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Abstract: With the rapid development of tunnels and underground engineering, the construction 14 

of shield tunnels inevitably develops to deep or even super-deep burial. When a shield tunnel is 15 

constructed in a deep and sensitive environment, the instability and failure characteristics of the 16 

excavation face are not clear, and the evolution mechanism of the soil arching effect and the earth 17 

pressure distribution around the tunnel is difficult to grasp. For deep-buried shield tunnels, the 18 

degree and evolution of the soil arching effect have an important influence on the safety and 19 

economy of tunnel construction. To make full use of the deep urban underground space, it is of 20 

great significance to study the influence of surrounding strata during the deep-buried shield 21 

tunnelling process, to master the evolution law of soil arching effect, and to establish the theory of 22 

limit support pressure and segment load of deep-buried shield tunnels. In this paper, 1g physical 23 

similitude model test is conducted to study the modes of global and local active instability failure 24 

due to insufficient support pressure on the excavation face of shield tunnel under different buried 25 
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depths. The vector diagram of soil displacement in front of the excavation face at different 26 

depth-to-diameter ratios was obtained by the Particle Image Velocimetry system (PIV system). 27 

The variation of support pressure on the excavation face, soil stress distribution at different depths, 28 

and earth pressure around the tunnel are monitored and analyzed. Based on the test results, the soil 29 

arching effect around the tunnel at deep and super-deep burial conditions is confirmed, and the 30 

evolution mechanism of the soil arching effect is revealed. 31 

Keywords: Shield tunnel; Active failure; Limit support pressure; Earth pressure distribution; 32 

Model test 33 

1. Introduction 34 

With the acceleration of China's urbanization process, urban infrastructure construction has 35 

made rapid development, urban rail transit, railway tunnel, water diversion project, river crossing 36 

highway, and other major projects are continuously carried out. At present, the shallow 37 

underground space in Shanghai, Beijing, and other megacities has been occupied by the subway, 38 

water supply tunnel and drainage tunnel, gas tunnel, communication tunnel, military tunnel, and 39 

the foundation of important buildings (Mollon et al., 2010; Mollon et al., 2013; Augarde et al., 40 

2016). It can be predicted that the development of underground space will gradually develop from 41 

conventional depth to deep burial. With the increase of tunnel depth, the strength of the deep soil 42 

layer gradually increases, and the distribution of the soil layer becomes more complex. The in-situ 43 

stress, temperature, and groundwater seepage pressure will further increase, and the time effect of 44 

soil deformation will be further revealed (Pan and Dias, 2016; Hollmann and Thewes, 2013; 45 

Kirsch, 2010). What’s more, the influence of the soil arching effect caused by tunnel excavation 46 

on stress redistribution and the structural stability of the tunnel cannot be ignored. In the process 47 
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of shield tunnelling, it is a key technology to determine the support pressure of excavation face 48 

reasonably. If the support pressure is not properly applied, the tunnel excavation face is likely to 49 

have a wide range of potential safety hazards such as collapse or surface lifting, which may cause 50 

loss of life and property or irreparable impact on the surrounding environment. Therefore, it is of 51 

great practical significance to study the failure mode and ultimate support pressure of shield tunnel 52 

excavation face.  53 

The research on the stability of shield tunneling face mainly includes the determination of the 54 

limit support pressure of the excavation face, the failure mode and mechanical mechanism of the 55 

excavation face, and the influence of the construction of the excavation face on the surrounding 56 

environment (Chambon, 1994; Berthoz et al., 2012; Sun et al., 2014; Buhan et al., 1999). At 57 

present, the related research on the stability theory of tunnel excavation face mainly focuses on the 58 

determination of the limit support pressure of the excavation face (Berthoz et al., 2018; Lu et al., 59 

2018; Perazzelli et al., 2014; Lee et al., 2003; Chen et al., 2011; Kirsch, 2010; Yamamoto et al., 60 

2011). The research methods and means mainly include model test research or field monitoring 61 

method, theoretical analysis, and numerical simulation (Maynar et al., 2005; Ali et al., 2017; 62 

Ukritchon et al., 2017; Osman et al., 2006). The commonly used empirical formula calculation 63 

method is relatively simple, but it cannot fully reflect the joint action of many influencing factors. 64 

