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Abstract: This study investigated the influence of fault dip angle on tunnel excavation-face stability. 8 

Starting from the conventional wedge instability model for homogeneous strata, an associated flow rule 9 

was introduced to improve the wedge model, and a modified wedge calculation model that accounts for 10 

the fault dip angle is proposed. Then, by establishing the compatibility relationship between the rupture 11 

angles of the upper and lower strata, an analytical formula for the ultimate support pressure of the 12 

excavation face under inclined fault conditions is derived using the limit equilibrium method, along with 13 

the corresponding calculation procedure. Three-dimensional numerical simulations are performed to 14 

evaluate the theoretical model, and the results reveal that the trends in the theoretical predictions and 15 

numerical simulations are consistent, with relative errors ranging from 3.2% to 15% across all working 16 

conditions, indicating good agreement between the theoretical and numerical results. The calculation 17 

results reveal that stratum strength parameters and fault dip angle are the key factors controlling ultimate 18 

support pressure. The proposed calculation method for the ultimate support force of the excavation face 19 

considering fault dip angle can quantitatively estimate ultimate support pressure in faulted strata, 20 

providing a theoretical basis for assessing support parameters and evaluating excavation-face stability 21 

during slurry-shield tunneling through fault fracture zones. 22 

Keywords: Shield tunnel; fault dip angle; face stability; ultimate support pressure; calculation method 23 

1 Introduction 24 

Maintaining the excavation-face stability is crucial for safe shield tunneling. A slurry shield stabilizes 25 

the tunnel face by applying slurry support pressure to balance the earth and water pressures acting ahead 26 

of the face 1,2. For construction safety, the face support pressure acting on the excavation face should be 27 

appropriately controlled; otherwise, excessively low support pressure may induce collapse of the 28 

excavation face, whereas an excessively high support pressure may cause surface heave or blow-out 1,2. 29 

Therefore, determining the ultimate support pressure at the excavation face is essential for ensuring 30 
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construction safety 3,4. 31 

Theoretical approaches for analyzing active failure of the ground ahead of the excavation face mainly 32 

include the limit analysis and limit equilibrium methods 5,6. Owing to its simple theoretical basis and 33 

calculation procedure, the limit equilibrium method has been widely adopted 7-9. For homogeneous strata, 34 

the classical wedge model determines the ultimate support pressure by establishing force equilibrium 35 

between the wedge in front of the excavation face and the overlying prism 8,9. Recent studies have further 36 

refined this model by incorporating layered strata, pore water pressure, soil arching, seepage, and other 37 

factors 7-12. However, the core assumption of these models is that the rupture angle of the failure surface 38 

is 45° + φ/2; this assumption has been widely used for sands and normally consolidated clays 9,10, whereas 39 

fault fracture zones are characterized by pronounced heterogeneity and complex fractured structures, 40 

determining that the rupture angle becomes considerably more complicated 13-15. 41 

The presence of a fault fracture zone poses two major difficulties for the stability analysis of the 42 

excavation face. First, the mechanical parameters (cohesion and internal friction angle) of the rock mass 43 

within the fracture zone are significantly lower than those of the intact rock mass and vary strongly in 44 

space 13. Second, a fault usually intersects the tunnel axis at a certain dip angle,  resulting in 45 

heterogeneous and direction-dependent ground conditions ahead of the excavation face16-18. To address 46 

this issue, some researchers have idealized the fault as a homogeneous stratum with weakened strength 47 

parameters, while others have introduced a non-homogeneity coefficient to describe the linear variation 48 

of the parameters within the fracture zone 13,16. Han et al. 13 considered the influence of the interface 49 

between the intact rock mass and the fault fracture zone under high hydraulic pressure, improved the 50 

wedge–prism model, and found that the ultimate support pressure increased significantly when the 51 

excavation face approaches the interface. Tu et al. 16 analyzed the face stability of shield tunnels in 52 

inclined layered soils using the limit analysis method and revealed the effect of interface inclination on 53 

limit support pressure. Li et al. 17 further studied the face stability of shield tunnels excavated along 54 

inclined strata and clarified how stratum inclination affects the failure mechanism and the critical support 55 

pressure. Man et al. 19 analyzed the face stability of circular tunnels in layered rock masses using the 56 

upper bound theorem and established a face stability database covering layered rock conditions; they 57 

further developed an analytical model for the face stability of longitudinally inclined layered rock masses 58 

with a weak interlayer 20, which provides a useful basis for analyzing tunneling through fault-affected 59 
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ground. Ding et al. 21 analyzed the face stability of large shield-driven tunnels in rock-soil interface 60 

composite formations and highlighted the dominant role of the interface location in the failure mode. 61 

