shown in Figure 3. Please note that for the work rate of pore pressure, due to the assumption that the block rotation is rigid, the volumetric strain is zero in the rotational mechanism, and the work rate of pore pressure with respect to the volumetric strain is neglected. The work rate of pore pressure at the tunnel face has been involved as the slurry pressure; thus, only the work rates of the pore pressure on the velocity discontinuity of the failure mechanism are considered here.




2.3. Numerical Simulation of Seepage Flow Due to Excess Slurry Pressure


To obtain the hydraulic field induced by the excess slurry pressure, a numerical computation simulating the steady-state flow is progressed in the software FLAC3D6.0, which is based on finite difference techniques. Similar process of the steady-state seepage analysis has been successfully employed in previous studies for simulating the seepage during tunnel excavations [31]. For the case of homogeneous soils in unconfined aquifers with constant excess slurry pressure, it can be regarded that the tunneling process conforms to the quasi-static condition, and, therefore, it is feasible to adopt the steady-state flow model in the numerical simulation for the considered problem. A 3D numerical model, as illustrated in Figure 4, is built, in which only half of the tunnel is regarded on account of vertical symmetry. It is made up of 73,656 zones and 78,204 grid points. The diameter of the tunnel is fixed at   d  = 6   m   , and the buried depth amounts to C/d = 2. The area neighboring the tunnel is notably encrypted. To eliminate the size effect, the size of the model is set large enough, which is 4D for X-axis direction, 4.5D for Y-axis direction, and 5.5D for Z-axis direction. The permeability coefficient of the soil, as well as the water table and excess slurry pressure, are assumed to remain constant. The lining element is configured to be impermeable, thus limiting seepage to the tunnel face alone. With reference to the experimental investigations conducted in Zizka [41], other parameters are set as follows: γslu = 12 kN/m3 and  k , the permeability coefficient, is   5 ×   10   − 8     m/s. The groundwater level    H w    and excess slurry pressure  p  differ from the working conditions.



The numerical pore pressure distribution of a typical case is presented in Figure 5, where Hw/d = 1.0, p = 50 kPa. As a result of the influence of excess slurry pressure, the hydraulic conditions have undergone a significant alteration, and the pore pressures ahead of the tunnel are noticeably greater than the hydrostatic pressures, particularly in the vicinity of the tunnel face. Therefore, it is imperative to incorporate this factor into assessing the tunnel face.




2.4. Empirical Formulas for Approximating the Piezometric Head under the Slurry Infiltration


Since it requires a lot of calculation cost to obtain the pore pressure distribution through numerical simulation, this part attempts to establish an empirical formula to describe the pore pressure development. According to a large number of numerical results, it can be found that the variation of the excess piezometric head within the potential range of the failure mechanism is mainly related to the geometric conditions of the tunnel and the initial excess piezometric head but has little relationship with the hydrostatic level and the buried depth. As the pressure head is uniform in the X direction and the seepage gradient in the X direction is very small, the influence of the X coordinate is ignored. In general, the piezometric head of a specified point can be fitted as follows:


   φ e  ( X , Y , Z ) = f ( Y , Z , R , p ,  γ  slu   )  



(7)




where X, Y, and Z denote the coordinates based on the coordinate system shown in Figure 3:  R  represents the radius of the tunnel; p is the excess slurry pressure in the tunnel crown; and    γ  slu     is the unit weight of the slurry.