With the construction of a large number of underground projects in the central urban area and the 65 

rapid development of rail transit construction, the application of numerical simulation methods in 66 

underground engineering has been developed unprecedentedly. However, it cannot accurately 67 

define the parameters of rock mass material in the modeling process, and the existing constitutive 68 

relationship cannot truly reflect the rock mass characteristics and the inevitable deviation in the 69 
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meshing process, which results in a large error in the simulation results compared with the actual 70 

construction results. It is very difficult to simulate the stability of the shield tunneling face. For all 71 

kinds of complex situations in practical engineering, the general methods cannot reflect the 72 

influence of stratum conditions, and the construction process and the information obtained cannot 73 

meet the requirements (Jiang et al., 2012; Kasper et al., 2006). Repeated model test research can 74 

capture the internal relationship between soil stress, strain, and shield construction parameters 75 

under different conditions, to guide the design and construction of tunnel scientifically. Therefore, 76 

the model test analysis has become an important method for the design and construction of shield 77 

tunnels (Han et al., 2016; Wu et al., 2003; Kamata et al., 2003). 78 

Some researchers study the model test design method of adaptive shield machine in soft soil and 79 

sandy soil area, carry out different combination tests on the working parameters of shield machine 80 

and stratum characteristic parameters and study the environmental disturbance under different 81 

construction parameters in the process of Earth Pressure Balance (EPB) shield driving. These tests 82 

only focus on the surface deformation caused by different shield construction parameters but do 83 

not involve the deformation characteristics and specific failure mode of the shield excavation face. 84 

The movement track of soil particles in front of the excavation face in the stratum cannot be 85 

effectively captured and displayed. Chen et al., (2013) carried out a centrifugal model test to study 86 

the instability and failure characteristics and the ultimate support pressure of shield tunnel 87 

excavation face in dry and saturated silt, analyzed the influence of buried depth on the ultimate 88 

support force and settlement of the excavation face, revealed the relationship between the stability 89 

of excavation face and the ultimate support force and surface settlement, and obtained the 90 

relationship between the stability of excavation face and the ultimate support force and surface 91 
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settlement. The failure mode when the excavation face reaches the active limit equilibrium state 92 

and the vector diagram of soil displacement in front of the excavation face is obtained using PIV. 93 

However, these studies only focus on tunnels with conventional depth. However, the failure 94 

characteristics of shield construction face of tunnels with deep burial, especially the analysis of 95 

local and overall instability limit support pressure under the failure mode of deep shield 96 

excavation face is rare. 97 

Based on the above research status, this paper conducts a 1g physical similitude model test to 98 

study the overall and local active instability failure mode of shield tunnel excavation face due to 99 

too small support pressure under different depth conditions. The vector diagram of soil 100 

displacement in front of the excavation face under different buried depth ratios is obtained by 101 

using the PIV system. The variation of support pressure, soil stress distribution at different depths, 102 

and earth pressure around the tunnel are monitored. Combined with the test results, the soil 103 

arching effect around the tunnel at deep and super-deep burial conditions is confirmed, and the 104 

evolution mechanism of the soil arching effect is revealed. 105 

2 Meso model test system for deep buried shield tunnel 106 

2.1 Design of Soil Box and model shield tunnel 107 

Due to the need for PIV system to study the local progressive failure process of shield 108 

excavation face at mesoscale, a transparent plexiglass model test box is designed and 109 

manufactured according to the symmetry principle. The movement of the model soil can be 110 

observed through the plexiglass panel of the test device, and then the failure model of the soil 111 

before excavation can be captured. The size of the inner cavity of the model test box is 600mm × 112 

290mm × 400mm. A semicircular hole with a diameter of 60mm is reserved on the side of the 113 
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excavation face of the test box shield machine, so that the excavation face can be pushed or 114 

retreated flexibly. The model tunnel is a plexiglass shell structure with an outer diameter of 64mm 115 

and an inner diameter of 60mm, as shown in Figure 1. Epoxy resin was used to smooth the surface 116 

of plexiglass panel around the model soil box to reduce the friction resistance of the contact 117 

interface. 118 

 119 

Fig. 1. Meso model test system for deep buried shield tunnel 120 

2.2 Shield support model and dynamic system 121 

Due to the need for a PIV system to study the local progressive failure process of shield 122 

excavation face at mesoscale, a transparent plexiglass model test box is designed and 123 

manufactured according to the symmetry principle. The movement of the model soil can be 124 

observed through the plexiglass panel of the test device, and then the failure model of the soil 125 

before excavation can be captured. The size of the inner cavity of the model test box is 600mm × 126 