Wang et al. 22 investigated the stability of the surrounding rock and the structural response of shield-62 

driven twin tunnels crossing a fault fracture zone through three-dimensional numerical simulation. Huang 63 

et al. 23 studied the progressive failure mechanism of shield tunnel faces crossing fault fracture zones 64 

under high hydraulic pressure, revealing the evolution of the seepage field and the limiting support force 65 

as the tunnel face approaches the fracture zone. Di et al. 24 experimentally investigated face stability of 66 

shield tunnels in sandy cobble strata with different densities and examined the influence of the stratum 67 

density on the failure mode and the support pressure. Chen et al. 25 assessed the face stability of a 68 

longitudinally inclined tunnel considering pore water pressure by combining FLAC3D simulation and an 69 

improved rotational failure mechanism. Li et al. 26 developed an intelligent prediction model for the limit 70 

support pressure of river-crossing shield tunnels based on extensive numerical simulations. Li et al. 27 71 

investigated the face stability of shallow shield tunnels in inclined sand–clay strata by combining 72 

centrifuge tests and discrete element modeling, and systematically examined the effects of the dip angle 73 

and interface elevation on the critical support pressure. These studies have contributed substantially to 74 

the understanding of face stability theory for faulted strata. Nevertheless, most of these studies adopted a 75 

traditional approach to determining the rupture angle within the wedge model, and the influence of the 76 

distinctive mechanical characteristics of fault fracture zones on the rupture angle has not yet been 77 

explored. 78 

In summary, most existing theoretical models of excavation face instability have been developed for 79 

homogeneous strata, and the influence of stratum-dependent rupture angles on the ultimate support 80 

pressure has largely been neglected for layered and faulted strata. Therefore, a wedge-type theoretical 81 

model for the active failure of the excavation face in faulted strata is needed. 82 

Accordingly, this study focused on determining the ultimate support pressure of the excavation face 83 

when a slurry shield traverses a fault fracture zone. Based on theoretical analysis of the traditional wedge 84 

model for homogeneous strata, an associated flow rule was introduced to improve the estimation of the 85 

rupture angle in the wedge failure model during shield tunneling across the fault. The validity of the 86 

improved model was evaluated through numerical simulations. Finally, the influence of stratum strength 87 

parameters and fault dip angle on the ultimate support pressure and the excavation-face failure 88 
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mechanism was analyzed. 89 

2 Instability Mode of Tunnel Excavation Face 90 

To clarify the instability characteristics of the excavation face of shield tunnels in inclined fault strata, 91 

three-dimensional numerical simulations were performed using FLAC3D. A refined three-dimensional 92 

numerical model was established with fixed displacement boundaries for the tunnel lining to simulate 93 

practical lining restraint effects. The model boundary conditions were defined as follows: the top surface 94 

was set as a free boundary, allowing vertical displacement, while the lateral and bottom boundaries were 95 

fixed to constrain horizontal and vertical displacements, respectively, ensuring accurate simulation of 96 

stratum stress and deformation. The numerical model is presented in Fig. 1. 97 

 98 

Fig.1 Schematic diagram of numerical simulation. 99 

To investigate the influence of faults on the instability modes of the excavation face in shield 100 

tunneling, the mechanical parameters of the faulted stratum were selected to represent a relatively weak 101 

condition prone to failure. Accordingly, the cohesion and internal friction angle of the upper rock layer 102 

or fault zone were set to c=0 and φ = 15°, respectively.. While the mechanical parameters of the lower 103 

rock layer were varied in numerical simulations. Figs. 2 and 3 present the resulting displacement contours 104 

of the shield tunnel excavation face. Fig. 2 displays the case in which only the cohesion of the lower layer 105 

rock was varied, while Fig. 3 depicts the case in which only the internal friction angle of the intact rock 106 

was varied. 107 

    
（a）c2=0，φ2=35° （b）c2=5，φ2=35° （c）c2=10，φ2=35° （d）c2=20，φ2=35° 
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Fig.2 Displacement contours at the limiting state in inclined fault strata with varying cohesion of the lower stratum. 108 

