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Abstract: Terzaghi proposed two-dimensional (2D) arching theory through trapdoor tests based on 1

the assumption of a vertical slip surfaces. However, the original 2D assumption is different from a 2

real three-dimensional (3D) excavation condition and an actual slip surfaces caused by downward 3

movement of a trapdoor is an inclined surface. Therefore, a 3D theoretical model was proposed in 4

this study considering inclined slip surfaces. Horizontal thin layer differential element method was 5

used to obtain the loosening soil pressure. Using the 3D theoretical model, the effects of buried depth 6

ratio of loose area, length of loose area, soil parameters, and lateral earth pressure coefficient were 7

investigated. The loosening earth pressure was highly affected by inclination angle of slip surface, 8

buried depth ratio and length of loose area. Neglecting the inclined slip surface will underestimate 9

the value of the loosening earth pressure, which will lead to the insecurity of the design. Loosening 10

earth pressure calculated by this study was also compared with trapdoor tests. Results from this 11

study was in good agreement with the experimental results. Compared with the traditional 2D 12

solution, results from this study can more accurately analyze the soil arching effect in 3D excavation 13

cases. 14

Keywords: Arching effect; Trapdoor; Inclined slip surface; Excavation 15

1. Introduction 16

Load transformation from yielding part of soil to adjacent part is known as soil arching 17

effect, which plays an important role in the design of various geotechnical infrastructures 18

[1]. Terzaghi’s trapdoor test was an important milestone in the development of theories on 19

soil arching. After that, many researchers have performed trapdoor test to study the soil 20

arching effect [2–9]. Terzaghi then proposed two-dimensional (2D) arching theory through 21

trapdoor tests using horizontal thin layer differential element analysis method based on 22

the assumption of vertical slip surfaces. 23

Terzaghi’s solution is widely used by the practicing engineering in filed applications 24

because of its simplicity. However, the assumption that the slip surfaces is vertical may 25

not be suitable for all kinds of soil and engineering conditions. Inclined slip surfaces on a 26

trapdoor been observed in many experimental studies. Evans [4] and Tien [10] observed 27

non vertical slip surfaces in their model tests. Costa et al. [7] carried out a series of 28

trapdoor tests. Different slip surfaces were observed in tests including the final slip surface 29

inclined to the outside of trapdoor. Papamichos et al. [11] conducted circular retracting 30

Trapdoor model testes and the results showed that slip surfaces tend to have a trapezoid 31

shape in shallower cover soils. Pardo and Sáez [12] carried out trapdoor model test and 32

corresponding numerical simulation. It was found that the final slip surfaces were slightly 33
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outward inclined in the tests and simulation results. Rui et al. [13] found three kinds of 34

soil-arching evolution patterns in Trapdoor tests and described the inclination of the slip 35

surfaces. 36

Many scholars have carried out relevant research by using the assumption of inclined 37

slip surfaces. Shukla and Sivakugan [14] presented arching theory assuming basin slip 38

surfaces close to the actual slip surfaces. British Standards [15] also adopted this kind 39

of slip surfaces. Gong et al. [16] proposed a method for calculating the loosening earth 40

pressure based on the ellipsoid theory of particle flows using an ellipse slip face. Lai et al. 41

[17] proposed analytical solutions for shallow cohesive soils overlying trench voids under 42

various slip surfaces in the shape of vertical, trapezoid, spiral or arching. 43

Most studies on soil arching effect are based on 2D condition, but in practical engi- 44

neering soil arching effect happens under three-dimensional (3D) conditions. For example, 45

during the process of tunnel excavation, stress transfer phenomenon caused by soil arching 46

effect happens not only in the transverse section, but also in the longitudinal section. Many 47

experiment and theoretical studies have been performed under 3D condition. Hewlett and 48