290mm × 400mm. A semicircular hole with a diameter of 60mm is reserved on the side of the 127 

excavation face of the test box shield machine so that the excavation face can be pushed or 128 

retreated flexibly. The model tunnel is a plexiglass shell structure with an outer diameter of 64mm 129 

and an inner diameter of 60mm, as shown in Figure 1. Epoxy resin was used to smooth the surface 130 

of the plexiglass panel around the model soil box to reduce the friction resistance of the contact 131 
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interface. 132 

2.3 Plane strain high pressure loading system 133 

USTX-2000 double pressure chamber saturated soil dynamic and static triaxial test system 134 

developed by GCTS company of the United States is used as the static loading system for the 135 

model test of deeply buried shield tunnel as shown in Figure 1. Figure 2 shows the loading system. 136 

It can realize the range of maximum displacement of 50mm and provide a maximum axial force of 137 

10kN. According to the applied axial force, different depth of the shield tunnel is simulated. To 138 

realize the smooth loading of the foundation soil, two threaded steel columns are fixed on both 139 

sides of the model test box to dynamically adjust the high-pressure loading equipment. 140 

 141 

Fig. 2. Loading system 142 

2.4 PIV system 143 

PIV system is mainly composed of a CCD camera, laser lighting device, and image analysis 144 

software. The camera is B5M16 with 5 million pixels, and the maximum image acquisition rate is 145 

11.3 frames per second, which can capture the movement of sand particles. At the end of the 146 

experiment, the cross-correlation calculation of the collected particle images was carried out by 147 

using the image analysis software MicroVec V3 and the post-processing software Tecplot (Figure 148 

1). The quantitative distribution of velocity in a section of the flow field was obtained, and then 149 
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the displacement and velocity vector diagram obtained were quantitatively analyzed. 150 

3 Test schemes 151 

3.1 Preparation & physical and mechanical properties of foundation soil 152 

Fujian standard sand is selected as dry sand in this test. The average particle size d50 is 153 

0.165mm, the specific gravity of sand is 2.65, the natural void ratio is 0.597, the nonuniformity 154 

coefficient is 1.39, and the curvature coefficient is 0.89. 155 

For dry sand foundation, it is prepared by artificial rainfall method (that is, the standard sand is 156 

always horizontally moved at a certain height from the soil surface to be piled up at a certain 157 

speed, and evenly fall on the stacked soil surface). To ensure the required compactness, the 158 

method of laying in layers is adopted. For the dry sand stratum, the thickness of each paving is 159 

30cm. The calibration curve of the relationship between drop distance and relative compactness is 160 

shown in Figure 3. The relative compactness of dry sand foundation obtained by 0.72m drop 161 

distance is 70%-74%. Combined with the high-pressure direct shear test (Figure 4), the relevant 162 

physical and mechanical parameters of foundation soil are shown in Table 1. 163 

 164 
Fig. 3. Calibration curve of relative density for Fujian sand 165 
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 166 

Fig. 4. Calibration curve of relative density for Fujian sand 167 

Table 1. Parameters of Fujian sand in model tests 168 

φ/ 

(°) 

c/ 

kPa 
Dr e0 

ρd/ 

(g·cm-3) 

36.4 0 74% 0.597 1.659 

Where, φ is internal friction angle; c is cohesion; Dr is relative density; e0 is natural porosity 169 

ratio; ρd is dry density. 170 

3.2 Model tunnel 171 

Considering the net size of the test model box (600mm × 290mm × 400mm), a similar ratio of 172 

1:100 is selected, and the tunnel structure is simulated by polymethyl methacrylate (PMMA). The 173 

outer diameter of the model tunnel is 64mm, the inner diameter is 60mm, the segment thickness is 174 

2mm, the density is 1.19kg/dm3, the transmittance is 99%, the elastic modulus is 3.25GPa, and the 175 

bending stiffness is 580MN·m2. The corresponding parameters of the model tunnel and the 176 

prototype tunnel are shown in Table 2. 177 

Table 2. Parameters of model and prototype tunnel 178 

Type 
External 

diameter/m 

Segment 

thickness/m 

Elastic 

modulus/MPa
Bending stiffness

Model tunnel 0.064 0.002 325 580 MN·m2 

Prototype tunnel 6.40 0.30 32500 65.0 GN·m2 
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3.3 Test arrangement 179 