    
（a）c2=0，φ2=35 （b）c2=5，φ2=35 （c）c2=10，φ2=35 （d）c2=20，φ2=35 

Fig.3 Displacement contours at the limiting state in inclined fault strata with varying internal friction angle of the 109 

lower stratum. 110 

Figs. 2 and 3 reveal that as the mechanical parameters of the lower strata vary, the cohesion of the 111 

lower strata increases and the unstable contour in front of the excavation face gradually decreases. The 112 

unstable contour of the excavation face in the inclined fault does not extend at the interface between the 113 

inclined fault zone and the upper rock layer, but instead extends upward from the fault interface to the 114 

region above the excavation face (Fig. 4). 115 

  

(a) Fault-bearing stratum (b) Homogeneous stratum 

Fig.4 Instability modes of shield tunnel excavation face. 116 

Therefore, comparison of the unstable regions and their contours displays that the instability contour 117 

of the excavation face in the inclined fault (Fig. 4(a)) was significantly different from the failure pattern 118 

predicted by the traditional wedge model (Fig. 4(b)) and and therefore could not be directly represented 119 

by the conventional wedge failure mechanism.. Consequently, this study proposes an improved wedge 120 

model based on the conventional wedge model and derives a formula to calculate the ultimate support 121 

pressure of the excavation face in inclined fault strata. 122 

3. Calculation Method for Ultimate Support Pressure of Tunnel Excavation Face 123 

The ultimate support pressure at the tunnel excavation face is essentially determined by the critical 124 

stress equilibrium state of the sliding wedge, which is closely related to the rupture angle of the 125 

surrounding stratum. The conventional wedge model assumes a fixed empirical rupture angle, which may 126 

not adequately represent layered fault strata with pronounced mechanical heterogeneity. For tunnel 127 
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sections crossing an inclined fault, the stratum interface divides the excavation-face instability wedge 128 

into an upper fault fracture zone and a lower intact-rock zone, each characterized by a different rupture 129 

angle. Establishing a rational compatibility relationship between the two rupture angles is central to 130 

improving the model. In this study, an associated plastic flow rule was introduced to improve the 131 

conventional wedge model, thereby enabling the rupture angle to be determined adaptively in inclined 132 

fault strata. 133 

In plastic mechanics, to describe the magnitude and direction of plastic strain increment during 134 

plastic deformation, the plastic strain increment dεp is defined as follows: 135 

gpd d   
=                                        (1) 136 

where λ is a non-negative plastic multiplier, and ∂g/∂σ denotes the gradient of the plastic potential 137 

with respect to stress.. dλ represents the magnitude of dεp. ∂g/∂σ defines the direction of the plastic strain 138 

increment, normal to the plastic potential surface in stress space.and represents the direction of dεp. 139 

If the plastic potential surface g coincides with the yield function f, the flow rule is termed an 140 

associated plastic flow rule as follows: 141 

fpd d   
=                                 (2) 142 

To simplify the derivation and better represent the observed failure characteristics of the excavation 143 

face in faulted strata, the following assumptions are adopted for the modified wedge model: 144 

(1) The ultimate support pressure acting on the upper fault stratum and lower intact-rock stratum of 145 

the excavation face is equal (P1 = P2). 146 

(2) The surrounding geomaterial obeys the Mohr–Coulomb yield criterion. 147 

(3) The rock and soil mass obeys the associated plastic flow rule. When the support pressure at the 148 

excavation face decreases to the critical ultimate value Pf, the entire wedge-shaped failure body slides 149 

downward along the rupture surface with a uniform velocity. The rupture angles of the upper fault stratum 150 

and lower intact stratum measured relative to the horizontal plane are defined as φ1 and φ2, respectively 151 

