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The application of the strength reduction shortest path method to 1 

the stability analysis of shallow buried tunnel 2 

Wei Wang1, Jiaqi Zhang1, Ao Liu1 3 

 (1School of Civil Engineering, Central South University, Hunan 410075, China) 4 

Abstract：In order to improve the theoretical analysis of surrounding rock stability 5 

of shallow buried tunnel. The strength reduction shortest path theory is applied to the 6 

stability analysis of shallow buried tunnel surrounding rock, combined with the ultimate 7 

equilibrium strength reduction theory. We discussed the influence of the depth and span 8 

ratio of tunnel, cohesion, and internal friction angle on the shortest path of the strength 9 

reduction, and studied the effects of various factors on shallow buried tunnel safety 10 

relationship by using strength reduction factor of safety and the shortest path of the shallow 11 

buried tunnel surrounding rock and the grey relational analysis theory. The results show 12 

that: In the analysis of shallow buried tunnel in strength reduction, the approximate 13 

distribution obeys parabolic between reduction path length and the reduction ratio. When 14 

the strength reduction of cohesion is the shortest path the reduction rate is greater than the 15 

internal friction angle. The internal friction angle and cohesive force have a great influence 16 

on the stability of shallow tunnel under the method of shortest path of strength reduction. 17 

Finally, the comprehensive safety factor of shallow buried tunnel calculated by the finite 18 

element strength reduction shortest path method is greater than that calculated by the limit 19 

equilibrium method. 20 

Key words：shortest path of strength reduction; limit equilibrium method; shallow tunnel; 21 

safety factor 22 
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0 Introduction 24 

The stability analysis of a shallow buried tunnel is an important theoretical basis to guide 25 

practical engineering. According to relevant statistics, some analysis methods proposed at present 26 

mainly include the limit equilibrium method, slip line method, limit analysis method, and finite 27 

element method. The limit analysis and finite element analysis are the research hotspots at present 28 

[1-3]. 29 

These two methods are mainly based on the strength reduction theory [4-6], and the ultimate 30 

equilibrium state of the tunnel is achieved by reducing the shear strength parameters of rock-soil 31 

mass [7]. The traditional strength reduction method generally uses the same reduction coefficient for 32 

c and tanφ of the shear parameters of rock and soil mass [8-9]. However, Fen Tang and Yingren Zheng 33 

et al [10-11] believe that when the rock mass is damaged by sliding, the cohesion and internal friction 34 

angle of the soil mass play different roles, order, and degree. 35 

On the other hand, the attenuation degree and speed of cohesive force c and internal friction 36 

angle φ are also different, and different reduction coefficients can accurately reflect the respective 37 

safety reserves of c and φ, and the concept of double reduction method is proposed accordingly. 38 

Yuan [12], Bai [13], Zhao [14], etc. also proposed their own strength double reduction methods in the 39 

slope stability analysis. Bai Bing et al [15] pointed out that there should be an infinite number of 40 

reduction paths for double strength reduction, but ISAKOV [16] believed that among all the reduction 41 

paths, there should be a path Lmin to make the slope from the initial state to the limit state fastest, 42 

that is, the shortest path of strength reduction. Yuan Wei et al [17] also believed that in the slope 43 

stability analysis, cohesion and internal friction angle should be reduced along the path with the 44 

shortest distance from the c-tanφ critical curve in the process of attenuation failure. 45 

At the same time, considering the complexity of soil parameters, the precision of the strength 46 

reduction method is affected by many factors. For this reason, Reginald et al [18] compared and 47 

analyzed the strength reduction method with the limit equilibrium method, and proved that Poisson's 48 

ratio and Young's modulus had little influence on slope stability. Jing Zhoubao [19] used the ABAQUS 49 

strength reduction method to study and showed that the cohesion and internal friction angle have 50 

significant effects on slope stability, the dilatancy angle has relatively little effect, and the elastic 51 

modulus and Poisson's ratio have almost no effect. Liu S Y et al [20] analyzed the influence of 52 

dilatancy angle and Poisson's ratio on the safety coefficient of the slope by strength reduction 53 
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method and found that the influence of dilatancy angle and Poisson's ratio on the safety coefficient 54 

of the slope was small. However, at present, the strength reduction shortest path method is mainly 55 

used in the slope [21-22], and there are little researches on the tunnel. 56 

Based on this, the strength reduction shortest path method is applied to the finite element 57 

strength reduction and ultimate equilibrium strength reduction analysis of shallow buried tunnels. 58 

