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ABSTRACT: This paper concerns the development of an optimized TBM segmental lining design system for a subsea tunnel.
The subsea tunnel is normally laid down under the sea water and submarine ground which consists of soil or rock. The design
system is the series of process which can predict segmental lining member forces by ANN (artificial neural network system),
analyze suitable section for the designated ground, construction and tunnel conditions. Finally, this lining design system
aims to be connected with a BIM system for designing the subsea tunnel automatically. The lining member forces are
predicted based on the ANN which was calculated by a FEM (finite element analysis) and it helps designers determine its
segmental lining dimension easily without any further FE calculations.
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Symbol Description Symbol Description
Vs Unit weight of ground B, Young’s modulus of ground
Uy Poisson's ratio of ground o} Internal friction angle of ground
C Cohesion of ground Kk, Lateral coefficient
D, Centroid diameter of lining D, Inner diameter of tunnel
H, Cover depth of ground H, Depth of seawater
L Length of lining segment h Thickness of lining segment
P, Vertical earth pressure at tunnel crown P, Vertical earth reaction pressure at tunnel invert
B Width of relaxed range over the tunnel M Bending moment
E, Elastic modulus of concrete G, Modulus of rigidity of concrete
Uy Poisson's ratio of bolt A, Area of bolt
0 Rotation angle Il Secondary moment of segment
Effective depth of section T Depth between compressive extreme fiber and neurtral axis
' Joint distance b Segment width
oP, Design axial force P, Required axial force
oM, Design bending moment M, Required bending moment
oV, Design shear force = Required shear force
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Table 2. Load combination factor (KCI, 2012)

Earth pressure
Description Dead Load - - Water pressure
Vertical Horizontal
Case 1 0.9 0.9 1.6 0.9
Case 2 0.9 0.9 0.8 0.9
Case 3 1.2 1.6 1.6 1.2
Case 4 1.2 1.6 0.8 1.2
Case 5 1.0 1.0 1.0 1.0
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Table 3. The range of input value considered for ANN
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Ground condition Construction condition Tunnel condition

Desc’n 9, E, y C K D, H, H, L h
(kN/m’) | (MPa) ’ (kPa) | (deg) (m) (m) (m) (m) (m)

Min. 18.5 16 0.20 0 30 0.5 4.8 20 0 1.0 0.4
Max. 26.8 35000 0.99 6000 45 2.0 13.0 100 200 1.5 0.6

Table 4. Input value for FEM analysis

Ground condition Construction condition Tunnel condition

Case 7, E, ” C K D, H, H, L h
(kNm’) | (MPa) ’ (kPa) | (deg) (m) (m) (m) (m) (m)

1 214 400 0.3 50 21 1 13 52 92 12 0.5

2 18.5 16 0.33 0 30 0.5 10 28 104 1.5 0.6

3 214 400 0.3 50 21 0.5 13 86 96 1.5 0.6
216 214 400 0.3 50 21 2 4.8 72 103 1 0.4
217 26.8 35000 0.2 6000 45 0.5 4.8 36 81 1.5 0.6
218 24.7 8000 0.24 700 38 0.5 4.8 96 128 1 0.4

Table 5. Maximum sectional member forces by FEM analysis

Max moment node Max axial force node Max shear force node

Case Moment Axial Shear Moment Axial Shear Axial Shear
(kN-m) (kN) (kN) (kN-m) (kN) (kN) (kN) (kN)

1 272.8 6710.6 321.0 147.7 7733.2 228.7 7086.3 651.6
2 1941.3 16287.7 160.9 952.0 22559.6 515.9 21043.2 2301.5
3 740.3 16315.9 1347.8 4714 16655.9 1166.6 16174.6 1383.1
216 294.0 4599.6 171.6 271.5 6551.8 354.7 6439.2 684.4
217 365.5 7328.9 467.1 365.5 7328.9 467.1 6694.9 745.6
218 261.0 7984.2 610.9 205.0 8186.9 5923 7806.5 729.9
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Table 6. Training sequence for ANN

Step Description for training

1 Intialization for connection strength and critical function

2 Setting for the training pattern

3 Determining of netj for hidden layer

4 Determining of netx for output layer

5 Determining of delta(dx) for output layer

6 Determining of delta(d;) for hidden layer

7 Amending the connection strength and critical function between j of hidden layer and k of output layer
8 Amending the connection strength and critical function between i of input layer and k of output layer
9 Training for the all patterns