Through a large amount of trial and error and verification, the piezometric head ahead of the tunnel (  y < 0  ) can be approximately fitted as


   φ e  ( X , Y , Z ) =  φ Y  + [ p − (  γ  slu   −  γ w  ) Y ] /  γ w  ⋅  e    −  m 1  Z  R     



(8)







The piezometric head above the tunnel (  y    >    0  ) can be approximately fitted as


   φ e  ( X , Y , Z ) =  φ Y  +  n 1  ⋅ p /  γ w  ⋅  e    −  m 1  Z −  m 2  Y  R    +  n 2   



(9)




where    φ Y    denotes the hydrostatic head and    m 1  ,    m 2  ,    n 1   , and    n 2    are the fitting parameters that depend on the numerical results. It should be noted that Equations (9) and (10) are only suitable for the case of steady-state flow. With regard to the case of partial filter cake, the items denoting the initial excess slurry pressure,   [ p − (  γ  slu   −  γ w  ) Y ]   in Equation (9) and p in Equation (10), should be multiplied with the coefficient  α  (  0 < α < 1  ) to consider the pressure drop within the partial cake.



As shown in Figure 6, the numerical solution of the normalized excess piezometric head contour and the empirical equation solution are compared, in which two typical vertical lines (  Z = 0   and   Z / R = 0.5  ) and three typical horizontal lines (  Y = 0  ,   Y / R = − 1  , and   Y / R = − 2  ) in the symmetry plane (  X = 0  ) of the tunnel are selected for comparisons. In addition, the proportion of the effective slurry pressure transferred ahead of the tunnel is also illustrated in Figure 6. With the fitting parameters set as    m 1  = 0.840  ,    m 2  = 2.213  ,    n 1   = 0   . 805   , and    n 2   = 2   . 039    for the case of  p  = 20 kPa and    m 1  = 0.832  ,    m 2  = 1.801  ,    n 1   = 0   . 776   , and    n 2   = 4   . 295    for the case of   p = 40 kPa  , the approximate results of the excess piezometric head generally agree well with the numerical results. In Figure 7, it can be observed that the excess pore pressure will experience a great decrease near the tunnel face, and the excess pore pressure far away from the tunnel will decrease more and more slowly and gradually tends to a stable value. During this process, an increasing proportion of excess slurry pressure is converted to effective support pressure, eventually stabilizing at about 80% at the position of Z/R = 2. The results of pore pressure derived from the empirical equation are incorporated into the assessment of the tunnel face stability in the following analysis for comparisons.




2.5. Flow Diagram of Solving Safety Factor


Figure 7 depicts the entire flow diagram of computing the safety factor. The pore pressure is calculated for the predetermined hydraulic parameters and tunnel geometry using either empirical formulas or numerical simulations. From the obtained results, the pore pressures of discrete elements can be interpolated. Subsequently, within the context of the kinematic approach and strength reduction method, a dichotomy process is utilized to solve for the optimal safety factor. With the FS as the mean value of the initial upper and lower limit safety factors being input, soil strengths c and  φ  reduce to   c / F S   and   arctan ( tan φ / F S )  . To better understand the judging conditions of dichotomy, the index    σ f    in Equation (2) is introduced, and the entire process is depicted in Figure 7. It is worth noting that with the aid of the Intel(R) Xeon(R) CPU W-2145 3.7 GHz PC, conducting seepage simulation using FLAC3D and subsequently solving the safety factor in MATLAB takes approximately 12 h. Conversely, employing the empirical expression for pore water pressure distribution to solve the safety factor in MATLAB takes merely about 10 min. Therefore, the developed limit analysis framework paired with the empirical formulas expressing the pore water pressure can allow rapid estimation of the tunnel face stability.





3. Comparison


In order to validate the present approach, this study compares the pore pressures ahead of the tunnel and the stability of the tunnel face. Bezuijen et al. [31] deduced a one-dimensional analytical equation for predicting the pore pressure ahead of the tunnel face,


   ϕ e  =  ϕ 0   (  − Z / R +   1 +    (  Z / R  )   2     )   



(10)




with  Z  being the distance from the tunnel face;    ϕ e    being the excess piezometric head at location Z in advance of the tunnel; and    ϕ 0   , the excess piezometric head at the tunnel face, takes a value of    ϕ 0  = α (  ϕ m  −  ϕ ∞  )  , with the coefficient  α  (  0 ≤ α ≤ 1  ) representing the pressure drop within the cake, where    ϕ m    represents the piezometric head in the chamber while    φ ∞    represents the piezometric head in infinity.



