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Abstract

Due to the acceleration of road construction, the number and extension of tunnels are
increasing every year. A lot of research has been done on the collapse of tunnels, but
research on the invert heaving is insufficient. Therefore, in this study, a sensitivity
analysis was performed using a geotechnical general-purpose program to analyze the
effect of the invert curvature of a tunnel excavated on the soft ground. As a result, it
was quantitatively confirmed that the stability of a tunnel was increased as the
curvature of the tunnel invert was increased so that the safety factor was calculated to
be large regardless of the ground conditions and the thickness of the support. In
addition, it was confirmed that the stability of the tunnel was increased by reducing the
convergence of the tunnel and the maximum bending stress supported by shotcrete.
Therefore, when a tunnel is excavated on soft ground, it is believed that applying a
curvature to the invert will increase the stability of the tunnel.

Keywords: Tunnel invert, Soft ground, Factor of safety, Curvature, Finite difference
method
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NS/

(a) Normal invert (b) Invert with a curvature

Fig. 1. Tunnel invert with a curvature
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Fig. 2. The generals of analysis section
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51222} 2] 211 leg pile) 173 A §oliek. PR, SRR 2 TekS o] 8 7
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Aokst 2|9kS- el 5114} Table 137 240] Cho (2020) 2] B4 A1E a5l -3-8]9t A (tuff deterioration)
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Table 1. Ground properties

Ground type Unit Wenght Cohesion Friction angle | Elastic modulus Poisson’s rafio
(KN/m”) (kPa) (©) (MPa)
Tuff deterioration-3 35 33 120
Tuff deterioration-4 20.0 30 31 100 0.31
Tuff deterioration-5 25 29 90

Table 2. Properties of supports and supporting materials

Type Elastic modulus Poisson’s | Unit weight Area C.T.C Remark
P (GPa) ratio (KN/m?) (m?) (m)
- | Soft 5 0.25,0.4 -
Shot 0.3 24 -
crete | Hard 15 0.25,0.4 -
. 6.353 x 107 SS400, H-200
Steel rib 210 0.3 78 5 0.8
1.198 x 10° SS400, H-300
¢: 68 kN/m?
Leg pil . 31 2 1.2 -
eg pile 0.905 0.3 0 & 30°
T.D.-3: Eg = 956.5 MPa
Steel pipe 34 0.3 32 0.453 - T.D.-4: Ey=937.0 MPa
T.D.-5: Eg=917.5 MPa

Journal of Korean Tunnelling and Underground Space Association 111



Kwangho You - Kangsan Kim

Ie A WA 9 BAANE A X]SEAT o, 2] E A Bl HAAA] 0] E/d X]5= Table 291 2Tt ©, &3 2| E 9 77|
E% B4R 27k Beeb| Rk @) ASohs 20 & shgetdnk. A AMSFEE o] 48 7
T 22k o] S7RVIAIGEo)y= Hlatel| Alsstoint. e Bl amtd-2 e A2 sk ARt AR 71gskal
S7FEAA 2§k ke
Table 3-2 2| EAHQ1 S=T 2| EQL A2 A 0] EXE AR 4] (3)ofl SJalf ALte 57 dAIG-E A2t A
olt}. 53], £ Ew AW B4 Al 2 25k, FAPE0.4 m 9= B avhE =o17] $fsl H-300 4
o) AARAYS 8, Ee, 571 B4 ol T 27 mRIEL AR Ao] o] At o8 uje- o
Bz £38E0| gk TIr= 2853t
Table 3. Equivalent properties of supports
T Area Moment of inertia Elastic modulus Equivalent elastic modulus
pe (m?) (m®) (GPa) (GPa)
0.25 1.302 x 102 10.08
Soft 3 5
0.4 5.333x 10 19.83
Shotcrete 3
0.25 1.302 x 10 10.96
Hard 3 15
0.4 5.333x 10 20.67
| H-200 6.353 x 107 472 %107
Steel rib > 5 210 -
H-300 1.198 x 10 6.75 x 10