The test was carried out in the micro model test system of the above-mentioned deep-buried 180 

shield tunnel. The shield shell was simulated by a polymethylmethacrylate tube with an inner 181 

diameter of 60mm. A free-moving plexiglass plate is used to support the excavation face. An earth 182 

pressure cell was placed on the support panel to record the dynamic change of earth pressure in 183 

front of the excavation face. The support force of the excavation face was powered by the drive 184 

system Machine provided, automatic recording by the built-in axial force sensor. 185 

Five earth pressure cells were embedded in the predicted local failure area to measure earth 186 

pressure around the tunnel, and a number of earth pressure cells were arranged at equal intervals to 187 

test the soil stress along x, y, and z directions. Where the y-direction soil stress at different depths 188 

was used to evaluate the soil arching effect range. As shown in Figure 5, the z direction and radial 189 

direction earth pressure cells are embedded about 40mm in front of the excavation. The x and y 190 

direction earth pressure cells are embedded on both sides of the z-direction pressure cells. One 191 

displacement sensor was fixed to measure the moving distance of the plexiglass support panel. 192 

The CCD camera was set up at the appropriate position from the test box for image acquisition to 193 

obtain the vector diagram of soil displacement in front of the shield excavation face. In the 194 

production process, the dyed sand layer was laid to better observe the surface deformation.  195 
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 196 

Fig. 5. Model test layout (unit: mm) 197 

3.4 Test process and operating conditions 198 

This test adopted the method of speed control of excavation face, which was mainly carried out 199 

according to the following process: ① fix the tunnel model and shield support panel at the fixed 200 

position, and prepare dry sand foundation by layer with falling rain method; ② embed earth 201 

pressure cells at the predetermined point and determine the loading value according to the depth of 202 

the test; ③ set up the camera, adjusted the lens, and set the image acquisition parameters; ④ 203 

gradually moved back the support panel, when the withdrawal displacement was less than 4mm, 204 

the control speed was v = 0.1mm/min; when the withdrawal displacement was 4mm < s < 12mm, 205 

the control speed was v = 0.3mm/min; when the withdrawal displacement was 12mm < s < 20mm, 206 

the control speed was v = 0.2mm/min; ⑤ turned off the electric drive system and  stopped 207 

collecting images. 208 

To fully analyze the active local failure mechanism of deep-buried shield tunnel excavation face, 209 

five test conditions of H/D = 2, 3, 4, 5, and 6 were mainly considered in the test. The limit support 210 
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pressure and soil stress distribution at different depth conditions were systematically studied. The 211 

specific working conditions are shown in Table 3. 212 

Table 3. Test condition arrangement 213 

Test number Depth Additional load Number of cells Dyed sand layer Image acquisition rate

N-1 2D — 19 3 2 fps 
N-2 3D — 26 4 2 fps 

N-3 4D — 33 5 2 fps 

L-1 5D 1.12 kPa 33 5 1 fps 
L-2 6D 2.24 kPa 33 5 1 fps 

Where, D is the outer diameter of the tunnel. N means “No additional load”. L means 214 

“additional load”. 215 

4 Analysis of test results 216 

4.1 Progressive failure mode of excavation face 217 

To understand the instability mode of excavation face more clearly, vector diagram of soil 218 

displacement in front of the excavation face under different H/D was obtained by PIV system. As 219 

shown in Figure 6, taking H/D=3 as an example, at the initial stage of the withdrawal (stage 1), the 220 

excavation surface is always in close contact with the support panel, and a small horizontal 221 

displacement occurs. With the withdrawal displacement developing (stage 2), the horizontal 222 

displacement of the excavation surface increases, and a vertical displacement component appears, 223 

and local instability occurs. At the final stage (stage 3~stage 6), the excavation surface gradually 224 

disengages from the support panel, indicating less and less soil pours into the tunnel. In this 225 

process, the displacement distributes more and more widely and gradually penetrates to the 226 

surface. 227 

 228 
Fig. 6. Evolution of the failure mode (H/D = 3) 229 

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6
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As shown in Figure 7. It can be seen from the figure that the front of the excavation face 230 

gradually presents the instability area of "wedge + prism" (H/D = 2, 3) or "wedge + spherical 231 

imperfection" (H/D = 4, 5 and 6). It can be seen that under the same H/D, with the increase of 232 

excavation face withdrawal displacement, the "wedge" area in the instability area does not change 233 

much, and the height of prism or spherical imperfection area increases gradually. When the depth 234 

is small, the instability area gradually extends to the surface with the increase of the withdrawal 235 

displacement of the excavation face; when the depth is large, the instability area does not extend to 236 

the surface with the increase of the withdrawal displacement of the excavation face. 237 

