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1. Introduction 
 

Face stability of tunnels under water table, such as 

cross-river tunnels, subsea tunnels or tunnels in water-rich 

areas, is greatly affected by pore water pressure especially 

for those driven in poor self-bearing capacity media 

(Ukritchon et al. 2017a, Hamrouni et al. 2018, Yang and 

Chen 2019). The commonly used methods for tunnel face 

stability assessment include limit analysis method (Mollon 

et al. 2010, 2011), limit equilibrium method (Perazzelli et 

al. 2014), finite element method (Sloan 201,; Ukritchon and 

Keawsawasvong 2017;, Ukritchon et al. 2017b) and so on. 

As for the pore water pressure, it is usually generated by 

seepage flow towards the tunnel when the hydrostatic head 

is higher than the piezometric head in front of tunnel face. 

In order to study the effect of seepage flow on tunnel face 

stability, the pore water pressure is usually treated as a 

constant external force applied on soil skeleton or rock 

masses. And several approaches for computing the pore 

water pressure were proposed in previous studies. 

Skempton (1954) defined the pore water pressure 

coefficients to characterize the pore pressure change in 

undrained soils. Accordingly, Bishop and Morgenstern 

(1960) suggested that the pore water pressure u could be 

calculated according to Eq. (1) 
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uu r h=
 

(1) 

where ru represents the pore water pressure ratio; γ 

represents the unit weight of the overlying soils or rock 

masses and h represents the vertical distance measured from 

the specified point to the water table elevation. 

Michalowski (2002) introduced the coefficient ru to 

calculate the pore pressure distribution in a uniform slope 

and presented the stability charts for practical use. Zhang 

and Yang (2019b) investigated the influence of water 

pressure on tunnel stability using limit analysis method. 

Instead of using ru, Barros and Santos (2012) used a 

mathematical model to obtain the analytical solution for a 

steady-state seepage and calculated the active earth pressure 

on the possibly inclined face of a retaining wall. Similarly, 

Xu and Bezuijen (2018) proposed an analytical method to 

predict the excess pore water pressure in front of slurry 

shield in saturated sandy ground. Apart from previously 

mentioned researches, scholars also adopted numerical 

simulation approach to determine the pore water pressure. 

Lee et al. (2003) calculated the upper bound solution of the 

effective pressure retaining the tunnel face stability in 

which the seepage force was analyzed by numerical 

simulation approach under the condition of steady-state 

groundwater flow. Perazzelli et al. (2014) studied the tunnel 

face stability with seepage effects by proposing a limit 

equilibrium model. The steady-state hydraulic head field 

around the tunnel face was determined with the help of 

finite element programs. 
It is a key problem to find a proper way to determine the 

water pressure distribution (Li and Yang 2018b), while 
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another important issue is how to incorporate the pore water 
pressure into the failure mechanism of tunnel face. Mollon 
et al. (2010, 2011) proposed an advanced two- and three-
dimensional (2D and 3D) failure mechanism using the so-
called spatial discretization technique which made it 
possible to join the discretized points into the steady-state 
flow net in the analysis. This approach is more convincing 
than the traditional ones in terms of the fact that the pore 
water pressure for each point can be determined 
respectively, not an average seepage pressure. Research 
results of this kind can be found in Pan and Dias (2016, 
2018) where the hydraulic head induced by seepage flow 
was calculated using numerical method and interpolated for 
each discretized points ahead of tunnel face. Their findings 
give a new idea to explore the effects of pore water pressure 
on tunnel face stability. However, these studies are usually 
carried out with an assumption of uniform excavation media 
at the beginning which probably deviated from the actual 
situation. In reality, the properties of soils and rock masses 
are more likely depth-dependent from a geological 
perspective, which is lack of consideration in many 
researches. 