Eldo] HheR 2go] Ad4E =, Eiuﬂa}ﬂ%mvero %9 o7t Zold45 B d el Py el nlle
dake A 0 2 ®7) Sfe) AR, A|RA £ 2 HREk Fo) Z10]8 QFA 8-S A2l Table 4] A2la}

Girk 4k Bl ZBER A2 Qhigel A4S AndoR gﬁﬂzzmg 30f) =AJsiek

AEH 0 2 2700 gle] vER THol 7845 B9 9] ool oF 4-14% F7FSH: o] et
S 380 o7t 57} TS Selelsint. TR, BE Aol H}%—?—fg 2 2101775 cmellA] 100 cm2
73 ) A 77425 em] 735 Lol A] vlek Zlo] o] ulsl ehgo] 4% T 27 F71eke ol
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LRt ol Hiefo| 258 Frlsle] 2R8sl= 33 Q] 7|7 AR Hof A RAf o] o] LAY
© g mohEch

Table 4. Factor of safety by depth of invert

Shot. thickness Depth of invert (cm)
Ground type

(cm) 0 25 50 75 100
25 1.47 1.61 1.65 1.73 1.78

T.D-3
40 1.73 1.88 1.97 2.05 2.13
25 1.25 1.35 1.43 1.53 1.57

T.D-4
40 1.51 1.65 1.75 1.83 1.91
25 1.07 1.18 1.25 1.37 1.41

T.D-5
40 1.33 1.47 1.55 1.65 1.71

==¢=-T.D3,58T.025 —=—T.DJ35T.04 =--0-T.D4,S5T.025
—+—T.D4,5T.04 --4-T.D5ST.025 ——TDSEST.04

22

Factor of safety
Ld
=S

0 25 50 75 100
Depth of invert (cm)

Fig. 3. Factor of safety by depth of invert
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el B o] Ak 2

AHQIE Table 501l F=ASEAL oS Fig. 49t o] 1oz yeh %E}
b A 353 W 5/ 25 cm = TASFAL Table 5ol|4 Zg & wiEg
Aol Hl-goH ()= HAE HEPdTh T2t BE o] et 9l vieE
(+), 2PF- Heko 2 AR 9IS (1) 2 HEigich

r
=
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Table 5. Depth of invert and tunnel displacement by excavation step (T.D.-3, S.T. = 25 cm) (unit: cm)

Excavation step Upper bench Lower bench
Measuring Soft Hard Soft Hard
; Depth of 0 ar. 0 ari
oint N
P invert (cm) 0 support shotcrete shotcrete No support shotcrete shotcrete
0 3.00 4.99 7.96 8.72 8.68 8.72
25 3.07 491 7.88 8.53 8.51 8.42
(2.3%) -1.6%) | (-1.0%) | (22%) | (2.0%) | (-3.4%)
50 3.02 4.93 7.38 7.87 7.97 7.94
Crown (0.6%) 13%) | (-73%) | (9.7%) | (-83%) | (-9.0%)
75 2.96 4.97 7.12 7.66 7.78 7.70
-12%) | (-04%) | (-10.6%) | (-122%) | (-104%) | (-11.7%)
100 2.95 4.99 6.91 7.27 7.40 7.32
-1.8%) | (-0.1%) | (-132%) | (-16.7%) | (-14.8%) | (-16.1%)
0 5.64 7.65 23.12 30.03 32.61 39.90
)5 5.34 7.50 21.54 28.91 31.01 35.47
(-54%) | (-19%) | (-6.8%) | (-3.7%) | (-4.9%) | (-11.1%)
50 5.35 7.29 17.52 24.19 26.64 30.57
Invert (-52%) | (-4.6%) | (-242%) | (-19.5%) | (-183%) | (-23.4%)
75 5.23 7.09 14.48 21.15 23.11 25.76
(-72%) | (-73%) | (-37.4%) | (-29.6%) | (-29.1%) | (-35.4%)
100 5.22 6.94 11.78 16.82 18.51 20.30
(-75%) | (-93%) | (-49.0%) | (-44.0%) | (-43.2%) | (-49.1%)
=0 cm =25 cm ===50 cm —+T75 cm =100 cm
10 ' 50
Upper bench 1 Lower bench Upper bench Lower bench
\ o = o
'g s | — g‘.w j
g 6 - i %30 p
Y | |
Non-support  Soft Hard Non-support Soft Hard Non-support Soft Hard Non-support Soft Hard
Shotcrete  Shotcrete Shotcrete  Shotcrete Shotcrete  Shotcrete Shotcrete  Shotcrete
Excavation step Excavation step
(a) Crown (b) Invert
Fig. 4. Vertical displacement by depth of invert (T.D.-3, S.T. =25 cm)
oA Ak, ek 9 BperRLollA] At Fx] Hof A AAdTA| = X8 wf) vieR S Zolof WA glo] M7t
S A8} ST AR AAJEH o] S HER Zlo] Hglego] Zhzt the ) heheh, Ee sjut 24t
A A SN} AAshal v AATAR 248 W9} 27 sk Aol trebih e,
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5.3 A|E2je| &2 2