Randolph [18] established a 3D analytical model of a circle-shaped arch for a plane-strain 49

geometry. Adachi et al. [19] performed three-dimensional trapdoor experiments to study 50

the mechanical behavior in tunnel excavations. Li et al. [20] formulated a three dimensional 51

analytical solution to evaluate stresses in backfilled vertical narrow openings using vertical 52

slip surfaces. Son [21] deduced the solution of loose earth pressure in the case of 3D with 53

inclined slip surfaces, but there were some omissions in the derivation. Chevalier and 54

Otani [22] presented experimental and numerical studies of the Trapdoor problem in 3D 55

with rectangular Trapdoor. Ma and Huang [23] study the 3D effect of soil arching effect in 56

piled-embankments by discrete element simulation. 57

However, there are still few theoretical studies on the 3D soil arching effect considering 58

the inclined slip surface. Therefore, a 3D theoretical model was proposed in this study 59

considering inclined slip surfaces. Horizontal thin layer differential element method was 60

used to obtain the loosening soil pressure. The 3D solution is validated in the degenerate 61

case by traditional analytical solutions. Using the 3D theoretical model, the effects of buried 62

depth ratio of loose area, length of loose area, soil parameters, and lateral earth pressure 63

coefficient were investigated. Results from this study was in good agreement with the 64

experimental results. Compared with the traditional two-dimensional solution, results 65

from this study can more accurately analyze the soil arching effect in 3D excavation cases. 66

2. Derivation of 2D theoretical model for soil arching with inclined slip surfaces 67

Terzaghi’s formulation [1] is based on the equilibrium of a thin horizontal differential 68

element of a soil mass. Several assumptions were made in Terzaghi’s formulation. The soil 69

was assumed as homogeneous, isotropic and semi-infinite Mohr-Coulomb material. The 70

slip surfaces between loose area and stable area were assumed as vertical. And the shear 71

strength on slip surfaces were fully mobilized. Terzaghi’s formulation is shown as follows: 72

σv =
Bγ − 2c
2K tan φ

(
1 − e−2K tan φ(z/B)

)
+ q · e−2K tan φ(z/B) (1)

where σv is vertical stress, z is the depth of soil differential element, γ is the unit weight of 73

soil, c is the cohesive of soil, ϕ is the internal friction angle of soil, B is the width of loose 74

zone induced by excavation, K is the coefficient of earth pressure. 75

Shukla and Sivakugan [14] made an attempt to consider slip surfaces closer to the 76

actual slip surfaces in the analysis in 2D condition as shown in Figure 1 The forces acting 77

on the soil differential element in 2D condition can be seen in Figure 2. 78
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Figure 1. Inclined slip surfaces along with soil differential element subjected to stresses in 2D
condition.
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Figure 2. Forces acting on the soil differential element in 2D condition.

Assuming that the failure of slip surface follows Mohr-Coulomb failure criterion, 79

vertical equilibrium equation of soil differential element can be obtained according to the 80

vertical force balance. 81

γ
[

B + 2(H−z)
tan α − dz

2 tan α

]
dz = (σv + dσv)

[
B + 2(H−z−dz)

tan α

]
−σv

[
B + 2(H−z)

tan α

]
+ 2(c + σn tan φ)dz + 2σn cos α dz

sin α

(2)

where α is the angle between slip surface and horizontal direction, σn is the normal stress 82

perpendicular to slip surface. 83

By simplifying and ignoring the second-order infinitesimal, it can be obtained from 84

equation (2): 85

γB − 2c +
2γ(H − z)

tan α
+

2σv

tan α
− 2σn

(
tan φ +

1
tan α

)
=

dσv

dz

[
B +

2(H − z)
tan α

]
(3)

According to the equilibrium conditions at both ends of the differential element: 86

σn = σv

(
cos2α + Ksin2α

)
(4)

Substitute (4) into (3) will get an ordinary differential equation: 87

dσv
dz [B tan α + 2(H − z)] = (γB − 2c) tan α + 2γ(H − z) + 2σv
−2σv

(
cos2α + Ksin2α

)
(tan α tan φ + 1)