Conventional opinions hold that the variation of the 
properties of rock masses is less obvious than that of soils, 
so few scholars have paid their attention to this issue (Li et 
al. 2019, Michalowski 2002, Ukritchon and 
Keawsawasvong 2018). In most studies, researches usually 
consider the uniform geomaterials when studying the 
stability of a tunnel in Hoek-Brown rock masses. Ukritchon 
and Keawsawasvong (2019a) combined the lower bound 
finite element limit analysis and semi-definite programming 
to investigate the stability of unlined square tunnels in 
Hoek-Brown material. Pan and Dias (2016) also treated the 
rock masses as uniform geomaterials in their studies in 
combination with numerical method. However, for a tunnel 
with a large cross section or whose failure domain extends 
relatively widely along the vertical direction, the variation 
of the properties of rock masses probably matters in the 
stability assessment. As a matter of fact, this issue has not 
been thoroughly investigated at present. 

This paper is devoted to the face stability of a tunnel 
excavated in fractured Hoek-Brown rock masses 
considering the seepage flow conditions. Based on the 
kinematical approach of limit analysis, a novel horizontally 
layered discretization technique is presented to construct the 
2D failure mechanism of tunnel face. The pore water 
pressure ahead of tunnel face is numerically determined 
using soft ware and interpolated for each discretized points. 
In the calculations, the parameters of mi, GSI, D and σc vary 
with depth to respect the actual rock properties and different 
water table elevations are taken into account to calculate the 
critical support pressure against face failure. This 
combination of discretization-based failure mechanism and 
numerically obtained pore water pressure can give a better 
estimation of face stability of tunnels affected by depth-
dependent rock parameters and pore water pressure. 
 

 

2. Theoretical basis 
 

2.1 Pore water pressure in the framework of limit 
analysis 
 

Limit analysis method mainly consists of two theoretical 

foundations, namely the upper bound theorem 
(Michalowski 2002, Mollon et al. 2011, Luo and Yang 
2018, Yang and Zhang 2018, Zhang et al. 2018, Zhang and 
Yang 2019a, Zhu and Yang 2018, Ukritchon and 
Keawsawasvong 2019b) and the lower bound theorem, both 
of which have been fully researched in existing works. 
Upper bound theorem of limit analysis has been considered 
as an effective tool to resolve the stability problems of 
geotechnical structures. In the framework of limit analysis, 
the pore water pressure is conventionally regarded as a part 
of external load applied on the kinematical admissible 
velocity field boundaries. This practice has been adopted by 
a larger number of scholars (Michalowski 2002). By 
incorporating the pore water pressure into the upper bound 
theorem, the work rate equation obtained by equating the 
external work rate to the internal energy dissipation in any 
kinematically admissible velocity field can be expressed as 

ij ij i i i i i i
S S

d Tv ds X v d n v uds 
 

  +  −     
(2) 

where σij and ij  represent the stress tensor and strain rate 

in the kinematically admissible velocity field respectively; 

Ti and Xi denote the surface force applied on the boundary S 

and the body force on the volume of the failure block Ω 

respectively, vi corresponds to the detaching velocity along 

the yield surface, u is the pore water pressure, ni is the 

outward unit vector perpendicular to the boundary S (Qin 

and Chian 2017, Li and Yang 2019a, b, c, Ganesh et al. 

2018). 
 

2.2 The modified Hoek-Brown failure criterion 
 

The linear Mohr-Coulomb failure criterion is often used 
to represent the failure curve of soils or rock masses in 
previous works. However, a good deal of geotechnical 
experiments show that the friction angle of geomaterials 
decreases with the increase of confining pressures which 
eventually leads to a nonlinear failure envelope (Benahmed 
et al. 2017, Li and Yang 2018a). In order to address this 
problem, Hoek and Brown (1980) proposed the nonlinear 
failure criterion in an attempt to provide a more reliable 
way to describe the stress-strain relationship for rock 
failure, namely the original Hoek-Brown failure criterion. 
Subsequently, Hoek et al. (2002) gave the form of modified 
Hoek-Brown failure criterion as follows. 

3
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where σ1 and σ3 are maximum and minimum principal 

stresses respectively; and σc is the uniaxial compressive 

strength of rock. The expressions of mb, s and n are 
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Fig. 1 Redrawing of the relationships between major and 

minor principal stresses for Hoek-Brown and Mohr-

Coulomb failure criteria (Hoek et al. 2002) 
 
 

where mi represents the rock material constant determined 

by the rock type; GSI is the geological strength index, 

which represents the integrity of the rock masses; D is the 

disturbance coefficient which varies from 0 for undisturbed 

rock masses to 1.0 for heavily disturbed ones. 
 