As presented in Bezuijen et al. [31], the analytical results based on Equation (10) have been compared with the numerical results from the finite element program DIANA and the measurements from the 2nd Heinenoord tunnel [42], which have shown good agreement. The results of Equation (10) will also be compared with the numerical and empirical results of this work. For comparison, two scenarios with different pressure drops are selected from Bezuijen et al. [31], namely the 1% pressure drop (  α = 0.99  ) and 10% pressure drop (  α = 0.90  ). The parameters are set the same as Bezuijen et al. [31], with d = 10 m,   c = 1   kPa   and   φ = 32.5 °  ,    H w  / d = 1.5  ,   C / d  = 1   . 5   , and saturated unit weight γsat = 20 kN/m3. To maintain consistency with Bezuijen et al. [31], an initial uniform excess piezometric head is assumed. For the scenario of   α = 0.99  , the critical average slurry pressure is    p u   = 24   . 5    kPa  , and for the scenario of   α = 0.90  ,    p u   = 18   . 0    kPa  . Figure 8 compares the solutions of the pore pressure obtained through the proposed method and the analytical solutions based on Bezuijen et al. [31] along the tunnel axis. The fitting parameters are taken as    m 1  = 901  ,    m 2  = 3.352  ,    n 1  = 0.717  , and    n 2  = 1.548   for    p u   = 24   . 5    kPa   and    m 1  = 0.867  ,    m 2  = 3.883  ,    n 1  = 0.761  , and    n 2  = 0.458   for    p u   = 18   . 0    kPa  . It can be seen that the analytical solution of Bezuijen et al. [31] differs very little from the numerical solution and empirical solution in this paper.



Secondly, the tunnel face stability results obtained through the proposed approach are compared with the published investigation based on the pore pressure calculated from numerical simulations and empirical formulas. The two scenarios in Bezuijen et al. [31], as mentioned earlier, are selected for comparison. Different from Bezuijen et al. [31], whose entire process is solved in numerical software, only the fluid calculation is processed in the numerical simulation in this paper. Based on the extracted results, the pore pressure of each point in the proposed failure mechanism can be obtained by interpolation. As shown in Table 1, the results of this work corresponding to the two limit cases in Bezuijen et al. [31] are close to 1.0. This indicates that in the cases of the critical slurry pressures calculated in Bezuijen et al. [31], the model proposed in this paper also reaches the critical state.




4. Parametric Study


This section investigates the impact of excess slurry pressure and pressure drop coefficient, with   C / d   = 2,  d  = 6 m,   φ = 25 °  ,    γ  sat     = 25      kN / m   3   , and    γ  sl     = 12      kN / m   3   . Since the scenario of a partial filter cake can be addressed by adjusting the reduction coefficient based on the steady-state flow model, parametric analyses regarding the flow case primarily focus on this model. For the flow case, the results based on the numerical and empirical distribution of pore pressure are calculated for analysis. Table 2 summarizes the fitting parameters for different excess slurry pressure  p . It is found that with the increase in  p , the parameters    m 1   ,    m 2   , and    n 1    increase while the parameter    n 2    decreases, which can provide a reference for the approximation of fitting parameters.



4.1. The Impact of Excess Slurry Pressure


Figure 9 demonstrates the impact of excess slurry pressure. It can be observed that with the increase in  p , the stability of the tunnel face definitely increases. The trend of the safety factor increasing with p is non-linear in the small cohesion case, while the safety factor almost increases linearly with p in the large cohesion case. From the comparison between the results derived from the numerical distribution and empirical distribution, it can be observed that the safety factors derived from the empirical distribution are slightly smaller than the results derived from the numerical distribution, especially in the case of small cohesion and large  p .