(5)
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Defining P, Q, R and S as follows: 88

P = −2/ tan α (6a)

Q = B + 2H/ tan α (6b)

R = (γB − 2c) + 2γH/ tan α (6c)

S =
(

cos2α + Ksin2α
)
(P − 2 tan φ)− P (6d)

The general solution of the differential equation can be obtained as follows: 89

σv = λ(Pz + Q)S/P +
PSγz + PQγ − PR + RS

S(P − S)
(7)

The boundary condition is shown as follows: 90

z = 0, σv = q (8)

The parameter γ can be solved according to the boundary condition. The earth 91

pressure can be obtained as follows: 92

σv =

[
q

QS/P − PQγ − PR + RS
S(P − S)QS/P

]
(Pz + Q)S/P +

PSγz + PQγ − PR + RS
S(P − S)

(9)

3. Derivation of 3D theoretical model for soil arching with inclined slip surfaces 93

This study expands Shukla and Sivakugan [14] 2D theoretical model for soil arching 94

with inclined slip surfaces to 3D conditions. Figure 3 shows the assumed inclined slip 95

surfaces along with soil differential element subjected to stresses. It is also assumed that 96

the soil is homogeneous, isotropic, and semi-infinity. 97
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Figure 3. Inclined slip surfaces along with soil differential element subjected to stresses in 3D
condition.
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Figure 4. Forces acting on the soil differential element in 3D condition.

The 3D model for soil arching with inclined slip surfaces is shown in Figure 4 The 98

slip surfaces incline outside along excavation loosening zone. Assuming that the failure of 99

slip surface follows Mohr-Coulomb failure criterion, vertical equilibrium equation of soil 100

differential element can be obtained according to the vertical force balance. 101

γ

[
BL + 2(B+L)(H−z)

tan α + 4(H−z)2

tan α

]
dz = 2(B+L)(H−z)

tan α dσv

+ 4(H−z)2

tan2α
dσv − 2(B+L)σv

tan α dz − 8(H−z)σv
tan2α

dz + BLdσv

+ 2σnw
tan α

(
B + 2(H−z)

tan α − dz
tan α

)
dz + 2c

(
B + 2(H−z)

tan α − dz
tan α

)
dz

+ 2σnl
tan α

(
L + 2(H−z)

tan α − dz
tan α

)
dz + 2c

(
L + 2(H−z)

tan α − dz
tan α

)
dz

+2σnw tan φ
(

B + 2(H−z)
tan α − dz

tan α

)
dz

+2σnl tan φ
(

L + 2(H−z)
tan α − dz

tan α

)
dz

(10)

where γ is the unit weight of soil, c is the cohesive of soil, ϕ is the internal friction angle of 102

soil, B is the width of loose zone induced by excavation, H is the depth of loosening soil, L 103

is the length of loose zone induced by excavation, α is the angle between slip surface and 104

horizontal direction, z is the depth of soil differential element, σv is vertical stress, σnw is 105

normal stress perpendicular to the width direction, σnl is the normal stress perpendicular 106

to the length direction. 107

According to the equilibrium conditions at both ends of the differential element, it can 108

be obtained: 109

σnw = σv

(
cos2α + Kwsin2α

)
(11)

110

σnl = σv

(
cos2α + Klsin2α

)
(12)

where Kw is the coefficient of earth pressure perpendicular to the width direction, Kl is the 111

coefficient of earth pressure perpendicular to the length direction. Substitute equations (11) 112

and (12) into equation (10). By simplifying and ignoring the second-order infinitesimal, the 113

ordinary differential equation of vertical force on soil differential element can be obtained. 114

γ

[
BL + 2(B+L)(H−z)

tan α + 4(H−z)2

tan α

]
− 2c

(
B + L + 4(H−z)

tan α

)