10 Termination under condition of designated error range
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Table 7. Ground condition variables considered
Ground grade 7, (KN/m’) E, (MPa) Vg C' (kPa) ()
Soil 18.5 16 0.33 0 30
Weak / Failure 214 400 0.30 50 21
I 26.8 35000 0.20 6000 45
II 25.7 22000 0.22 2000 40
Rock I 24.7 8000 0.24 700 38
v 232 1500 0.27 200 27
\Y% 21.4 400 0.30 50 21
Table 8. Range of design variables considered
ww | D | H | K | H | £ | h | W | B | v | C | ¢
factor (m) (m) -) (m) (m) (m) (kN/mS) (MPa) (-) (kPa) ©)
Max. 13 100 2.0 200 1.5 0.6 26.8 35000 0.33 6000 45
value
Min. 4.8 20 0.5 20 1 0.4 18.5 16 0.20 0 21
value
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Table 9. Performance of ANN
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(c) Shear force at Max shear node

Classification R LIGHE MAE
(Coefficient of determination)| (Root Mean Square Error) (Mean Absolute Error)

Moment (kN-m) 0.993 74.8 -2.5

M“Nl;’imem Axial force (KN) 0.997 5552 158.9
Shear force (kN) 0.966 589 7.6

Moment (kN-m) 0.990 47.0 5.1

Ma;\‘lo’;:ial Axial force (kN) 0.999 387.6 -142.9
Shear force (kN) 0.987 73.5 9.1

Max Shear Axial force (kN) 0.998 478.3 -44.0
Node Shear force (kN) 0.997 56.0 24
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Table 10. Input value for ANN verification

Ground condition Construction condition Tunnel condition

Cse [, E, , c ¢ D, | A, L h
(KN/m’) | (MPa) : (kPa) (deg) (m) (m) (m) (m) (m)

1 24.7 8000 0.24 700 38 10 85 44 1 0.4

2 214 400 0.3 50 21 13 68 75 1.5 0.6

3 25.7 22000 0.22 2000 40 13 96 126 1.2 0.5
34 24.7 8000 0.24 700 38 4.8 34 138 1.2 0.5
35 24.7 8000 0.24 700 38 4.8 34 138 1.2 0.6
36 214 400 0.3 50 21 4.8 22 50 1.2 0.5

Table 11. Maximum sectional forces by ANN and FEM analysis for verification

Max moment node Max axial force node Max shear node

Case Moment Axial Shear Moment Axial Shear Axial Shear
(kN-m) (kN) (kN) (kN-m) (kN) (kN) (kN) (kN)

FEM 282.0 7471.5 575.1 55.0 10036.0 525.0 9471.3 752.5

1 | ANN 235.0 7875.8 529.5 67.0 10080.4 640.2 9458.1 791.4
ERR -16.7% 5.4% -7.9% 22.0% 0.4% 21.9% -0.2% 5.2%

FEM 2627.6 17613.0 101.9 1078.2 25081.6 4425 22808.8 2763.0

2 | ANN 2632.2 17581.2 105.5 1106.3 25030.2 464.1 22755.2 2686.6
ERR 0.2% -0.2% 3.6% 2.6% -0.2% 4.9% -0.2% -2.8%

FEM 1116.1 24882.0 1905.3 181.6 25242.2 1137.9 24608.5 2097.0

3 | ANN 1168.0 24489.9 1674.9 1742 25580.6 1809.1 24553.9 2133.4
ERR 4.7% -1.6% -12.1% -4.0% 1.3% 59.0% -0.2% 1.7%

FEM 1954 5680.4 342.5 193.2 7365.4 514.8 7141.0 592.6

37 | ANN 240.0 5547.4 315.6 195.3 7047.0 418.9 6761.5 575.3
ERR 22.8% -2.3% -7.9% 1.1% -4.3% -18.6% -5.3% -2.9%

FEM 2524 5805.9 345.3 240.5 7511.9 528.3 5719.3 628.4

38 | ANN 2334 5490.6 337.0 259.9 7518.6 448.5 6029.1 588.7
ERR -7.5% -5.4% -2.4% 8.0% 0.1% -15.1% 5.4% -6.3%

FEM 250.9 39233 294.7 250.9 39233 294.7 2936.3 4139

39 | ANN 211.8 3793.2 2335 217.1 3889.4 170.2 3127.0 407.4
ERR -15.6% -3.3% -20.8% -13.4% -0.9% -42.3% 6.5% -1.6%
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Table 12. Geotechnical material parameters for virtual subsea tunnel
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Ground condition Construction condition

Case Ground Vs E, ” c o K H, H, D,

grade (N/m3) (MPa) s (kPa) (deg) 0 (m) (m) (m)