4.2. The Impact of the Coefficient  α 


In situations where partial filter cakes are present, a noticeable pressure drop occurs over the cake, which reduces the initial excess piezometric head of the flow and logically influences the infiltration process. A larger  α  indicates a smaller proportion of effective support. To explore how the pressure drop affects tunnel face stability, Figure 10 illustrates the relationship between the coefficient  α  and the normalized safety factor for    H w  / d = 2  . The solutions based on the empirical distribution generally agree well with those based on the numerical distribution. It is observed that as  α  increases, normalized safety factors decrease almost linearly, particularly for cases with higher cohesion. Therefore, based on the results of the full-membrane model and the steady-state flow model, safety factors considering the pressure drop can be approximated by linear interpolation according to the value of  α .



Figure 11 plots the failure mechanism of two typical  p s with   c /  γ  sat   d   = 0.04 and    H w  / d   = 2, where both the results derived from the empirical distribution and numerical distribution are presented. For ease of understanding, the geometric details associated with the discrete failure block are marked in Figure 11a. Comparing the four graphs, it is found that the changes in excess slurry pressure result in alterations to the critical collapse mechanisms. As the excess slurry pressure increases, the optimized collapse mechanism will be larger and more extended to the ground. Furthermore, similar to the little difference in the safety factor, the failure mechanism obtained from the empirical distribution is slightly smaller than that from the failure mechanism from the numerical distribution.




4.3. Design Diagrams of Normalized Safety Factor


In order to facilitate practical engineering applications, a set of normalized charts is provided in Figure 12, Figure 13, Figure 14 and Figure 15. As previous research has shown that the stability of tunnel faces tends to remain constant when the ratio of cover depth exceeds a certain value [43], the parameter   C / d   takes a value of 2 in this study. The support effect provided by excess slurry pressures may be easily controlled by adjusting the air-cushion pressure in a hydro-shield [5]. Therefore, the influence of the variability of the slurry unit weight    γ  slu     is ignored, and here    γ  slu     takes a constant value of 12      kN / m   3   . The outcomes of the partial cake, which accounts for the partial pressure drop, can be estimated through interpolation based on the value of  α . Therefore, only the outcomes of the full-membrane model and steady-state flow model are presented. The charts cover the range of  p  from 0 to 40 kPa,    H w  / d   from 1 to 4, and   c /  γ  sat   d   from 0.0 to 0.12.



Upon comparing the outcomes derived from the two models, the outcomes assessed through the full-membrane model are found to be more positive than that evaluated through the steady-state flow model, particularly for cases where the cohesion is relatively small. In addition, the safety factor results obtained from the empirical distribution and numerical distribution are in good agreement, proving the effectiveness of the proposed empirical formulas.



The steady-state flow model exhibits a clear non-linear relationship between normalized safety factors and normalized cohesion, particularly in cases where  p  is large. When the cohesion is relatively low, normalized safety factors increase rapidly with increasing cohesion, and the growth trend gradually becomes slower and almost linear. Moreover, it is evident that the increase in  p  has a negligible impact on enhancing the tunnel face stability. When the normalized cohesion reaches a certain threshold (around 0.06), normalized safety factors will increase almost linearly with the augmentation of  p . As for the full-membrane outcomes, FS/tanφ generally increases linearly with normalized cohesions.




4.4. Discussion


The present work can provide an effective framework for assessing the safety factor of the tunnel face subjected to the excess slurry pressure from a discrete perspective. The variation of the three-dimensional seepage induced by the excess slurry pressure and its impact within the entire potential failure block are incorporated. The exploration of empirical equations for describing the slurry infiltration helps to quickly assess the pore water pressure distribution under steady-state flow conditions induced by the excess slurry pressure, which in turn enables rapid assessment of the tunnel face stability. In practical applications, the selection of the appropriate model should depend on the formation of the filter cake. If there is no filter cake present, the steady-state flow results should be considered. On the other hand, when there is no flow paired with a full cake, it is suggested to adopt the full-membrane results. The safety factors of partial filter cake may be estimated using interpolations based on  α . The current work is limited to the simplification of using a coefficient α to represent the pressure drop on the potential filter cake, ignoring the non-homogeneity and dynamics of the filter cake. Rationally determining the coefficient α is also a challenging task. In addition, the tunnel face stability at a micro scale, such as the interaction between soil particles and slurry particles [44], is beyond the scope of this study. Similar to some existing studies [45,46], the focus of the present work is on the global stabilization of the tunnel face under slurry infiltration.