−σv



2(cos2α+Kwsin2α)
tan α

(
B + 2(H−z)

tan α

)
+

2(cos2α+Klsin2α)
tan α

(
L + 2(H−z)

tan α

)
+2

(
cos2α + Kwsin2α

)
tan φ

(
B + 2(H−z)

tan α

)
+2

(
cos2α + Klsin2α

)
tan φ

(
L + 2(H−z)

tan α

)
− 2(B+L)

tan α − 8(H−z)
tan2α


=

(
BL + 2(B+L)(H−z)

tan α + 4(H−z)2

tan2α

)
dσv
dz

(13)
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The boundary condition is the surface load q. So the boundary condition equation is 115

expressed as follows: 116

z = 0, σv = q (14)

According to the boundary condition equation (14), the only solution of ordinary 117

differential equation (13) can be determined. That is to solve the initial value problem 118

of ordinary differential equations. However, the ordinary differential equation (13) is so 119

complex that it is difficult to give the explicit expression of the solution. Therefore, the 120

fourth-order Runge-Kutta method is used to calculate the vertical stress of soil when the 121

depth is z by matlab programming. 122

The ordinary differential equation (13) can be written as: 123

dσv

dz
= f (zn, σvn) (15)

And the calculation formula of the fourth-order Runge-Kutta method is expressed as 124

follows: 125

P1 = f (zn, σvn)

P2 = f
(

zn + i
2 , σvn + i

2 P1

)
P3 = f

(
zn + i

2 , σvn + i
2 P2

)
P4 = f (zn + i, σvn + iP3)
σvn+1 = σvn + i

6 (P1 + 2P2 + 2P3 + P4)

(16)

where i is the length of integral step and P1, P2, P3, P4 are integral parameters. 126

An example is used to verify whether the 3D theoretical model for loose earth pressure 127

with inclined slip surfaces is consistent with two dimensional loose earth pressure solution 128

mentioned above. In this example, the following parameters H=15m, B=3m, ϕ=35°, c=0kPa, 129

q=0kPa and γ=18kN/m3 are used for calculation. In the 3D example the value of L is 1000 130

m, which is approximately considered to degenerate into a 2D case. The calculation results 131

are shown in Figure 5. 132
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15
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=90° by 2D solution
=85° by 2D solution
=80° by 2D solution
=75° by 2D solution
=90° by 3D solution
=85° by 3D solution
=80° by 3D solution
=75° by 3D solution

D
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 H
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)

Earth pressure ratio v/ H

Figure 5. Earth pressure ratio versus depth under different angle of slip surface.

It can be obtained from the calculation results that the curve of earth pressure ratio 133

versus depth under different angle of slip surface calculated by degenerated 3D solution is 134

consistent with the results of the 2D solution. Thus the correctness of the 3D solution can 135

be verified. 136
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4. Analysis of parameters on loose earth pressure under 3D inclined slip surface 137

condition 138

In order to study the influence of parameters on loose earth pressure under 3D inclined 139

slip surface condition, a series of cases are carried out. The buried depth ratio of loose zone, 140

the length of loose zone, the soil parameters and the lateral earth pressure coefficient are 141

taken into account, and corresponding analysis is carried out. The parameters for special 142

cases are shown in Table 1. 143

Table 1. The parameters for different cases.

Cases H (m) B (m) ϕ (°) L (m) α (°) c (kPa) Kw Kl

1 10 5 30 10 variation 0 1 1
2 10 5 30 variation variation 0 1 1
3 variation 5 30 variation 85 0 1 1
4 10 5 variation variation 85 0 1 1
5 10 5 variation variation 85 variation 1 1
6 10 5 30 10 80 0 variation variation
7 10 5 30 variation 80 0 variation variation
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Figure 6. Earth pressure versus depth under different angle of slip surface.