2.3 The equivalent shear strength parameters 
 

Fig. 1 presents the relationships between major and 

minor principal stresses for Howk-Brown and Mohr-

Coulomb failure criteria. It is given by Hoek et al. (2002) to 

fulfill the demand of determining the equivalent cohesion 

and internal friction angle of Hoek-Brown rock masses in 

engineering design. As shown in Fig. 1, the equivalent shear 

strength parameters are obtained based on the principle of 

balancing the areas above and below the Mohr-Coulomb 

curve when the minor principle stress ranges from σt to 

σ3max, where σt presents the uniaxial tensile strength and 

σ3max is determined by specified geotechnical engineering 

problems. Hoek et al. (2002) suggested that σ3max can be 

estimated by the following equation for deep tunnels. 
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where γ is the unit weight of the rock masses and H is the 

buried depth of the tunnel. Accordingly, the equivalent 

cohesion c and internal friction angle φ are expressed as 

follows. 
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where σ3n=σ3max/σc. 

 

Fig. 2 The schematic of the horizontally layered 

discretization technique 

 

 

3. Limit analysis with the horizontally layered 
discretization technique 
 

3.1 The horizontally layered discretization technique 
 

In most rock tunnel stability analysis, the rock masses 

are considered as uniform geomaterials with constant rock 

parameters. However, natural rock deposition usually 

exhibits depth-dependent properties due to consolidation 

pressure, stress history and other external factors. To solve 

this problem, the horizontally layered discretization 

technique is proposed to perform the kinematical stability 

analysis of tunnel face. The basic idea of the proposed 

discretization technique is to find the new points based on 

the already known points layer by layer and eventually 

outline the failure domain of tunnel face. This approach has 

advantage of handling stability problems involving depth-

dependent rock parameters. 

The proposed approach can be graphically presented in 

Fig. 2 where C represents the buried depth, d refers to the 

diameter of the tunnel, O is the rotation center, ω is the 

angular velocity and θA, θB respectively denote the rotation 

angles of OA0, OB0. Firstly, the Cartesian coordinate system 

is built with its origin at point B0, so the coordinates of B0 

and O can be written as O=(-x0, y0+d) and B0=(0, d). Based 

on the geometric relationship, x0, y0 can be expressed in the 

form of θA and θB. 
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The next step is to generate the new points with respect 

to the following principles: 

• Rotational failure mechanism. The velocity direction 

of each element should be perpendicular to its rotation 

radius; 

• Associated flow rule. The slipping surface at each 

point should form an angle of φ with its velocity direction 

where φ denotes the equivalent internal friction angle of the 

Hoek-Brown rock masses; 

• The principle of equal height. The vertical distance 

between any two adjacent points is equal to Δh. 
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Fig. 3 The vector diagram of geometric relationship for 

generation of Aj and Bi 

 

 

The generation of the discretized points are started from 

A0 and B0, which respectively form the upper and lower 

boundaries of the failure block of tunnel face. According to 

the principles, the vector diagram of geometric relationship 

for generation of next points Aj and Bi can be plotted in Fig. 

3 where φi refers to the equivalent internal friction angle of 

the i-th element. The vectors listed in Fig. 3 can be 

represented by coordinates, namely 
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where i and j are positive integers. 

According to the angle relationship of these vectors, the 

following equation can be obtained. 

 

 

(13) 

Each new point can be determined using Eq. (13). The 

discretization procedure is continuously run until the 

condition of xAj>xBi+j is satisfied. 
 

3.2 Work rate calculation 
 

According to the horizontally layered discretization 

technique, the failure block of tunnel face is composed of 

numerous trapezoidal elements with a same height of Δh, 

and there is no relative movement between them. So the 

work rate done by the whole block can be calculated by 

summing up all the elementary work rate. As shown in Fig. 

