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A knowledge-based study on design of NATM lining for subsea tunnels
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ABSTRACT: This paper concerns a study of a knowledge-based NATM tunnel lining design for subsea tunnels. Concept
for tunnel automation designing system, the development of Artificial Neural Network based technology of the tunnel design
system, the learning process and verification of the technology forecasting member forces were described. 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 using a FEM(finite element analysis).
The lining member forces are predicted based on the ANN quickly and it helps designers determine its segmental lining
dimension easily.
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Fig. 2. Load combination of NATM lining analysis
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Table 1. Theory of coefficient of subgrade reaction

Classification Content
E, [A
K=—"—» R=4/—
s [(1 + Z/)R] L T
Theory K : Coefficient of subgrade reaction

E : Modulus of deformation
v : Poisson's ratio

R : Radius of the lining

L : Length of member

Table 2. Application of temperature load
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Classification Application Content
*» Thermal expansion coefficient of concrete
a:10x10”
. * Converted to —15°C thermal loads
Seasonal Temperature Load +15°C « ¢ : Concrete drying shrinkage (15 x 10°)
15x10°°
A== PO s
a 1.0x10""°
Load temperature difference between o
o - +5°C
inside and outside surface
Drying Shrinkage -15°C
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Table 3. Role of reinforced concrete secondary lining

Classification Content
* Less leakage of water and Favorable of watertightness
Performance . . .
* Inspection and Improvement of repair effectiveness
* Providing binding required for stability of tunnel during construction of the concrete lining without
convergence to the deformation of the tunnel
Strength * Support the external forces when situation(construction defects) occurred during construction

quality degradation of support,
* Increase the durability against

* Improve the safety of the structure uncertain factors considered uncertainty factors(Uneven ground,

depression of primary support)
deterioration of the supports and change of external forces

Table 4. Consideration of the secondary lining design

Classification

Content

Cross section form and |+ Consider a tunnel clearance limit and allowance

Application Load * Secure usability and durability

when depressed the primary supports

Stability Check * Application of blasting relaxed

load

¢ Consider change of temperature and drying shrinkage

Design * Reinforcement of small diameter rebar at appropriate intervals

Prevention
Cracks

* Secure the position of reinforced joints and thickness of cover concrete
* Compliance the reinforcement standards(Check spacing of reinforced rebars)
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e Ground type
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* Mechanical 500 mm)
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Consider e Relaxed rock load 5 Structurgl cnplhE
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Fig. 3. Flow of NATM secondary lining design
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Qo] A gfstil

Farste] gl Mk 249 AAl =4

e 2 HlE, s, Zohdehe, hAeR  of wle} Table 6‘ﬂ+ 7o) QHE 153~5539] 571x=
HES Fxolislil DBS 735130tk ANN 50 RS9, 23 G2 98] 2uked S-S 7%
ARl glEwige] M9 Table 5ol UERHCE 918 slw2 sjirt o= siXE Yol NATM 2
Table 5. The range of input value considered for ANN
i Lining thickness
Classification i LA € Ground Type
(m) (m) (m)
Max 21.2 14.45 0.5 5
Min 9.8 8.75 0.2
Table 6. Input value for FEM analysis
g/ E, @ ¢
Ground Type N ° v, o
P (KN/m?) (MPa) (kPa) )
Rock 1 26.8 35000 0.20 6000 45
Rock 1T 25.7 22000 0.22 2000 40
Rock IIT 24.7 8000 0.24 700 38
Rock IV 23.2 1500 0.27 200 27
Rock V 214 400 0.30 50 21
Table 7. Load combination factor
.. Relaxed Rock | Residual Water + - Drying
R 1.2z Lol Load Pressure Temperature Load Teng):;ztme Shrinkage
Cl 0.9 0.9 1.6 - - -
Strength C2 1.2 1.6 1.6 1.2 - -
C3 1.2 1.6 1.6 - 1.2 1.2
Ul 1.0 1.0 1.0 - - -
Usability U2 1.0 1.0 1.0 1.0 - -
U3 1.0 1.0 1.0 - 1.0 1.0
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Fig. 7. Cross-sectional drawing of NATM lining (Unit : mm)
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Fig. 8. FEM analyzing flow for NATM secondary lining
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Table 8. Input and Output parameters
Breadth Max Moment
Height Max Axial F
Input Parameter °e g Output ax T Toree
Lining thickness Parameter Max Shear Force
Ground type Max Using Moment
w2 A9k uk Al AR SRS st 028 ARSSIGITE 53 DBE 8dto] sS4
o GHHES 92 NATM 2%} glo|de] ZoiRale 33k ANN Input layerof 47H2] 912w, 1742
= APSEAAL, AP E RS ANN 255A4] S5 Hidden layere]] 2719] 24577, Output layere]| 171€]
DB2 ARESITE siAEde] 5L arefste] it EElwdor 493tk
o 52 P Rk 807je] SleRAS T WA AT DB B2 - H4ghE Table