In case 1, the earth pressure under different angle of slip surface is calculated and the 144

other parameters in case 1 are consistent. It can be seen from the results shown in Figure 6 145

that the earth pressure at each depth increases with the decrease of the angle of slip surface. 146

This is mainly because the upward component provided by the shear resistance between 147

slip surfaces decreases when the angle of slip surface decreases. It also can be found that 148

the maximum earth pressure may not occur at the bottom of the soil when the angle of slip 149

surface is small. The maximum earth pressure may occur somewhere in the middle of soil. 150

The influence of angle of slip surface and aspect ratio of loose area are studied in case 151

2. The results are shown in Figure 7. The loose earth pressure also shows the same trend as 152

mentioned before under different angles of slip surface. 153
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Figure 7. Earth pressure versus aspect ratio of loose area under different angle of slip surface.

The depth of soil and the aspect ratio of loose area are studied in case 3. The calculated 154

earth pressure versus aspect ratio of loose area under different angle of slip surface are 155

shown in Figure 8. It can be seen from results that the earth pressure ratio at the bottom of 156

the loose area is small when the buried depth ratio of loose area is large. This is because 157

the stress redistribution is more likely to occur due to the increase of the length of the slip 158

surface when the buried depth ratio is larger. The calculation results under different aspect 159

ratios of loose zone also show the same trend. When H/B=1, the loose earth pressure is 160

42% to 61% of the total self-weight earth pressure under different aspect ratios. When 161

H/B=2, it will be 25% to 42% of the total self-weight earth pressure. When H/B=3, it will 162

be 17% to 31%, and when H/B=4 the loose earth pressure is only 13% to 24% of the total 163

self-weight earth pressure. 164
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Figure 8. Earth pressure ratio versus aspect ratio of loose area under different buried depth ratio of
loose area.

The influences of soil parameters are studied in cases 4 and 5. Figure 9 shows the 165

influence of internal friction angle of soil and Fig. 10 shows the influence of cohesion stress 166

of soil. Loose earth pressure is closely related to soil parameters. For frictional soil, the 167
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greater the internal friction angle is, the more obvious the soil arching effect and the smaller 168

the soil pressure will be. For cohesive soil, the larger the internal friction angle and cohesion 169

are, the more obvious the soil arching effect and the smaller the soil pressure will be. The 170

loose earth pressure when internal friction angle is 40 degrees is 53% to 65% of that when 171

internal angle is 25 degrees for different loosing zone aspect ratio. The loose earth pressure 172

when cohesive stress of soil is 15 kPa is 37% to 60% of that when cohesive stress of soil is 173

zero. It can be found that when the aspect ratio of the loose zone is small, the influence of 174

soil parameters on the loose soil pressure is greater than that when the aspect ratio of the 175

loose zone is large. 176
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Figure 9. Earth pressure versus aspect ratio of loose area under different internal friction angle of soil.
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Figure 10. Earth pressure versus aspect ratio of loose area under different cohesion stress of soil.

In practical engineering, due to the different geological conditions and boundary 177

conditions of the soil layer, different earth pressure coefficients may exist in the length and 178

width of the excavation loose area. Therefore, the different soil pressure coefficients in 179
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two directions of length and width are considered, and the corresponding calculation and 180

analysis cases 6 and 7 are carried out. 181

0 1 2 3 4 5 6 7 8 9 10
0

10
20
30
40
50
60
70
80
90

100
110
120
130

Ea
rth

 P
re

ss
ur

e 
v (

kP
a)

Depth H (m)

 Kw=1, Kl=1
 Kw=1, Kl=0.5
 Kw=0.5, Kl=1
 Kw=0.5, Kl=0.5

Figure 11. Earth pressure versus depth under different earth pressure coefficients.
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Figure 12. Earth pressure versus aspect ratio of loose area under earth different pressure coefficients.