The relationship between the length of the strength reduction path and the reduction ratio and the 59 

reasonable strength reduction ratio between the cohesion and the angle of internal friction under 60 

different parameters are discussed. The influence laws of buried depth and hole span ratio H/D, 61 

cohesion force c, and internal friction angle φ on the shortest path of strength reduction were studied. 62 

Finally, the relationship between the reduction path, the safety coefficient of surrounding rock, and 63 

the grey correlation analysis theory are used to study the influence of various factors on the safety 64 

of the shallow buried tunnel. The research results enrich the analysis theory of surrounding rock 65 

stability of shallow-buried tunnel and provide some guidance for the construction of the shallow-66 

buried tunnel. 67 

1 Strength reduction shortest path theory 68 

The strength reduction shortest path theory [23-24] assumes that the cohesion and internal friction 69 

angle of rock and soil mass is reduced by different proportions. The reduction coefficient of cohesion 70 

is 𝐹𝑐, and the reduction coefficient of internal friction angle is 𝐹𝜑 , the formula is as follows: 71 

     𝐹𝑐 = 𝑐0𝑐𝑆𝑅𝑇                                         (1) 72 

 𝐹𝜑 = 𝑡𝑎𝑛𝜑0𝑡𝑎𝑛𝜑𝑆𝑅𝑇                                      (2) 73 

Where,𝑐0 and 𝜑0 are the initial cohesion and internal friction angle, 𝑐𝑆𝑅𝑇 and 𝜑𝑆𝑅𝑇 are the 74 

reduced cohesion and internal friction angle. 75 

As shown in Figure 1, assuming that the abscissa is 1/𝐹𝑐  and the ordinate is 1/𝐹𝜑, the initial 76 

state 𝑀0  of the tunnel and the line connecting the limit state line are reduced paths. There are 77 

countless strength reduction paths, and each reduction path is 𝐿1 ⋯ 𝐿𝑛. There is a reduction path 78 𝐿𝑘, the intersection point 𝑀𝑘 of which is the limit state line. Under this reduction path, the cohesion 79 

and the angle of internal friction adopt the same reduction coefficient. In this case, the reduction 80 

path is the traditional strength reduction path. Among all the reduced paths, there should be a path 81 
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𝐿𝑚𝑖𝑛 that causes the tunnel to reach the limit state at the earliest from the initial state. This path is 82 

the shortest reduced strength path. 83 

The limit states under different reduction paths can be combined to obtain the limit state line 84 

shown in Figure 1, which can be expressed as a function of 𝐹𝜑 = 𝑓(𝐹𝑐) . At the same time, 85 

considering the uncertainty of the reduction path, we cannot make a quantitative analysis of it. At 86 

this time, the reduction ratio 𝜆 = 𝐹𝑐𝐹𝜑 is introduced, so that different strength reduction paths have a 87 

specific reduction ratio λ corresponding to it. At this time, we can artificially assume different 88 

reduction ratios λ to make the rock and soil mass be reduced according to different reduction paths, 89 

to quantitatively analyze the stability of the surrounding rock of the shallow buried tunnel. 90 

 91 

Fig.1 Schematic diagram of the shortest path of strength reduction 92 

From Figure 1, it is easy to get the reduced path length from the initial state to the limit state 93 

of the tunnel under different reduced paths, the expression can be expressed as: 94 

𝐿 = √(1 − 1𝐹𝑐)2 + (1 − 1𝐹𝜑)2
                               (3) 95 

The area outside the limit state line near the origin is the instability zone, while the area inside 96 

the limit state line near the initial state of the tunnel is the safety zone. At this time, according to the 97 

path length distribution, a functional expression of the strength reduction path length and the tunnel 98 

comprehensive safety factor can be established, as in equation (4). When the strength reduction path 99 

takes the smallest value 𝐿𝑚𝑖𝑛,the minimum comprehensive safety factor can be obtained [8]. 100 𝐹𝑠 = 11− 𝐿√2                                      (4) 101 
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2 Finite element strength reduction shortest path analysis 102 

According to the existing mechanism of strength reduction, its principle is to gradually reduce 103 

the c and φ of rock and soil mass [25-26]. Regarding the non-proportional reduction of the cohesive 104 

force c and the internal friction angle φ of the rock and soil, we can specify the magnitude of the 105 