  238 

(a) H/D = 2                               (b) H/D = 3 239 

  240 

(c) H/D = 5                            (d) H/D = 6 241 

Fig. 7. Vector diagram of soil displacement in front of shield excavation face 242 

In engineering practice, based on the consideration of safety in shield tunnel construction, it is 243 

Excavation face
Excavation face 

Excavation face Excavation face
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not allowed to cause comprehensive damage to the tunnel. Therefore, the failure mechanism of 244 

shield tunnel must be understood. In this study, the dyed sand is very thin, and only suitable for the 245 

same particle size distribution of sand, so it does not affect the overall failure behavior of soil. In 246 

addition, to avoid the influence of boundary effect, the central cross section is taken as the main 247 

observation surface. 248 

Figures 8 and 9 show the quantification of macroscopic instability deformation of shield 249 

excavation face. When H/D = 6, the height of the loosening zone is only 180mm (about 2.8D), but 250 

when H/D = 5, the height of the loosening zone is 230mm (about 3.6D). It can be seen that when 251 

the depth ratio increases gradually, the failure modes of the local instability zone will be greatly 252 

different. It is mainly shown that the instability zone gradually changes from wedge type to 253 

hemispherical type. 254 

 255 

 (a) H/D=2                                (b) H/D=3 256 

  257 

(c) H/D=5                                (d) H/D=6 258 

Fig. 8. Quantification of macroscopic instability deformation of shield excavation face 259 
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  260 

(a) H/D = 2                               (b) H/D = 3 261 

  262 

(c) H/D = 5                            (d) H/D = 6 263 

Fig. 9. Quantification of macroscopic instability deformation of shield excavation face 264 

4.2 Support pressure vs displacement curve of excavation face 265 

By measuring the horizontal displacement and earth pressure of the excavation face during the 266 

test, the relationship curve between horizontal displacement and support pressure of excavation 267 

face under different H/D is obtained, as shown in Figure 10. It can be seen that with the movement 268 

of the baffle plate in the excavation face, the curves with different H/D have similar changing 269 

rules. Before the displacement of the support plate, the excavation face pressure is P0. With the 270 

gradual displacement of the support plate to the shield, the change process of the support pressure 271 

on the excavation face can be divided into four stages. 272 
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 273 

Fig. 10. Load-displacement curves for static loading tests 274 

(a) The first stage is the rapid descent stage. The earth pressure on the excavation face will 275 

decrease rapidly when the small displacement occurs on the support plate, and the displacement 276 

curve of the excavation face pressure is close to linear. This stage is the elastic deformation stage, 277 

and the shear strength of soil gradually develops. 278 

(b) The second stage is the slow downstage. With the continuous displacement of the support 279 

plate, the earth pressure of the excavation face reduction trend gradually slows down, and after 280 

that, the small reduction of the excavation face pressure requires a large displacement of the 281 

support plate. Within the displacement range of 1.5-2.0 mm, the earth pressure on the excavation 282 

face does not change much, and gradually reaches the minimum value Pmin (0.93kPa, H/D = 2; 1.1 283 

kPa, H/D = 3; 1.22 kPa, H/D = 4; 1.25 kPa, H/D = 5; 1.28 kPa, H/D = 6). At this stage, the local 284 

soil in front of the excavation face enters into a plastic deformation state and gradually reaches the 285 

limit equilibrium state. At this time, the soil arch function in the area in front of the excavation 286 

face is fully performed, and the load sharing ratio is the largest. It can be seen that when the ratio 287 

of depth is larger, the more obvious the soil arch effect is, the less supporting pressure of the 288 
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excavation face is required. 289 

(c) The third stage is the slow rise stage. When the minimum value is reached, with the support 290 

plate continuing to move, the excavation face pressure has a slow increase stage, and the increase 291 

is not large. In this stage, the local soil in front of the excavation face reaches the ultimate shear 292 

strength, and the local soil collapse occurs, resulting in loosening failure area, the original soil 293 

arch is damaged, and the residual soil arch function is played. The new soil arch area develops 294 

upward, and the loosening failure area also gradually develops to the surface. 295 