It has been found in the 2D solution that different earth pressure coefficients have 182

great influence on the calculation results of loose earth pressure. The smaller the earth 183

pressure coefficient is, the closer the calculated results are to the total self-weight earth 184

pressure. It can be found in Figures 11 and 12 that this trend still exists in the 3D solution. 185

In addition, it can be seen from Figure 11 that for the situation of B=5 m and L=10 186

m, the earth pressure under Kw=1Kl=0.5 is greater than that under Kw=0.5, Kl=1. This is 187

mainly because the length of length direction corresponding to Kl is longer than that of 188

width direction corresponding to Kw, so Kl plays a leading role relative to Kw. Figure 12 189

shows that when the aspect ratio of the loose zone is large, it is approximately close to the 190

2D state, so the soil pressure is mainly affected by Kl. 191

Figuress 7, 8, 9, 10, and 12, show the earth pressure results under different conditions 192

and different aspect ratios of loose zones. It can be found that for all cases, the greater 193
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the aspect ratio of the loose zone is, the greater the loose earth pressure will be. In other 194

words, the traditional 2D solution which cannot consider the sliding surface at both ends 195

will underestimate the soil arching effect and overestimate the loose earth pressure under 196

3D condition with a small aspect ratio. This will overestimate the loose earth pressure to a 197

certain extent, resulting in inaccurate design. 198

The calculation results by 2D solution are close to results by 3D solution when the 199

aspect ratio increases. Figure 12 shows that when L/B=10, the difference between the 200

results under 2D assumption and 3D assumption is 4.1% when H/B=1, the difference is 201

6.1% when H/B=2, the difference is 4.1% when H/B=3, and the difference is 7.6% when 202

H/B=4. So it can be considered that when L/B>10, 2D assumption can be approximately 203

used instead of 3D assumption. 204

5. Comparison with Experimental Tests 205

Experiment tests results are compared with the results by proposed 3D solution with 206

inclined slip surface. Liang et al. [24] conducted three groups of Trapdoor tests with buried 207

depth ratio H/B equal to 1, 2 and 4, respectively. The width and longitude of Trapdoor in 208

the tests is 0.25 m and 0.5 m, respectively. The internal friction angle of well-graded sands 209

is 31.6°. According to the image of test results, the angle of slip surfaces is considered as 85° 210

in the following calculation. The comparison is shown in Figure 13 It can be seen from the 211

comparison that the calculation results by this paper considering 3D condition is slightly 212

less than that by Terzaghi’s solution. The results by 3D solution in this paper is closer to 213

the test results when the buried depth ratio is small. The results by Terzaghi’s solution is 214

closer to the test results when the buried depth ratio is large. This is because the front wall 215

of the model test chamber is made by toughened glass plate and the other steel walls of the 216

model test chamber are attached with thin Teflon films. The toughened glass plate and thin 217

Teflon films can be regarded as smooth enough to mitigate the effect of friction. In the case 218

of large buried depth ratio, the 3D solution in this paper treat the front and back wall of 219

the test chamber as slip surface equivalent to the left and right sides, which leads to the 220

smaller results of calculated earth pressure. 221
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Figure 13. Comparison of tests results (Liang et al. [24]) and 3D solution.

Adachi et al. [19] developed and performed 3D Trapdoor experiments to clarify the 222

mechanical behavior in tunnel excavations. In the test, a series of adjacent Trapdoors 223

gradually lower down one by one to simulate the soil loosening during shield tunneling. 224

For all Trapdoors, the width of the cross-section is 150 mm. For Trapdoor numbers 1 and 225