1 8.9
Fracture 214 400 0.3 50 21 1 22 18

2 4.8

3 8.9
Rock 11T 24.7 8000 0.24 700 38 1 60 15

4 4.8

5 8.9
Rock 111 24.7 8000 0.24 700 38 1 60 21

6 4.8

7 8.9
Fracture 21.4 400 0.3 50 21 1 67 5

8 4.8

9 8.9
Rock IIT 24.7 8000 0.24 700 38 1 23 130

10 4.8

11 8.9
Rock 11T 24.7 8000 0.24 700 38 1 34 138

12 4.8

13 8.9
Fracture 21.4 400 0.3 50 21 1 30 90

14 4.8

15 8.9
Weak zone 21.4 400 0.3 50 21 1 22 50

16 4.8
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Table 13. Maximum sectional forces calculated by developed program

Segment Moment (kN-m) Axial Force (kN) Shear Force (kN)
Case thickness (mm) | FEM Prog. Error FEM Prog. Error FEM Prog. Error
400 136.1 109.5 -20% 5568.5 5623.6 1% 2289 240.8 5%
1 500 194.0 164.2 -15% 5617.5 5497.0 -2% 2257 2527 12%
600 252.0 2172 -14% 5662.6 5570.1 -2% 2252 201.6 -10%
400 158.7 1922 21% 2644.1 2637.7 0% 193.4 2227 15%
2 500 232.1 2179 -6% 2703.7 2531.7 -6% 212 227.1 7%
600 301.1 289.8 -4% 2760.2 2663.9 -3% 230.7 2353 2%
400 213.1 205.7 -3% 5739.9 5819.8 1% 404.9 393.3 -3%
14 500 302.6 277.1 -8% 5864.7 5527.2 -6% 429.9 418.0 -3%
600 385.8 376.3 -2% 5986.3 6340.4 6% 455.3 440.6 -3%
400 149.9 134.7 -10% 7698.2 7792.0 1% 355.6 353.7 -1%
15 500 210.7 206.5 -2% 7769.9 7552.4 -3% 353.3 326.2 -8%
600 271.3 263.1 -3% 7838.0 7905.8 1% 354.2 375.6 6%
400 174.7 192.8 10% 3840.2 4005.5 4% 274.5 271.0 1%
16 500 250.9 230.4 -8% 3923.3 3780.8 -4% 294.7 286.0 -3%
600 3222 309.9 -4% 4002.9 4182.1 4% 3152 298.1 -5%
Table 14. Result of cross section review using developed program
o Developed program Common use program
Description
Value Result Value Result
o Pn(kN) 9729.9 9597.7
Pu(kN) 4808.9 4808.9
Part of oMn(kN-m) 442.7 4373
Max. bending moment | 37y, Nopn ) 219.1 219.1
¢ Vn(kN) 723.3 723.3
Vu(kN) 364.3 364.3
OK. O.K.
¢ Pn(kN) 11331.8 11029.4
Pu(kN) 5623.6 5623.6
Part of o Mn(kN-m) 370.6 384.5
Max. axial force Mu(kN-m) 109.5 109.5
¢ Vn(kN) 760.1 760.1
Vu(kN) 240.8 240.8
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Table 15. Section DB
Segment Compression / Tension reinforcement Shear reinforcement
No thickness Cover Diameter Distance Diameter Distance Leg Remark
(mm) (mm) (mm) (mm) (mm) (mm) (EA)
1 200 80 25.4(D25) 150 12.7(D13) 200 333
2 80 25.4(D25) 100 12.7(D13) 200 5
3 80 25.4(D25) 150 12.7(D13) 200 333
4 500 100 28.6(D29) 150 12.7(D13) 200 333
5 80 25.4(D25) 100 12.7(D13) 200 5
6 80 25.4(D25) 150 12.7(D13) 200 333
7 100 28.6(D29) 150 12.7(D13) 200 333
8 80 25.4(D25) 100 12.7(D13) 200 5
600 80 25.4(D25) 100 1 lyr.
9 12.7(D13) 100 5
160 25.4(D25) 100 2 lyr.
80 38.1(D38) 100 1 lyr.
10 19.1(D19) 100 5
160 38.1(D38) 100 2 lyr.
Table 16. Result of section analysis using developed program
Ground Construction . .
condition condition Qi SRR i E s
Section Case
Ground grade | %, H, H, D, Segment Section no.
&r (m) (m) (m) thickness (mm) of DB
1 8.9 400 1
Fracture 1 22 18
2 4.8 400 1
A
3 8.9 400 1
Rock III 1 60 15
4 4.8 400 1
5 8.9 400 1
Rock 111 1 60 21
B 6 4.8 400 1
7 8.9 400 1
Fracture 1 67 5
8 4.8 400 1
9 8.9 500 3
Rock IIT 1 23 130
C 10 4.8 400 1
11 8.9 500 4
Rock IIT 1 34 138
12 4.8 400 1
13 8.9 400 1
Fracture 1 30 90
14 4.8 400 1
D
15 8.9 400 1
Weak zone 1 22 50
16 4.8 400 1
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