(d) The fourth stage is the stable stage. The earth pressure on the excavation face gradually 296 

stabilized, and it no longer changed with the displacement of the support plate. At this time, the 297 

earth pressure on the excavation face is the limit pressure Pf (0.95 kPa, H/D = 2; 1.23 kPa, H/D = 298 

3; 1.28 kPa, H/D = 4; 1.30 kPa, H/D = 5; 1.34 kPa, H/D = 6). The failure area extends to the 299 

surface at this stage, and the soil mass in front of the excavation face is in the overall instability 300 

state. 301 

4.3 Vertical soil stress distribution above excavation face 302 

Figure 11 shows the vertical soil stress distribution along the depth direction at different burial 303 

depth ratio conditions. The initial value in Figure 11 is the theoretical value of vertical soil stress 304 

distribution, which is the gravity of sand multiplied by its depth. It can be seen that with the 305 

withdrawal movement of the support panel, the vertical soil stress in the failure area decreases 306 

from the bottom to the top along with the depth, and finally reaches the stable value. This rule is 307 

very similar to the trapdoor test of Terzaghi (1936) and the numerical simulation results of 308 

Atkinson (1977). With the displacement of the support plate, the soil stress increment of line B to 309 

line E at the position away from the tunnel axis increases with the depth. Line A at the top of the 310 
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tunnel will produce an obvious soil yield phenomenon, which is most affected by the failure of the 311 

shield excavation face. At this time, there is no obvious linear proportion relationship between 312 

vertical soil stress increment and depth. In the early stage of shield excavation (local instability), 313 

the soil stress near the failure area will be greatly affected. When the excavation face is damaged 314 

later (close to the overall instability), the area far away from the failure area will continue to be 315 

affected. At this time, the increment of soil stress near the failure area will gradually decrease, 316 

which also indicates the influence range of soil arch effect and gradual instability failure of 317 

excavation face. 318 

 319 

(a) H/D = 4 320 

 321 
(b) H/D = 5 322 
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 323 
(c) H/D = 6 324 

Fig. 11. Vertical soil stress distribution along the depth at the top of excavation face 325 

In addition, when the H/D is large, all the measuring lines are located in the area where the soil 326 

arching effect is most affected, and the vertical soil stress is gradually transferred from line A to 327 

both sides, which makes the vertical soil stress at this part of the position larger than the 328 

theoretical value. This is similar to the vertical soil stress distribution in the cross-section 329 

direction. 330 

From the distribution of soil stress in the failure area, it can be seen that when the support force 331 

of the excavation face is reduced to the limit support pressure, the vertical soil stress above the 332 

tunnel directly decreases, the body stress is released, and the loosening collapse area begins to 333 

form. At this time, the soil arching effect is gradually transmitted to both sides. As the excavation 334 

face continues to retreat, the height of the soil arch increases. After the overall failure, the soil 335 

stress in the failure area decreases to a stable value, which is the same along with the depth. 336 

4.4 Horizontal soil stress distribution above excavation face 337 

Figure 12 and figure 13 show the horizontal soil stress distribution along the depth x and y 338 

direction in the top failure area of the excavation face. The initial value is the theoretical value of 339 

horizontal soil stress distribution, which is the vertical soil stress multiplied by the static side 340 
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pressure coefficient. With the displacement of the support plate, the horizontal soil stress in the 341 

failure zone increases first and then decreases from the bottom to the top, and finally reaches the 342 

stable value. The change law of y-direction soil stress in the failure area is similar to that of 343 

x-direction, but the y-direction soil stress is not stable basically after that the x-direction soil stress 344 

is stable. It still needs a large displacement to reach the stable value. This is because the 345 

y-direction width in the damaged area is less than the x-direction width, which indicates that the 346 

width of the settlement area is the key to the effect of soil arch, and also shows that the 3D test can 347 

reflect the actual situation. 348 
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 353 
(c) H/D = 6 354 

Fig. 12. Horizontal earth pressure distribution along x direction at top of excavation face355 
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 360 
(c) H/D = 6 361 

Fig. 13. Horizontal earth pressure distribution along y direction at top of excavation face 362 

In addition, it can be found that when the burial depth of the tunnel is more than 4D, the 363 

effective horizontal soil stress is affected by the damage of the excavation face, which makes the 364 

horizontal soil stress value increase with the increase of the stratum loss. When the excavation 365 

face moves back to 2.1mm, the ground stress is release near the top of the tunnel, which causes the 366 

formation deformation of the soil above the tunnel. And the horizontal soil stress decreases greatly. 367 