6, the length of the Trapdoors is 200 mm, while it is 150 mm for Trapdoor numbers 2, 3, 4 226
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and 5. The loads applied to the Trapdoors are measured by load cells. The tests results 227

and calculated results by presented solution and Terzaghi’s solution for difference buried 228

depth ratio are shown in Figures 14 to 16, respectively. It can be found from results that the 229

earth pressure ratio increases with the increase of the aspect ratio of the loose zone with 230

the test process. The traditional 2D Terzaghi solution can not reflect this trend, but the 3D 231

solution in this paper can reflect this trend. When part of Trapdoors lowered down, such as 232

the aspect ratio of loose zone L/B is 1.33, the earth pressure ratio obtained by Terzaghi’s 233

solution have a very large gap with tests results, and the results obtained by the solution 234

in this paper are closer to the tests results. When all of Trapdoors lowered down, such as 235

the aspect ratio of loose zone L/B is 6.67, the earth pressure ratio obtained by Terzaghi’s 236

solution and the solution in this paper are both close to the tests results. The comparison 237

between the solution in this paper and the tests results shows that the solution in this 238

paper is more accurate than the traditional 2D solution for calculating loose earth pressure 239

especially in 3D condition. 240
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Figure 14. Comparison of tests results (Adachi et al. [19]) and 3D solution under H/B=1.
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Figure 15. Comparison of tests results (Adachi et al. [19]) and 3D solution under H/B=2.
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Figure 16. Comparison of tests results (Adachi et al. [19]) and 3D solution under H/B=4.

6. Conclusions 241

Based on Terzaghi’s 2D arching theory based on the assumption of a vertical slip 242

surfaces, derivation of 2D and 3D theoretical model for soil arching with inclined slip 243

surfaces are presented in this paper. Horizontal thin layer differential element method was 244

used to obtain the loosening soil pressure. And then the correctness of the 3D solution is 245

verified. Several cases have been done to investigate the effects of buried depth ratio of 246

loose area, length of loose area, soil parameters, and lateral earth pressure coefficient on 247

loose earth pressure. The results by proposed solution are then compared with tests results. 248

Several conclusions can be drawn as follows: 249

1. The 2D solution with inclined slip surfaces can degenerate into the classical Terza- 250

ghi’s solution when the angle of inclined slip surfaces is 90 degrees. And the 3D solution 251

with inclined slip surfaces can degenerate into 2D when the length of loose zone trend to 252

be infinite, which can verify the correctness of the solution in this paper. 253

2. The loose earth pressure is far less than the self-weight earth pressure due to the 254

existence of soil arching effect for both frictional soil and cohesive soil. The earth pressure 255

ratio at each depth increases with the decreases of the angle of inclined slip surfaces. If the 256

angle of slip surfaces closes to 0, the slip surface is approximately parallel to the bottom 257

which means no soil arching effect will happen. 258

3. The earth pressure ratio decreases with the increase of buried depth ratio. For 259

shallow excavation, the change of the angle of slip surface has little effect on the loose 260

earth pressure. However for deep excavation, the change of the angle of slip surface has 261

great effect on the loose earth pressure. Using traditional Terzaghi’s solution with the 262

assumption of vertical slip surfaces will underestimate the value of loose earth pressure for 263

deep excavation condition. It will cause unsafe in design, which needs to be paid attention 264

to in the engineering practice. 265

4. The soil arching effect is closely related to soil parameters. The larger the internal 266

friction angle and cohesion of soil, the smaller the value of loose earth pressure. The 267

smaller the earth pressure coefficient is, the closer the calculated result is to the self-weight 268

earth pressure. If the earth pressure coefficients in the length and width directions of the 269

excavation loose area are different, the influence of the earth pressure coefficients in the 270

two directions on the results also depends on the aspect ratio of the excavation loose area. 271

5. For the 3D soil arching effect with small aspect ratio, the 2D solution will under- 272

estimate the soil arching effect and overestimate the loose earth pressure, resulting in 273

conservative design. The 2D assumption can be approximately used instead of the 3D 274

assumption when the aspect ratio L/B>10. 275
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6. The loose earth pressure results by 3D solution in this paper is in good agreement 276

with the experimental results. Compared with the traditional 2D solution, the solution in 277

this paper can analyze and calculate the soil arching effect more accurately. 278
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