(Fig. 5). Combined with the Mohr–Coulomb yield criterion and multi-layer stratum deformation 152 

coordination principle, a quantitative coordination relationship between the two rupture angles was 153 

derived (Eq. 3). 154 

1 2 1 2   = + −                               (3) 155 
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 156 
Fig.5 Schematic diagram of sliding direction of the upper and lower wedges. 157 

The excavation face stratum was divided into two parts by the inclined fault interface. The upper 158 

fault fracture zone is characterized by unit weight γ1, cohesion c1, and internal friction angle φ1, while the 159 

lower intact rock stratum is characterized by unit weight γ2, cohesion c2, and internal friction angle φ2. 160 

The force analysis of the overall wedge-shaped failure body is presented in Fig. 6. 161 

 162 
Fig.6 Stress analysis diagram of excavation face. 163 

To determine the geometry and stress state of the layered wedge body, the coordinates of the 164 

intersection between the key structural lines in the model were determined geometrically. The coordinates 165 

of key point d at the lower stratum rupture surface are defined as (dx, dy), and the coordinates of key point 166 

s at the upper stratum rupture surface are defined as (sx, sy). The coordinate parameters were determined 167 

from the linear intersection relationships of the wedge model (Fig. 7). 168 

 169 
Fig.7 Force analysis diagram of excavation face wedge body. 170 
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Point d is the intersection of lines ad and sd, and its coordinates are determined by solving the 171 

following linear equations: 172 

( )2 2tan tanx xd d l = − −  173 

2

2

tan

tan tan


 

=
+x

l
d  174 

2 2

2

tan tan

tan tan

 
 

=
+y

l
d  175 

where 176 

1 2

1

2

tan tan

tan tan

 
 

= −
+

l
D D  177 

Point s is the intersection of lines oa and sd, and its coordinates are determined by solving the 178 

corresponding linear equations: 179 

2 tanys l =  180 

where α denotes the dip angle of the fault interface, l2 is the vertical distance between the bottom of the 181 

tunnel excavation face and the fault interface, and D is the tunnel diameter. 182 

3.1 Gravity of Wedge Body 183 

(1) Gravity of upper wedge of block ① 184 

2 2

2 2 2
21

2

tan tan

2 tan tan

Bl
G

  
 

=
+

                          (4) 185 

where γ₂ is the unit weight of the lower intact rock stratum, and B is the width of the prism body. 186 

(2) Gravity of upper wedge of block ② 187 

( )

2 3

2 2
22 2

2

tan

2 tan tan

Bl
G

 
 

=
+

                            (5) 188 

2 21 22G G G= +                                 (6) 189 

(3) Gravity of upper wedge of block ③ 190 

2 3

1 2 1
13

2 2 1 1

tantan tan 1

2 tan tan tan tan tan tan tan

Bl
G

  
      

  
= +  + + +  

         (7) 191 

(4) Gravity of upper wedge of block ④ 192 

( )

( )

1 2 1
14 2

2 1 1

2 2 2 1
2

2 1 1

tan tantan 1
tan

2 tan tan tan tan tan

tan tan tan tan1
tan

tan tan tan tan tan

Bl
G D l

l l
D D l

   
    

    
    

  
= + −  + +  

  
+ − + −  + +  

        (8) 193 
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1 13 14G G G= +                                 (9) 194 

3.2 Shear Force on Vertical Sliding Surface 195 

(1) Shear force T21 acting on block ① 196 

( )
2 2

2

2

tan tan

tan tan
21 2 2 2 2

0
2

tan
tan

l

z

z
T c K z dz

 
   


+  = +                 (10) 197 

where 198 

( )1 1 0 1 1z vz z  = +                              (11) 199 

1 10 z D   200 

( )2 2 0 1 1 2 2z vz D z   = + +                           (12) 201 

2 20 z D 
 

202 

2

0

1 2tan(( ) / 2)

v
v

B
P


 