23t s Alo|2E AT ThE Table 8ol
NATM 27} lolid Zch412 ANN 754] 21§%]

QJeight 2eghe ek

1

3.4.4 NATM ANN 3=

ANN, Q4] 754] 2450] 4= 1~10 9] ol
A A==t 100] 77k 755 DBO] 21xjo]
et okt ge SR B odelas gt
3 NATM ANN 18] -2o0]] A}83F j2] 1A 55

9] YERHCE. Table 100]4= AR A £?), BA|
HL22HRMSE), B#+Et) @ XHMAE) 5 Al 714
SARTE o835 ANNO| o5 H7} Ayfs Hojs
£l ZF FAEge] i Hagke siole of e}
HEP7E 22 il etk NATM ANNSE| 15
Aik= T2 Fig. 9o Uepillck. o] sk H7F Ak
A eulE, 25, Hoidds 9 oA
Eof o3t 52y ARANRY)7E 22 0.9770,
0.9614, 0.9880, 0.90092 L}E}L} 7} o] HA)2 o]

A7e7] S1) TBM ALTHE 2old ANN FHA  cheh ANN o gk shsoll AN gh e Aol
ANNSJ ofZ3]of| gt RMSE ghe] BluE 3513 A2 ®ojzr)
I 2939 e 27), BHEE 08, SE5ES
Table 9. Maximum and Minimum sectional forces by ANN
Classification Maximum value Minimum value
Max Moment (kV - m) 575.8 20.8
Max Axial Force (kN) 4907.8 629.1
Max Shear Force (k) 260.4 27.8
Max Using Moment (k/V - m) 372.1 15.5
Table 10. Result of building an ANN
Classification i 2
(Coefficient of determination) | (Root Mean Square Error) (Mean Absolute Error)
Max Moment (kV - m) 0.9770 12.2 8.4
Max Axial Force (kNV) 0.9614 166.3 13.8
Max Shear Force (kN) 0.9830 5.4 4.0
Max Using Moment (kN - m) 0.9009 88.3 66.8
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Fig. 9. Comparison of computed versus predicted values for training

3.4.5 NATM ANN DIZl= £

T NATM ANN©j| tfsfiA] TBM A|LHEC]A]
9} Z+o upH o 7 RSE (Relative Strength Effect)@}
RI (Relative Importance)S E45}F3t) Fig. 1004
L 7} 2ol oist RSEE Uehd 1, AlA| 7
Table 110] ZEA|HCE

Table 110]) Lhepct njo} o] HEkiS Al2jet 7S
EAUS 2ol 71 2 ke e Alos HEESIH:

UER) RIE RSESH= th2 HpAlo g
A Aaghel g ke A=A
Az} 2HHso] BE oA =
2 Aoz Jehgon goly AL 71 &

H 5]
LN

Efd WS =olofl tishA 2= HHIE, Hdiikg BRE S ool AN 24 F ojd 84t o
BHEE ()2 RER 9 U AR etk AAe] 2 GRS nAEA ARt AE £
F7h402 RSES} o2 2t Aol gz At
ojgt =% ANN9] RIE HES|Y] Fig. 119 RIE
Table 11. RSE of Maximum member forces
Classification Breadth Height Thickness Ground Type
Max Moment 1.000 -0.952 0.153 0.107
Max Axial Force 0.731 -0.658 0.139 0.358
Max Shear Force -0.223 0.727 0.674 -0.032
Max Using Moment 1.000 -0.987 0.025 0.085