ABAQUS midfield variable, and then determine the limit state of the tunnel surrounding rock 106 

according to the instability criterion. Finally, the safety coefficient of the surrounding rock of the 107 

tunnel is obtained by using the relation between the length of the strength reduction path and the 108 

comprehensive safety coefficient of the tunnel. As for the instability criterion of rock and soil mass, 109 

the commonly used methods at present mainly include non-convergence criterion, plastic zone 110 

penetration criterion, and displacement mutation criterion [27-28]. In this paper, the sudden change in 111 

the settlement of the tunnel vault is selected as the criterion for the failure of the tunnel, and the 112 

safety factor at this time is selected for calculation and analysis. 113 

2.1 Finite element example analysis 114 

For a shallow tunnel, the ratio of the initial buried depth H to the span D is 1, and both are 12m, 115 

the tunnel height is 9.72m, the surrounding rock mass density is 18kN/m3, the elastic modulus is 116 

1.3Gpa, and the Poisson’s ratio is 0.35. In the initial state, the cohesive force 𝑐0 = 120𝑘𝑃𝑎, and 117 

the internal friction angle is 𝜑0 = 27°. As shown in Figure. 2, the overall model length × depth 118 

=120m×80m, and the tunnel height × width =9.72m×12m. The Mohr-Coulomb constitutive model 119 

is used in the calculation. The nodes at the bottom of the model limit the displacement in the X and 120 

Y directions, and the nodes on both sides limit the displacement in the X-direction. 121 

 122 

(a) Overall model size 123 
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 124 

(b) Tunnel size 125 

Fig.2 Finite element calculation model 126 

In order to make the distribution of strength reduction path more uniform as far as possible, 127 

this paper assumes that the value range of reduction ratio is 0.5~2.0, to realize the reduction of rock-128 

soil mass parameters according to different reduction paths. Combining the results of finite element 129 

limit calculation and instability criterion, the strength reduction path length (expressed as the square 130 

of the length) under different reduction ratios can be obtained as shown in Figure 3. With the increase 131 

of the reduction ratio, the length of the reduction path first decreases and then increases, and the 132 

minimum value occurs when 𝜆 = 1.5. At this time, the corresponding reduction path 𝐿𝑚𝑖𝑛is the 133 

shortest path mentioned above, and the comprehensive safety factor of the tunnel is 1.5. By fitting 134 

the relevant data, the distribution between the reduction ratio and the path length is approximated 135 

by a parabola. 136 

Figure 4 shows the distribution of the plastic zone obtained by reducing the strength of the rock 137 

mass extracted in the finite element calculation according to the reduction ratio 𝜆 = 1.5 . By 138 

connecting the points with the largest plastic deformation of the surrounding rock into a line, the 139 

potential failure surface of the surrounding rock can be approximated. 140 
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(a) Shortest path diagram of strength reduction             (b) Path length change diagram 142 

Fig.3 Path length under different reduction factor 143 
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Fig.4 Failure modes under different reduction factor 145 

2.2 Effects of different parameters on tunnel strength reduction shortest path 146 

Previous studies have shown that elastic modulus, dilation angle, and Poisson’s ratio have little 147 

influence on rock mass stability [29-31]. This paper mainly studies the influence law of buried depth 148 

and hole span ratio H/D, cohesion c, and internal friction angle φ on the shortest path of finite 149 

element strength reduction. 150 

Buried depth and hole span ratio (H/D) select five working conditions of 0.5, 0.75, 1.0, 1.25, 151 

and 1.5. Cohesion 𝑐0  selects five working conditions of 80, 100, 120, 140, and 160kPa. Five 152 

operating conditions of 17°, 19.5°, 22°, 24.5°, and 27° are selected for the initial internal friction 153 

angle 𝜑0 . The specific calculation conditions are shown in Table 1, and the values of other 154 

parameters of all operating conditions remain unchanged. 155 

Table 1. Calculation condition 156  H/D C0 (kPa) 𝜑0(°) 0.5、0.75、1.0、1.25、1.5 120 22 1.0 80、100、120、140、160 22 1.0 120 17、19.5、22、24.5、27 