4, the elementary work rate done by gravity can be 

expressed as 
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where Mi represents the center of gravity of the i-th 

element; θi denotes the rotation angle of OMi; γ is the unit  

 

Fig. 4 The work rate analysis of tunnels in Hoek-Brown 

rock masses considering depth-dependent rock 

parameters 

 

weight of rock masses; Gi refers to the trapezoidal area. So 

the work rate of the whole block done by gravity can be 

calculated as 
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(15) 

where k1 refers to the number of the discretized elements. 

For an arbitrary trapezoid whose four vertexes 

coordinates are known, the trapezoidal area Gi and the x-

axis coordinate of its center of gravity xMi+j can be solved 

using the following equations. 
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Notice that the elements below the tunnel roof are right-

angled trapezoids with xA=0.  

The second part of external work rate is generated by 

the support pressure applied on tunnel face. As shown in 

Fig. 4, the acting points of uniform support pressure σT are 

joined in a straight line, so the work rate can be calculated 

by means of integral. 
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(18) 

For tunnels excavated under water table whose elevation 

is denoted as hw as shown in Fig. 4, the face stability is 

greatly affected by pore water pressure. In the framework of 

limit analysis, the pore water pressure is usually considered 

as a surface force applied on failure surface. So the work 

rate done by pore water pressure Pu can be computed as 
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where ui=the pore water pressure applied on the i-th 

element, k2=k1-d/Δh and 
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Based on the assumption of rigid failure block, the 

 

 

energy dissipation PD is only produced along the sliding 

surface which is composed of numerous discretized straight 

lines 1j jA A−  and 1i iB B− . Accordingly, PD can be solved as 

2 1

1 1

1 1

cos cos
k k

D j j j j j i i i i i

j i

P c A A r c B B r   − −

= =

= + 
 

(21) 

 

Fig. 5 The numerical model for pore water pressure calculation 

  
(a) (b) 

  
(c) (d) 

 
(e) 

Fig. 6 The pore water pressure distributions ahead of tunnel face (a) hw=10 m, (b) hw=15 m, (c) hw=20 m, (d) hw=25 m and 

(e) hw=30 m 
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where ci and φi are the equivalent cohesion and internal 

friction angle of the i-th element, which are determined by 

the depth-dependent rock parameters of mi, GSI, D and σc. 

As shown in Fig. 4, the Hoek-Brown parameters of the rock 

masses linearly change form mi
0, GSI0, D0 and σc

0 at the 

tunnel invert to mi
1, GSI1, D1 and σc

1 at the surface. 

According to the upper bound theorem of limit analysis, 

the upper bound solution of support pressure against face 

failure can be solved by equating the external work rate to 

the internal energy dissipation. So the critical support 

pressure can be obtained by maximizing the objective 

function of Eq. (22) under the constraint conditions of Eq. 

(23). 
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4. Numerical results and discussions 
 

4.1 Pore water pressure calculation 
 

The pore water pressure distribution in front of tunnel 

face is very irregular for a drained work face. In order to 

present a more convincing computation, the pore water 

pressure is numerically calculated by means of 3D steady-

state flow analyses using the numerical model given in Fig. 

5. The tunnel is assumed as a rectangular one with the 

diameter d=10 m and buried depth C=30 m, which is 

composed of 80640 zones and 87360 nodes. The pore water 

pressures at the symmetry plane of the tunnel are extracted 

and recorded for each node of the numerical model. In 

combination with the proposed discretization technique, the 

pore water pressure for each discretized point is calculated 

by interpolation based on the extracted data. Fig. 6 presents 

the contours of pore water pressure in front of tunnel face 

considering the effects of seepage. The water table 

elevations of 10 m, 15 m, 20 m, 25 m and 30 m are 

investigated respectively. It is observed that the pore water 

pressure at tunnel face is constantly equal to 0 and increases 

as it moves away from tunnel face and the pore water 

pressure shows a sharper growth with a higher water table 

elevation. 

 

4.2 The depth-dependent Hoek-Brown rock masses 
 

This section focuses on tunnel face stability under water 

table where a more convincing case that the parameters of 

fractured Hoek-Brown rock masses, namely mi, GSI, D and 

σc, vary with depth is taken into account. As shown in Fig. 

4, mi, GSI and σc increase with depth, while D is on the 

contrary. For the fractured rock masses, mi
0, GSI0, D0 and 

σc
0 are basically set to 15, 30, 0 and 1.5kPa respectively. 