207



e oAz O =
}tl%“(:]_ C ST e }l]
08 RSE_Max Axidl Farce for NATM
08— RSE_Max Moment for NATM
1 1 | 1 1 1 1
e ,\3\»@“ S g et o ‘\\\«\“6
o o
a. Max Moment b. Max Axial Force
08
RSE_Max Use Mament for NATM
04|
I RSE_MAXx Shear Farce for NATM
08 |-
1 1 1 1 1 L 1
o e \X\\Aﬁ* . o o g o »\‘5“‘?
X o
c. Max Shear Force d. Max Using Moment
Fig. 10. RSE
50 50
40 1 0
Ei!l] E:30
g &8
£
& g
=20 g »
3 3
10 10
: : [ ]
T T T T T T T T
\w"‘»\‘ o .w.‘"‘a ‘»‘\""‘& Q,\‘)‘\w\ s e “‘\\“':"
[ (\\‘“
Input parameter Input parareter
a. Max Moment b. Max Axial Force
s0 50
40 0
& &
g i
£ £
g g
£> R
-
2 3
10 10
0 T T T T 0 T T = T
e et et R P R
@ [
Input parareter Input parameter
c. Max Shear Force d. Max Using Moment
Fig. 11. RI

208



A 2715 Ade o]83t sAEES] NATM 29| Stold 44

3.4.6 NATM ANN EX13 of% zid 43S

o] ol A NATM ANNS o} 83 H4je] A1
N2wle] B8 AT YHES A2 2
47} Alo]A~E Validation set 2 =2 AAJ}a1 o|= Table
120] Yeh i BAje H52 a3kl 1 s
Table 130f YeRHTE A% Alo|2o4 ANNS] H
A B ol 2AR AUEASS 46% HriE
2 4.9%, HPAEH 5.1%, HOAERHE 74%2
LRt AA oS Eo] A9 o7t gles &
5ick HeAbg =S| 29 R 9o gloi
15%8] @2} 2 Hol= Zlo] AL, ZthAkg =
WEL Adshze] A mHENT 277 A o
wle] Aol TefE] o atolo] E3 24jo)
Adigh ZA7E 2R A2 AA| T Aol &

2 ol3x) gtk

Table 12. Input values for ANN verification

3.5 NATM 2%} glo]do] A

NATMS] 23} o] o] A Baele 727]%
(2012) Aol whet 51523510 3.5.1 29| Table
189} 22 SEEFS At ojgkstEt ARt
& neje e AR s1ste] AT NATM
T A§ T Felot 2] Aol HgEE
2 oh Aol 9113 9l Eslavh s 77k
=1, Z Alo] FEste] R4 AT it ulagt
AOE 1% 4 Q) wEolck HE: FI HEHE
ZEste] Tzl 51832 ol EABR: 49 7
o pae|ER A, olele] A9 Auet A
o Asslgich. BLe] HEA, 2, v
T AARA] YR Hie Tefshy EaelE T

N
o

2712 (2012)0f) it duli 78 ol Al

Classification Br(ene:)ith H(el;%h t Lining (Itlllq)lc]mess Ground type
1 13.6 10.65 0.5 5
2 17.4 12.55 0.5 3
3 21.2 14.45 0.4 2
4 21.2 14.45 0.5 5
Table 13. Maximum sectional forces by ANN and FEM analysis for verification
Classification Max Moment Max Axial Max Shear Max Use Moment
(kN-m) (kN) (kN) (kN-m)
FEM 229.1 2194.9 170.1 165.3
1 ANN 235.8 2371.2 164.7 190.9
ERR 3% 8% -3% 15%
FEM 130.0 2078.7 60.6 96.5
2 ANN 1234 1866.2 56.6 92.0
ERR -5% - 10% - 7% 5%
FEM 100.3 1750.1 61.9 73.5
3 ANN 96.2 1736.8 57.7 71.9
ERR -4% - 1% -7% -2%
FEM 575.8 4907.8 260.4 372.1
4 ANN 539.3 4931.8 250.3 344.8
ERR -6% 0% —4% = 7%
Average absolute error 4.6 % 49 % 51 % 74 %
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£ 5188212 Table 140] YRtk o714 A8+
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Aol e A FARAT W Aie) AR
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2012)°] A= e,

:; =z
t o

Table 14. Check allowable stress of concrete

Check allowable stress of

Classification
concrete

Allowable bending Pu + M, <1
compressive stress oM,
Allowable bending tensile M, P, ,
— < 0.42¢+/
stress S A 0420 V Fy
Allowable bending shear ,
V. =¢0.11 bh
stress w =90 T
P, : Axial force, M, : Moment, 7, : Nominal axial force,
M, : Nominal moment, .S : Section modulus, Ag . Area,
V, : Shear force, b : Breadth, h : Thickness
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