5. Conclusions


When excess slurry pressure is applied to the tunnel face, it can lead to slurry infiltration forward into the soil, resulting in excess pore pressure in front of the tunnel. This excess pore pressure can greatly impair the supporting effect of the excess slurry pressure, ultimately having a significant impact on the stability of the tunnel face. According to the filter cake forms, the slurry infiltration cases can be distinguished as full filter cake, partial filter cake, and no filter cake. Various slurry infiltration scenarios correspond to distinct pressure transfer mechanisms and various types of pore pressure distribution. The present study extends the kinematic approach, which incorporates a 3D discretization-based failure mechanism, to investigate the impact of excess slurry pressures on tunnel face stability, taking into account various infiltration scenarios. To obtain the pore pressure distribution influenced by the excess slurry pressure, a numerical calculation is carried out. In addition, two simple empirical formulas describing the development of pore pressure ahead of the tunnel and above the tunnel are established and verified, which is helpful for a quick estimation of the pore pressure distribution. Then, an interpolation is performed based on the extracted results; thus, the pore pressure of each point of the failure mechanism is obtained. Combined with the strength reduction method and dichotomy method, the safety factors corresponding to different tunnel geometry, hydraulic conditions, soil properties, excess slurry pressures, and pressure drop can be obtained through an optimization program. Through the analysis process established in this work, the influence of excess pore pressure on the whole failure mechanism, the variation of the slurry pressure in the vertical direction, and the three-dimensional characteristics of seepage are all involved. A comparative analysis between the proposed method and previous research has been carried out to validate the effectiveness of the research process presented in this work. A parameter analysis is presented in this study, based on both numerical and empirical pore pressure distributions, to explore the influence of various factors, including pressure drop coefficient, excess slurry pressure, soil strength, and groundwater level. Some conclusions can be drawn:




	(1)

	
The results based on the empirical distribution are a little more conservative than those based on the numerical distribution, which verifies the effectiveness of the proposed empirical formulas. Compared to numerically simulating the seepage, employing the empirical distribution allows a significantly higher computational efficiency with acceptable accuracy;




	(2)

	
The results of the flow case show that with increasing excess slurry pressures, the safety factor shows a noticeable non-linear increasing trend in low cohesion cases, which turns into a linear increasing trend in large cohesion cases. As the excess slurry pressure increases, the critical failure mechanism becomes closer to the tunnel face and the ground;




	(3)

	
Compared to the full-membrane model, safety factors of the steady-state flow model are much more conservative and exhibit a more distinct non-linearity with the increasing normalized cohesion, particularly for the low normalized cohesion cases. With the increase in  α , a coefficient representing the residual excess slurry pressure after the pressure drop over the filter cake, the safety factor decreases almost linearly. According to the state of the filter cakes in practical engineering, the tunnel face stability can be referenced with the results of the normalized charts.
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Abbreviations




	  α  
	Pressure drop coefficient



	    β E       ,  r E    
	Polar coordinates of point E



	 c ,  φ 
	Effective cohesion and internal friction angle



	C
	Buried depth



	D,R
	Tunnel diameter and tunnel radius



	    δ β    
	Angular interval of Section II in the failure mechanism



	FS
	Safety factor



	    H w    
	Location of water table with respect to the tunnel crown



	  k  
	Permeability coefficient



	    N c       ,  N γ       ,  N  p p        ,  N  s p     
	Dimensionless coefficients denoting contribution of cohesion, soil gravity, pore pressure, and slurry pressure