The different values of mi
1, GSI1, D1 and σc

1 are considered 

to study their influences on the critical support pressures 

using the horizontally layered discretization procedure in 

which the layer height Δh is equal to 0.1 m. The unit weight  

 

Fig. 7 The equivalent shear strength parameters of Hoek-

Brown rock masses with mi
1=6, GSI1=5, D1=1, σc

1=0.6 

kPa 

 

Table 1 The critical support pressures (kPa) with different 

parameters 

No. mi
1 GSI1 D1 σc

1/kPa hw/m σT/kPa 

1 15 5 1 0.6 20 63.14 

2 12 5 1 0.6 20 64.10 

3 9 5 1 0.6 20 64.93 

4 6 5 1 0.6 20 66.57 

5 6 30 1 0.6 20 59.08 

6 6 20 1 0.6 20 60.85 

7 6 10 1 0.6 20 64.13 

8 6 5 1 0.6 20 66.57 

9 6 5 0 0.6 20 62.49 

10 6 5 0.4 0.6 20 62.53 

11 6 5 0.8 0.6 20 64.15 

12 6 5 1 0.6 20 66.57 

13 6 5 1 1.5 20 62.48 

14 6 5 1 1.2 20 63.64 

15 6 5 1 0.9 20 65.02 

16 6 5 1 0.6 20 66.57 

17 6 5 1 0.6 10 20.05 

18 6 5 1 0.6 15 43.64 

19 6 5 1 0.6 20 66.57 

20 6 5 1 0.6 25 95.36 

21 6 5 1 0.6 30 121.19 

 

 

of dry rock masses γ is set to 22 kN/m3 and the ratio of 

saturated rock masses γsat to γ is set to 1.1 considering the 

fact that part of the failure block may be above the water 

table elevation. Fig. 7 presents the equivalent shear strength 

parameters along the vertical direction considering the 

poorest Hoek-Brown rock masses with mi
1=6, GSI1=5, 

D1=1, σc
1=0.6 kPa. Table 1 lists the numerical results of 

critical support pressures with different parameters. It is 

shown that the effect of pore water pressure on the critical 

support pressure is remarkable. With the water table 

elevation ranging from 10 m to 30 m, the critical support 

pressure varies from 20.05 kPa to 121.19 kPa. Except the 

pore water pressure, the parameter of GSI1 have the most  
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significant influence on tunnel face stability, which results 

in a range of the critical support pressure from 59.08 kPa to 

66.57 kPa. 
The extracted pore water pressures are distributed in the 

whole space ahead of tunnel face, but only the ones applied 
on failure surface contribute to tunnel collapse. In order to 
give a more detailed investigation on seepage effects, the 
pore water pressures along the failure surface are recorded 
according to the position of the discretized points and 
plotted in Fig. 8 with respect to the cases from No. 17 to 
No. 21 in Table 1. The pore water pressures represented by 
red lines are for the upper boundary and the blue lines for 
the lower boundary of the failure surface. It can be found 
that the failure block of tunnel face leans backwards and get 
lower with the increase of the water table elevation. Totally 
speaking, the pore water pressure has effects on the shape 
of failure block and leads to a significant increase of the 
critical support pressure. In addition, the pore water  

 

 

pressure distributed along the failure surface shows a 
tendency of firstly increasing and then reducing. This 
tendency becomes less prominent with the increase of the 
water table elevation. 
 

4.3 Design charts 
 

According to the numerical results listed in Table 1, the 

depth-dependent parameters of mi, GSI, D and σc have 

influence on the critical support pressure, while the 

variation of water level elevation has the most significant 

influence. For practical use, several design charts of an 

undisturbed tunnel with C=30 m and d=10 m are provided 

in Fig. 9-12, which respectively corresponds to hw/d=1.5, 

2.0, 2.5 and 3.0, for quick evaluations of tunnel face 

stability. For the case of hw/d=1.0, the critical support 

pressure is quite small, so it is not presented in the design 

charts. The rock parameters at tunnel invert are set as  

  
(a) (b) 

  
(c) (d) 

 
(e) 