=
+

 

203 

( )
( )

( ) ( )0 02 tan 2 tan

0 0

0

2
1

2 tan

K B L K B L
z z

BL BL
v

BL c B L
e q e

K B L

 




+ +
− − − +

= − +  +    

204 

Following the active earth pressure theory, the lateral earth pressure coefficient is taken as K0 = 205 

1−sinφ. K1 and K2 denote the lateral earth pressure coefficients of the upper fault stratum and lower intact 206 

stratum, respectively, and L is the axial length of the prism in the wedge model. The corresponding 207 

expression for L is derived as follows: 208 

1 2tan(( ) / 2)

D
L

 
=

+
 209 

By substituting the rupture-angle parameters in Eq. (12) into the geometric expression for L, the 210 

resulting expression for the prism length is obtained as follows: 211 

( )2 3

2 2 0 1 1 22 2 2 2 2 2 2
21

2 2 2 2

tantan tan tan tan tan1 1

2 tan tan tan 3 tan tan tan

vc K Dl l K
T

       
     

+ +   
== +   + +   

   (13) 212 

where K2 = 1−sinφ2 is the lateral earth pressure coefficient of the lower intact rock stratum. 213 

(2) Shear force T22 acting on block ② 214 

( )2

2 2 2

2

tan

tan tan22 2 2 2 2 2

tan tan

tan
tan

l

l z

z
T c K z l dz



 
 

 
+

  = + −                (14) 215 

Substituting Eq. (12) into the above equation gives: 216 
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( ) ( )

( ) ( )

2 2
2 2 2 0 1 12

22 2 2 2 0 1 1 2 2 2 2

2

2 3

2 32 2 2 2 2 2 2
2 2

2 2

tantan 1
tan tan

tan tan 2 tan

tan tan tan tan tan1
tan tan

tan tan 3 tan tan tan

v

v

c K Dl
T c K D l K

l K l
l l

      
  

      
    

+ + 
= + + + −     +  

      
   − − −      + +      

 (15) 217 

(3) Shear force T13 acting on Block ③ 218 

( ) ( )
2

2 2

2

tan
2 2 2 1

tan tan13 1 1 1 1 1 2

tan tan 1 1 2 1

tan tan tan tan
tan

tan tan tan tan tan tan tan

l

l z

l lz z
T c K z l dz


 

 

    
      +

 
= + − + − +      + + 
  219 

(16) 220 

Substituting Eq. (11) into the above equation gives: 221 

( ) ( )

( )

2 1 2 2 2 2
13 1 1 0 1 2 2

1 1 2 2

2 1 2 2
2 1 1 1

2 12 2
2

2

tan tan tan tan tan tan
tan tan

tan tan tan tan tan tan tan

tan tan tan tan
tan

tan tan ttan tan1
tan

2 tan tan

v

l l l
T c K l l

l l
K

l
l

       
      

    
  

 

  
= + − − − +   + + +  

−
  + 
 −   +  

( )

( )

( )

2

1 2

1 1 0 1

1

3

3 2 2
1 1 1 2

1 2

an tan tan

1 1
tan

tan tan

tan tan1 1 1
tan tan

3 tan tan tan tan

v

l

c K

l
K l

  

 
 

   
   

  
−   +  

 
  + + +    

    
 + + −    +    

   (17) 222 

where K1 = 1−sinφ1 is the lateral earth pressure coefficient of the upper fault fracture zone. 223 

(4) Shear force T14 acting on block ④ 224 

( ) ( )2

2 2 2 1
14 1 1 1 1 1

tan
1 1 2 1

tan tan tan tan
tan

tan tan tan tan tan tan

D

z
l

l lz
T c K z dz



    
     

 
= + − +      + + 
   (18) 225 

Substituting Eq. (11) into the above equation gives: 226 

( ) ( ) ( )

( ) ( )

2 1 2 2
14 1 1 0 1 2

1 1 2

2 2 2 3 3 31 1 1 1
1 1 1 2 2

1 1

tan tan tan tan
tan tan

tan tan tan tan tan

tan1 1
tan tan tan

2 tan 3 tan

v

l l
T c K D l

c K
K D l D l

     
    