	    φ e    
	Piezometric head of a point ahead of the tunnel



	  p  
	Excess slurry pressure at tunnel crown



	    p u    
	Uniform excess slurry pressure



	    σ f    
	Extra required uniform support pressure



	    σ  s p     
	Average slurry pressure over the tunnel face



	    V  sl     
	Slurry infiltration velocity



	    V  TBM     
	TBM velocity



	    γ  slu        ,    γ w       ,    γ  sat     
	Unit slurry weight, unit water weight, and unit saturated weight
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Figure 1. The schematic diagram for a tunnel driven under the excess slurry pressure: (a) Slurry infiltration ahead of the tunnel; (b) Slurry pressure on the tunnel face. 
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Figure 2. Sketch of pressure transfer models under different slurry infiltration cases. 
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Figure 3. Diagram of the 3D discretization-based failure mechanism: (a) Cross-sectional schematic; (b) Failure block and failure facet. 
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Figure 4. Three-dimensional numerical model for seepage simulation. 
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Figure 5. The 3D pore pressure distribution obtained from numerical simulation. 
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Figure 6. Comparison of normalized excess piezometric heads on (a) two typical vertical lines above the tunnel and (b) three typical horizontal lines ahead of the tunnel. 
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Figure 7. Flow diagram for finding optimal FS. 
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Figure 8. The excess pore pressure from Bezuijen et al. [31] and the current paper. 
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Figure 9. Normalized safety factor versus excess slurry pressure with different groundwater levels: (a) c/γsatd = 0.02; (b) c/γsatd = 0.04; and (c) c/γsatd = 0.10. 
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Figure 10. Normalized safety factor versus the pressure drop coefficient: (a)   c /  γ  sat   d = 0.04  ; (b)   c /  γ  sat   d = 0.08  . 
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Figure 11. Illustration of failure mechanism under various excess slurry pressures when  α  = 80%. Empirical pore pressure: (a)   p = 10    kpa    and (b)   p = 30    kpa   ; numerical pore pressure: (c)   p = 10    kpa    and (d)   p = 30    kpa   . 
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Figure 12. Versus   c /  γ  sat   d   when    H w  / d = 1.0  : (a) Steady-state flow model; (b) Full-membrane model. 
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Figure 13. Versus   c /  γ  sat   d   when    H w  / d = 2.0  : (a) Steady-state flow model; (b) Full-membrane model. 
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Figure 14. Versus   c /  γ  sat   d   when    H w  / d = 3.0  : (a) Steady-state flow model; (b) Full-membrane model. 
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Figure 15. Versus   c /  γ  sat   d   when    H w  / d = 4.0  : (a) Steady-state flow model; (b) Full-membrane model. 
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Table 1. Comparison of the safety factor.
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	Scenarios
	Solution of Bezuijen et al. [31]
	Presented Solution with Numerical Pore Pressure
	Presented Solution with Empirical Pore Pressure





	   p u   = 24.5     kPa   ,   c = 1    kPa   ,   φ = 32.5 °  ,   α = 0.99  
	1.00
	1.00
	0.97



	   p u   = 18.0     kPa   ,   c = 1    kPa   ,   φ = 32.5 °  ,   α = 0.90  
	1.00
	0.97
	0.95
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Table 2. Fitting parameters of empirical formulas corresponding to different excess slurry pressure p with d = 6 m.
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	Parameters
	p = 10 kPa
	p = 20 kPa
	p = 30 kPa
	p = 40 kPa





	    m 1    
	0.856
	0.840
	0.834
	0.832



	    m 2    
	2.969
	2.213
	1.940
	1.801



	    n 1    
	0.882
	0.805
	0.784
	0.776



	    n 2    
	0.758
	2.039
	3.193
	4.295
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