However, when the excavation face continues to move back to 15.8mm, the horizontal soil stress 368 

at this position has not changed significantly. This shows that after local instability and failure, the 369 

soil near the top of the tunnel excavation face becomes the plastic zone rapidly. Although the soil 370 

deformation continues, the additional stress has not changed obviously. 371 

To discuss the influence of soil arching effect on the horizontal soil stress distribution above the 372 

excavation face. The measured soil stress is compared with the theoretical value. It can be seen 373 

that with the increase of the H/D, the horizontal soil stress increment at the top of the tunnel along 374 

the depth direction is roughly the same, and there is no obvious increase trend with the depth; and 375 

the greater the H/D is, the horizontal soil stress increment gradually decreases. It can be seen that 376 

the increase of tunnel depth directly leads to the significant effect of soil arching effect. 377 
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Specifically, when the excavation face is destroyed as a whole, it maintains a stable state, and the 378 

destruction will not further develop and spread. 379 

4.5 Distribution of overburden earth pressure around tunnel 380 

The overburdened earth pressure distribution around the tunnel is shown in Figure 14. To 381 

analyze the difference between earth pressure around the deep tunnel and shallow tunnel, the 382 

measured results in the test are compared with the theoretical calculation results of Terzaghi 383 

loosening earth pressure and the earth pressure value of the full cover soil column. It can be seen 384 

from the figure that the maximum earth pressure value of deep tunnel or shallow tunnel is 385 

concentrated at the waist of both sides of the tunnel, but the earth pressure distribution of shallow 386 

tunnel is more uniform. When the H/D increases gradually, the earth pressure around the tunnel 387 

increases, but the change range of the earth pressure at the top and bottom with the H/D is not 388 

obvious. On the contrary, the earth pressure at the waist of both sides increases significantly with 389 

the depth ratio, and the maximum overburden pressure is concentrated at the action line of the soil 390 

arching effect. The main reason for this phenomenon is the soil arching effect caused by the 391 

ground loss of shield excavation. With the increase of H/D, the soil arching effect becomes more 392 

obvious. 393 
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 394 
(a) H/D = 2 395 

 396 

(b) H/D = 3 397 
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(c) H/D = 4 399 
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 400 
(d) H/D = 5 401 

 402 
(e) H/D = 6 403 

Fig. 14. Wind rose diagram of overburden earth pressure distribution around tunnel 404 
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force is likely smaller than the theoretical value. In addition, the influence of the soil arching effect 412 

is not considered in the existing theoretical values, so the measured values are slightly smaller 413 

than the theoretical values. The specific deviation degree is shown in table 4. 414 

Table 4. Earth pressure distribution and deviation degree of model test 415 

Type 
H/D

2 3 4 5 6 
Measured earth pressure /kPa 2.132 3.005 3.907 4.601 5.294
Loosening earth pressure /kPa 1.883 2.493 3.884 4.712 5.538

Full overburden earth pressure /kPa 2.155 3.114 4.236 5.031 5.927
Deviation from loosening earth pressure /% 13.2 20.5 0.592 -2.3 -4.4

Deviation from full overburden earth pressure /% 1.06 -3.5 -7.77 -8.55 -10.68

5 Evolution of soil arching effect in deep shield tunnel 416 

According to the analysis of this paper, the evolution law of the soil arch effect can be obtained 417 

under the deeply buried condition. Figure 15 and Figure 16 show the effect of soil arch at different 418 

H/D conditions. The upper arch in the figure represents the assumed geo mechanical action area 419 

and scope, and the lower circle represents the tunnel position. The evolution law of the soil arch 420 

effect is as follows:  421 
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 424 
(b) H/D = 5 425 

 426 
(c) H/D = 6 427 

Fig. 15. Schematic diagram of soil arching effect of single tunnel under different H/D 428 

 429 

Pi

σv0

D

C

45 45 45 45

Unit:mm

D+90=154

CDE C D E

Pi

σv0

D

C

45 45 45 45

Unit:mm

D+90=154

CDE C D E

A1

A2

A3

A4

Line A Line B Line C Line D

B4

B3

Line E

B2

B1 C1

C2

C3

C4

D1

D2

D3

D4

E1

E2

E3

E4

Unit: mm

Outer boundary

Inner boundary

64

64 192

45 45 45

32

64

45

64

Plastic zone

Negative 
arching zone

Positive
arching zone



28 

(a) H/D=5 430 

 431 

(b) H/D=6 432 

Fig. 16. Action range and evolution of soil arching effect in deep shield tunnelling 433 