    
 

 
= + − −  + + 
 

+ + − + − 
 

       (19) 227 

3.3 Shear Force on Inclined Sliding Surface 228 

The shear forces F1 and F2 acting along the inclined sliding surface are given by: 229 

1 1
1 1 1

1

2 2
2 2 2

2

tan
sin

tan
sin

c BD
F N

c BD
F N







 = +

 = +


                         (20) 230 
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3.4 Excavation Face Support Pressure 231 

Based on static equilibrium, separate force decomposition and balance analysis were performed on 232 

the upper fault wedge body and lower intact rock wedge body in the direction tangential and normal to 233 

the rupture surface: 234 

Force equilibrium equation for the lower intact-rock wedge at the critical sliding state: 235 

1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1

cos cos cos sin

sin sin sin 2 cos

v

v

N G P Q P

F G P Q T P

   
   

= + − +
 = + − − −

              (21) 236 

Force equilibrium equation for the upper fault-wedge at the critical sliding state: 237 

2 2 2 2 2 2 2

2 2 2 2 2 2 2 2

sin cos cos

sin sin sin 2

N P G Q

F Q G P T

  
  

= + +
 = + − −

                  (22) 238 

A unified analytical expression for the ultimate support pressure of the excavation face in inclined 239 

fault strata was derived by combining the two equilibrium balance equations and eliminating intermediate 240 

variables. 241 

( ) ( )
( )( )

( ) ( ) ( )

2 2 2
2

2 2 2

1 1 1 1 1 1 1 1 2 2 2

1 1 1 1 2 2 2

1 1 1 1 1 1 1 2 2 2

1 1

sin cos tan

sin tan cos

2 sin sin sin cos tan sin cos tan

sin cos tan sin sin tan cos

sin cos tan sin cos tan sin cos tan

cos tan

v

v

P G

T c BD P

G P

  
  

       
      

        
 

−
=

+

+ − − −  +
− +

− + − −  +
( )( )

( )
( )

1 2 2 2

2 2 2 2

2 1 1 1

sin sin tan cos

2 sin

sin cos tan sin

T c BD

   


   

− +

−
−

−

     (23) 242 

where 243 

1 13 14T T T= +
 

244 

2 21 22T T T= +  245 

1 13 14G G G= +
 

246 

2 21 22G G G= +  247 

This resulting expression exhibits that when the strength parameters of faults and intact rock are 248 

specified, the ultimate support pressure P depends only on the assumed instability fracture angle β2, which 249 

can be obtained by deriving the support pressure. 250 
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4. Parameter Analysis of Ultimate Support Pressure at the Tunnel Excavation Face 251 

In the proposed theoretical model, the rupture angle β2 of the intact rock is an unknown critical 252 

parameter, and the ultimate support pressure is a continuous single-variable function of β2, with β2 varying 253 

from 0° to 90°. In this study, an iterative traversal calculation was performed to obtain the relationship 254 

curve between β2 and excavation face support pressure. The critical support pressure corresponding to 255 

excavation-face instability was determined at the extremum of the support-pressure curve, where its 256 

derivative with respect to β2 is zero. The relationship between rupture angle β2 of the intact rock and 257 

ultimate support pressure is presented in Fig. 8. 258 

   

(a) Constant internal friction angle of the intact rock 
with variable cohesion 

(b) Constant cohesion of the intact rock with variable 
internal friction angle 

Fig.8  Relationship between rupture angle β2 of intact rock and ultimate support pressure. 259 

The parameter analysis results depict that the ultimate support pressure at the excavation face 260 

decreased as the stratum strength parameters increased. For a fixed internal friction angle of the intact 261 

rock, the ultimate support pressure decreased continuously, and the critical rupture angle gradually 262 

increased as cohesion increased. Similarly, for fixed cohesion, support pressure decreased, while the 263 

rupture angle increased as the internal friction angle increased, indicating that higher stratum shear 264 

strength enhances excavation-face stability and reduces the required support pressure. 265 