Figures. 5-7 show the relationship curves of the path length with the reduction ratio under 157 

different H/D, cohesion 𝑐0, and internal friction angle 𝜑0. It can be seen from the figure that the 158 

square of the length 𝐿2 of the strength reduction path and the reduction ratio λ approximately obey 159 

the parabolic distribution law. 160 

It can be seen from Fig. 5 that as H/D increases, the reduced shortest path 𝐿𝑚𝑖𝑛2  gradually 161 

decreases, and the corresponding reduction ratio λ gradually decreases. 162 

 163 
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Table 2. Variation of reduction ratio under different H/D 164 H/D λ 0.5 1.7 0.75 1.6 1.0 1.5 1.25 1.4 1.5 1.3 

When H/D is larger, the reduction ratio λ is closer to 1, that’s to say, as the H/D increases, the 165 

shortest path of strength reduction is closer to the traditional strength reduction path. 166 

It can be seen from Figure 6 that as the initial cohesion 𝑐0 increases, the reduced shortest path 167 𝐿𝑚𝑖𝑛2  gradually increases, and the corresponding reduction ratio λ becomes larger. 168 

Table 3. Variation of reduction ratio under different cohesion 𝑐0 169 𝑐0/kPa λ 80 1.1 100 1.3 120 1.5 140 1.7 160 2.0 

It can be seen from Figure 7 that when the initial internal friction angle increases, the shortest 170 

path length 𝐿𝑚𝑖𝑛2  for strength reduction gradually increases, while the reduction ratio λ at this time 171 

remains unchanged. 172 

Table 4. Variation of reduction ratio under different internal friction angle 𝜑0 173 𝜑0 λ 17° 1.5 19.5° 1.5 22° 1.5 24.5° 1.5 27° 1.5 

This means that the change of the internal friction angle will not affect the reduced path of the 174 

shortest path of strength reduction. 175 
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Fig.5 Reduction factor and path length under different H/D 177 
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Fig.6 Reduction factor and path length under different c0 179 
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 180 

Fig.7 Reduction factor and path length under different φ0 181 

Through statistics of the reduction ratios under the shortest path of strength reduction, the 182 

reduction ratios under the shortest path of strength reduction are all greater than 1. This shows that 183 

when the rock and soil reach the limit state according to the shortest reduction path, the reduction 184 

of cohesion is greater than the reduction of the internal friction angle. 185 
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3 Analysis of ultimate equilibrium strength reduction shortest path method 186 

3.1 Limit equilibrium analysis model 187 

According to Terzaghi's theory and the potential fracture surface in Figure 4, the ultimate 188 

equilibrium failure mode of shallow buried tunnels is obtained. As shown in the figure, the potential 189 

fracture surfaces are ABC and A1B1C1, and the following assumptions are made: 190 

(1) The surrounding rock near the shallow buried tunnel slides along potential fracture planes 191 

AB and A1B1, and the sliding plane forms an angle α (α=45°-φ/2) to the vertical, and φ is the initial 192 

internal friction angle; 193 

(2) The fracture surface BC and B1C1 are vertical to the ground surface, BDB1 is parallel to the 194 

ground surface, and D is located at the vault. 195 

Considering the symmetry, only the limit equilibrium analysis of the sliding body ABD can be 196 

carried out, and its safety factor K can be expressed as: 197 𝐾 = 𝐹𝑅𝐹𝑇 = 𝑇+𝑇𝑥𝑠𝑖𝑛𝛼(𝑝𝑎1+𝑊)𝑐𝑜𝑠𝛼                                   (5) 198 

In the formula: FR and FT respectively represent the anti-skid force and the sliding force. 199 

According to the static balance conditions in the horizontal direction: 200 𝑁𝑐𝑜𝑠𝛼 = 𝑇𝑠𝑖𝑛𝛼 + 𝑇𝑥                                   (6) 201 

Apply the Moore Coulomb strength criterion to the potential failure surface AB: 202 𝑇 = 𝑐ℎ𝑐𝑜𝑠𝛼 + 𝑁𝑡𝑎𝑛𝜑                                    (7) 203 

 204 

（a）                  205 
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 206 