Fig. 8 The failure surface of tunnel face and the corresponding pore water pressures along the upper and lower boundaries 

for cases in Table 1 (a) No. 17, (b) No. 18, (c) No. 19, (d) No. 20 and (e) No.21 
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(a) (b) 

  
(c) (d) 

Fig. 9 The normalized critical support pressure versus normalized uniaxial compressive strength at surface with hw/d=1.5 

(a) GSI1=5, (b) GSI1=10, (c) GSI1=20 and (d) GSI1=30 

  
(a) (b) 

  
(c) (d) 

Fig. 10 The normalized critical support pressure versus normalized uniaxial compressive strength at surface with hw/d=2 (a) 

GSI1=5, (b) GSI1=10, (c) GSI1=20 and (d) GSI1=30 
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(a) (b) 

  
(c) (d) 

Fig. 11 The normalized critical support pressure versus normalized uniaxial compressive strength at surface with hw/d=2.5 

(a) GSI1=5, (b) GSI1=10, (c) GSI1=20 and (d) GSI1=30 

  
(a) (b) 

  
(c) (d) 

Fig. 12 The normalized critical support pressure versus normalized uniaxial compressive strength at surface with hw/d=3 (a) 

GSI1=5, (b) GSI1=10, (c) GSI1=20 and (d) GSI1=30 
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mi
0=15, GSI0=30, σc

0=1.5 MPa. D is set to 0 in all 

calculations. In the design charts, the normalized critical 

support pressure σT/γd is plotted as a function of the 

normalized uniaxial compressive strength of rock masses at 

surface σc
1/γd. In each set of figures, GSI1 changes from 5 to 

30 and mi
1 from 6 to 15. The unit weight of dry rock masses 

γ is set to 22 kN/m3 and the ratio of the unit weight of 

saturated rock masses γsat to γ is set to 1.1. 

As shown in Fig. 9-12, the increase of each parameter of 

mi
1, GSI1, σc

1/γd leads to the decrease of the normalized 

critical support pressure. The change curves is nearly linear 

except a few points that deviated from the straight line. This 

phenomenon is probably due to the variation of failure 

surface induced by the depth-dependent rock parameters 

and the pore water pressure on the failure surface is 

irregular from a local point of view. The critical support 

pressure can be directly computed according to the design 

charts. Thanks to the linear relationship, the critical support 

pressures for other values of mi
1, GSI1, σc

1/γd can be 

calculated by linear interpolation. 
 

 

5. Conclusions 
 

This paper aims to present a procedure to assess the face 

stability of rock tunnels under water table in the framework 

of limit analysis using nonlinear Hoek-Brown failure 

criterion. In order to investigate the influence of depth-

dependent rock parameters of mi, GSI, D and σc on face 

stability, the horizontally layered discretization technique is 

proposed to generate the failure surface of tunnel face with 

respect to the three principles mentioned above. To give a 

better estimation of seepage effect on tunnel face stability, 

the pore water pressure is numerically computed with resort 

to the 3D steady-state flow analyses. The data involving the 

pore water pressure in front of tunnel face are discretely 

extracted and selected according to the discretized points on 

failure surface. The upper bound solution of critical support 

pressure against face failure is calculated by equating the 

external work rate to the internal energy dissipation. Finally, 

several design charts are provided for quick calculations of 

critical support pressures considering an undisturbed tunnel 

based on the proposed approach. 

According to the numerical results, the face stability is 

greatly affected by the variation of water table elevation. 

The increase of pore water pressure leads to a wider but 

lower failure block of tunnel face. Researches on the pore 

water pressure distributed along the failure surface show 

that the pressures firstly increase and then decrease along 

the positive y-axis and this phenomenon becomes less 

prominent as the increase of water table elevation. With the 

determined rock parameters at tunnel invert, an increase in 

mi
1, GSI1 and σc

1 leads to the decrease of critical support 

pressure respectively. 

The proposed approach is proved to be efficient and 

accurate in handing stability problems involving depth-

dependent rock parameters. The combination of the 

horizontally layered discretization technique and the 

discretized pore water pressure data obtained by means of 

3D steady-state flow analyses is more convincing in the 

assessment of tunnel face stability with seepage effects. 
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