To further evaluate the accuracy and applicability of the modified theoretical model, the theoretical 266 

predictions were compared with FLAC3D simulation results under multiple parameter conditions. The 267 

comparison curves of the theoretical and numerical predictions are presented in Fig. 9. 268 



13 

   

(a) Constant internal friction angle of intact rock with 
variable cohesion 

(b) Constant cohesion of intact rock with variable 
internal friction angle 

Fig.9 Comparison between numerical and theoretical predictions of ultimate support pressure. 269 

The results indicate that under inclined fault conditions, the ultimate support pressure at the tunnel 270 

excavation face decreased from 42 to 31 kPa as soil cohesion increased from 0 to 20 kPa and the internal 271 

friction angle increased from 15° to 30°. Higher shear strength of the surrounding rock mass enhances its 272 

self-stabilization capacity, thereby reducing the minimum support pressure required to maintain 273 

excavation face stability. The theoretical predictions are consistent with the numerical simulation results 274 

in terms of variation trends. Under the initial parameter condition (c = 0 kPa, φ = 15°), the theoretical 275 

prediction was 43 kPa, and the numerical simulation was 38 kPa, with an absolute error of 5 kPa and a 276 

maximum relative error of 13.2% across all working conditions. When the cohesion increased to 10 kPa 277 

and the internal friction angle reached 25°, both the theoretical and numerical predictions were 278 

approximately 35 kPa with a relative error of approximately 0%. When the cohesion increased to 20 kPa 279 

and the internal friction angle reached 30°, the theoretical solution was 32 kPa and the numerical solution 280 

was 31 kPa, with a minimum relative error of 3.2%. 281 

The overall relative error of the proposed model ranged from 3.2% to 15%, and the error gradually 282 

decreased as the stratum shear strength parameters increased, indicating good agreement between the 283 

theoretical and numerical results. The slightly conservative theoretical predictions may provide sufficient 284 

safety redundancy for practical tunnel support design. The comparison results indicate that the proposed 285 

theoretical model can accurately reflect the mechanical evolution mechanism of excavation face 286 

instability in inclined fault strata under the assumptions adopted in this study. The model exhibits 287 

potential for engineering application and may be used for stability evaluation and support parameter 288 

optimization for shield tunneling through fault fracture zones. 289 
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5. Conclusions 290 

In this study, the influence of the fault dip angle on the excavation-face stability was considered. 291 

Starting from the conventional wedge instability model for homogeneous strata, an associated flow rule 292 

was introduced to improve the wedge model. The performance of the improved model was evaluated 293 

against three-dimensional numerical simulations for inclined fault strata. The conclusions are as follows: 294 

(1) The instability characteristics of the excavation face in inclined fault strata are different from 295 

those in a homogeneous stratum; specifically, the fault interface restricts the outward extension of the 296 

unstable region, and the unstable region extends upward from the fault interface toward the region above 297 

the excavation face. Therefore, an improved wedge calculation model that considers the influence of the 298 

fault dip angle was proposed. 299 

(2) The associated flow rule was introduced to establish the coordination relationship between the 300 

rupture angles of the upper and lower strata. Based on the limit equilibrium approach, the analytical 301 

expression for the limit support pressure at the excavation face in an inclined fault strata was derived, and 302 

the corresponding calculation process was established. 303 

(3) Through the comparison with three-dimensional numerical simulations, the numerical simulation 304 

results were consistent with the variation trends predicted by the theoretical model, and the relative error 305 

across all parameter conditions ranged from 3.2% to 15%, indicating good agreement between the 306 

theoretical and numerical results, which can satisfy the requirements of tunnel engineering design. 307 

(4) The stratum strength parameter and fault dip angle are the key factors controlling the limit 308 

support pressure at the excavation face in the fault section. The proposed analytical method in this study 309 

can quantitatively estimate the limit support pressure of the excavation face in fault strata, which may be 310 

useful for preliminary assessment of construction support parameters and evaluating excavation-face 311 

stability during slurry-shield tunneling through the fault fracture zones. 312 
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