（b） 207 

Fig.8 Stress analysis diagram of limit equilibrium state 208 

Substituting equation (7) into equation (6) can get: 209 

 𝑁 = 𝑐ℎ𝑡𝑎𝑛𝛼+𝑇𝑥𝑐𝑜𝑠𝛼−𝑠𝑖𝑛𝛼𝑡𝑎𝑛𝜑                             (8) 210 

Considering that BD is not a sliding surface, therefore: 211 

       𝑇 ≈ 𝑐𝑎1                                     (9) 212 

Suppose 𝑝 = 𝛾𝐻, H is the buried depth of the tunnel, p is the surrounding rock pressure of a 213 

shallow tunnel, and α=45°-φ/2. 214 

From the above formula, the formula (4) is finally transformed into: 215 𝐾𝑐 = 15.93+17.47𝑡𝑎𝑛𝜑/(0.819−0.574𝑡𝑎𝑛𝜑)183.6𝐻+365.85                         (10) 216 

When K=1.0, the shallow tunnel is in a state of limit equilibrium. 217 

Suppose 𝜆 = 𝐹𝑐𝐹𝜑, 𝐹𝑐 = 𝑐0𝑐 , 𝐹𝜑 = 𝑡𝑎𝑛𝜑0𝑡𝑎𝑛𝜑  the formula (10) can be obtained:218 

λ= 17.47c0tanφ0/(0.819Fφ
2 -0.574Fφtanφ0)

183.6H+365.85
 +

15.93c0
Fφ

183.6H+365.85
               (11)219 

220 

3.2 The influence of different parameters on the shortest path of strength reduction of shallow 221 

buried tunnel 222 

The working conditions in Table 1 are still used for calculation, and the influence of the three 223 

major factors of buried depth and hole-span ratio, cohesion, and internal friction angle on the 224 

shortest path of ultimate equilibrium strength reduction is obtained. 225 

Through comparison, it can be found that the calculation results of the limit equilibrium method 226 

are basically consistent with the finite element numerical calculation results: 227 

(1) As H/D increases, the shortest path 𝐿𝑚𝑖𝑛 of strength reduction gradually decreases, and 228 

the corresponding reduction ratio λ gradually decreases. 229 
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(2) With the increase of initial cohesion force 𝑐0, the reduction shortest path 𝐿𝑚𝑖𝑛 gradually 230 

increases, and the corresponding reduction ratio λ also gradually increases. 231 

(3) With the increase of the initial internal friction angle, the reduced shortest path 𝐿𝑚𝑖𝑛  232 

gradually increases, and the corresponding reduction ratio λ remains unchanged. 233 
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Fig.9 Reduction factor and path length under different H/D 235 
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Fig.10 Reduction factor and path length under different c0 237 
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Fig.11 Reduction factor and path length under different φ0 239 

4 Comparison of safety factors and sensitivity analysis of influencing factors 240 

under different methods 241 

4.1 Comparative analysis of comprehensive safety factors under different methods 242 

It can be seen from Equation (4) that the length of the shortest path by strength reduction can 243 

indirectly represent the safety factor. To further reflect the difference and relation between the 244 

shortest path by strength reduction by finite element method and the shortest path by ultimate 245 

equilibrium strength reduction, the comprehensive safety factor of the two different methods under 246 

different parameters is obtained as shown in Figure 12~ 14. 247 

It can be seen from Figures 12-14 that the greater the internal friction angle and cohesion of 248 

the tunnel in the initial state, the greater the overall safety factor, and the two are approximately in 249 

a linear relationship. When the buried depth and span ratio are small, the safety factors obtained 250 

under the finite element method and the limit equilibrium method are relatively close. However, the 251 

finite element method of safety coefficient calculated under different parameters is larger than the 252 

limit equilibrium method, which indicates that shallow-buried tunnels are more likely to be damaged 253 

under the limit equilibrium method. This is because in the calculation of the limit equilibrium 254 

method, the value of the surrounding rock pressure P is larger, and the actual surrounding rock 255 

pressure P is smaller than γh, but in general, the two laws are consistent. 256 
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Fig.12 The relationship curves between the safety factor and H/D under different method 258 
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Fig.13 The relationship curves between the safety factor and c0 under different method 260 
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 261 

Fig.14 The relationship curves between the safety factor and φ0 under different method 262 

4.2 Sensitivity gray correlation analysis of influencing factors 263 

The sensitivity analysis of factors affecting the safety of shallow tunnels belongs to the 264 

category of gray correlation analysis [32]. The main principle of grey correlation analysis is to take 265 

the minimum comprehensive safety factor as the reference sequence, take each influencing factor 266 

as the sub-sequence, and quantify their sensitivity. The main influencing factors are determined from 267 

the buried depth and span ratio, cohesion, and internal friction angle. In actual engineering, these 268 

factors should be paid attention to. Combined with the calculation of the comprehensive safety 269 

factor of the finite element method in the previous section, the specific working conditions are 270 

shown in Table 5 to Table 7. 271 

Table 5. Safety factor under different H/D 272 

H/D  
0.5 0.75 1.0 1.25 1.5 Fs 1.632 1.574 1.500 1.434 1.344 
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Table 6. Safety factor under different c0 273 c 80 100 120 140 160 Fs 1.179 1.351 1.500 1.615 1.740 