(a) with the decrease of the supporting pressure on the excavation face, the plastic zone of the 434 

soil layer around the tunnel begins to develop outwards, the earth covering pressure over the 435 

tunnel is gradually transmitted outward, and the soil arch effect gradually spreads out. At this time, 436 

the soil arch effect will transfer the overburden pressure above the tunnel to the area outside the 437 

arch effect, which results in the vertical and horizontal soil stress production in this position. The 438 

soil in front of the excavation face will be deformed unevenly because of the withdrawal 439 

displacement of the excavation face. With the increase of horizontal displacement of the 440 

excavation face, the supporting pressure on the excavation face will be reduced to the minimum, 441 

and the soil in front of the excavation face will be damaged locally;  442 

(b) with the continuous increase of horizontal displacement of the excavation face, the support 443 

pressure will then tend to a stable value. At this stage, the soil in front of the excavation face 444 
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gradually changes from local failure to overall failure, and the failure area gradually extends to the 445 

surface (or does not penetrate the surface). Finally, the soil mass is in the overall instability state. 446 

With the increase of the depth of the excavation face, the soil arch is formed in the unstable area of 447 

the excavation face. The soil arch effect contributes to the limited support pressure of the 448 

excavation face;  449 

(c) soil arching effect is obvious for deeply buried tunnels (H/D = 4, 5, and 6), as shown in 450 

Figure 13. Therefore, the additional stress of the overburden of the tunnel can be transferred to a 451 

longer distance. Because the shallow tunnel (H/D = 2 and 3) is not affected by soil arching effect 452 

or can only provide a small stress transfer capacity, the change of earth pressure around the 453 

shallow tunnel is more severe due to the excavation disturbance of the shield machine, and the 454 

destruction runs through the surface to form an arch; 455 

(d) the larger the H/D is, the larger the soil arching effect area is, and the more stable the tunnel 456 

is. 457 

6 Conclusions 458 

This paper studies the overall and local active instability failure mode, monitors and analyzes 459 

the change of support pressure on the excavation face, the soil stress distribution at different 460 

depths, and the earth pressure around the tunnel. Combined with the test results, the existence of 461 

the soil arching effect around the tunnel is confirmed. Some of the key observation and findings 462 

from the study are as follows: 463 

(a) when the active failure of the excavation face occurs, the change process of the support 464 

pressure can be divided into four stages: rapid decline stage, slow decline stage, slow rise stage, 465 

and stability stage. The failure mode of the excavation face experiences two states from local 466 
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instability to overall instability. When the local soil mass in front of the excavation reaches the 467 

ultimate shear strength, local instability collapses, resulting in a loosening failure zone. When the 468 

earth pressure on the excavation face tends to be stable, the soil in front of the excavation face is 469 

in a state of overall instability due to the influence of soil arching of the deeply buried tunnel.  470 

(b) the earth pressure in the failure area in front of the tunnel excavation face is decreasing 471 

when the excavation face gradually collapsed. In the area outside the failure area, the earth 472 

pressure near the top of the tunnel is released with the failure of the shield excavation face. With 473 

the increase of formation loss, the plastic zone around the tunnel develops upward, and the earth 474 

pressure decreases gradually.  475 

(c) with the increase of the H/D, the increment of horizontal soil stress at the top of the tunnel 476 

along the direction of depth is approximately the same, and there is no obvious increase trend with 477 

the depth. The larger the H/D is, the smaller the increment of horizontal soil stress is. It can be 478 

seen that the increase of tunnel depth directly leads to the significant soil arching effect. The 479 

performance of the soil arching effect is that when the overall failure occurs on the excavation face, 480 

the failure will not further develop and spread. 481 

(d) with the gradual decrease of the support pressure of the excavation face, the plastic zone of 482 

the soil around the tunnel develops outward. The overburden pressure above the tunnel gradually 483 

transfers outward, and the earth arching effect gradually diffuses outward. At this time, the earth 484 

arching effect will transfer the overburden pressure above the tunnel to the area beyond the arch 485 

effect, resulting in the increase of vertical and horizontal soil stress at this location. 486 
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