Table 7. Safety factor under different φ0 274 φ 17 19.5 22 24.5 27 Fs 1.422 1.454 1.500 1.537 1.588 

According to different influencing factors and working conditions, the initial matrix of gray 275 

correlation calculation is obtained as follows: 276 

1
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3
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=
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1.7401.6151.5001.3511.179

1.3441.4341.5001.5741.632

Y

Y

Y

Y

3

2

1

 278 

1) Perform averaging on the above X and Y matrix sequence, let: 279 𝑋𝑖′ = 𝑋𝑖𝑥�̅� = (𝑥𝑖(1), 𝑥𝑖(2), … , 𝑥𝑖(𝑛))                        (12) 280 

Where: i=0,1,2,…,m             281 

2) Evaluation of sequence of difference 282 Δ𝑖(𝑘) = |𝑦𝑖(𝑘) − 𝑥𝑖(𝑘)|                             (13) 283 

In the difference sequence matrix ∆, the elements need to be compared to extract the maximum 284 

and minimum values: 285 Δ𝑚𝑎𝑥 = 𝑚𝑎𝑥(Δ𝑖𝑗)Δ𝑚𝑖𝑛 = 𝑚𝑖𝑛(Δ𝑖𝑗)                        (14) 286 

3) Find the gray correlation coefficient matrix 287 

Before the analysis, the distance between the comparison point and the reference point should 288 

be sorted out, and the overall analysis should be used to calculate the difference and correlation 289 

between the factors. Finally, the correlation coefficient between the comparison factor and the 290 

reference factor is obtained through formula (15), which reflects its correlation. 291 𝛾𝑖𝑗 = Δ𝑚𝑖𝑛+𝜉Δ𝑚𝑎𝑥Δ𝑖𝑗+𝜉Δ𝑚𝑎𝑥                                  (15) 292 

In the formula: ζ is the resolution coefficient, which is generally 0.5. 293 

4) Find the degree of grey correlation 294 

As in formula (16), the degree of relevance is obtained by calculating the average value of the 295 
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relevant coefficient, and the relevance comparison of the impact size is made accordingly. 296 𝐴𝑖 = 1𝑛 ∑ 𝛾𝑖𝑗𝑛𝑗=1                                  (16) 297 

Using the above formula to calculate, the gray correlation degrees of H/D, cohesion c, and 298 

internal friction angle φ of the shallow tunnel are 0.5347, 0.7805, and 0.7661, respectively. 299 

Therefore, in the process of calculating the stability of shallow tunnels by the strength reduction 300 

shortest path method, the internal friction angle φ and cohesive force c have a greater impact on the 301 

safety of shallow tunnels. 302 

5 Conclusion 303 

(1) In shallow tunnels, the reduced path length (expressed by the square of the length) obtained 304 

by the finite element strength reduction method and the ultimate equilibrium strength reduction 305 

method and the reduction ratio approximately obey the parabolic distribution law. 306 

(2) The strength reduction shortest path 𝐿𝑚𝑖𝑛  and the corresponding reduction ratio λ 307 

gradually decrease with the increase of H/D, and gradually increase with the increase of the initial 308 

cohesive force c0; with the increase of the initial internal friction angle, the reduction is the shortest 309 

The path 𝐿𝑚𝑖𝑛gradually increases, and the corresponding reduction ratio λ remains unchanged. 310 

(3) The comprehensive safety factor of shallow tunnel calculated by the finite element strength 311 

reduction shortest path method is greater than the comprehensive safety factor calculated by the 312 

ultimate equilibrium strength reduction shortest path method. The strength reduction shortest path 313 

method can be a new method to analyze the stability of shallow tunnels. 314 

(4) Among the factors affecting the stability of shallow tunnels calculated by the strength 315 

reduction shortest path method, the internal friction angle φ, and cohesion c have a greater impact 316 

on the safety of shallow tunnels.317 
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