HlEFinvert) 593 2017} A|BAI] B32lo] nl A JaEe LA 15l Selor AT 45391 4, B
9 vkt ol A|wAle] PUE L e BEE Fig, sol Lo, A2 Helsto] Table 6]
AgsIgIE. T8, AR 1§ B3 fs WO G 9191 12.8 MPa
0.91 MPaE 21§ 3le] 518 ghe Z0ba A] ol A A skl 202 Wllsheln, I Aol mHo R

AAE HErII. 9, AR es 518 fU=-6-20] EHIRl 6.4 MPas 28513t

-0 em —-—25 cm 50 em —+75 em —¢<100 em --- 12.8 MPa --- -0.91 MPa
100

Crown Shoulder

80
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&
50 ST
@
& 8
=2 &
H
£40 ;én 40
e El
H &
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£ 20 -60
=]
Side
Crown Shoulder wall Invert
0 -80
TP ESHSEREFEEE TPRARRRARISWRCEFERE I8 S
Number of shotcrete Number of shotcrete
(a) Compression (b) Tension

Fig. 5. Distribution of bending stress of shotcrete by depth of invert (T.D.-4, S.T. = 25 cm)

Table 6. Maximum bending stresses of shotcrete by depth of invert (T.D.-4) (unit: MPa)

Depth of invert Compression Tension
Shotcrete
thickness (cm) Ocm | 25cm | 50cm | 75cm [ 100em | Ocm | 25¢cm | 50cm | 75cm | 100 cm
25 69.9 69.8 62.8 64.8 67.7 -55.0 | -53.7 -45.6 -46.4 -48.2
40 58.6 57.0 55.5 51.9 50.9 -46.7 -43.8 -40.7 -37.0 -35.4

it 02 By vk o] THo] ANSE 2, ulehe 3 o]} 224% B ° 2
FAE BT AR BE AR Zuolniel A SeF0 R WASKAL 4 o et =

g
s0] ARl Fg2lo] 27| Ap8sie] whalzh EAsteinh TRk, FA7F25 eme A9 2ol 75 em,
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100 cm Z0o]d wf e} §5-2lo] ©:5]e] Z7Fshmt), ol BATE 20| 8 4uto] T8 ufet Aol 2
AR FA AT A ] © FEA ARA] FAZE AR 2 25 eme 5ol FE A
ERd @folety Heker,

32| E7F T4 40 cm @] ¢t HthE-g-2lo] i 2 ihgshs 2 oietE ) 914512 212} 58.6 MPa
2 46.7 MPa O & LERF om, Bl v o] I o] AULE 2o FUE-32-2 13.1% Hasia A5
sk 516 4

22420712 Z7V5}5Ik. @, BHEFE 2001 25 em o1A2] 79 BERO]A ©F0.2 MPa A 1l
Q%5212 27510} nhal/ AT ol 2R o] 2 5h 2] BAlE W B HiekRe] 24

o] 2g G} ety whzolata Hekdrt

[

Tod

ja)
-

O

o wfep 3 2070 cnel 3% 1@ oA I, SIS 3 W Al s
Agelsiet. T, B el 2499 ofo] WAl wgsto] sl Bl ] T4 Alulo] Bela 218 Stelstrt:

O

Failure region ¥ At yield in shear or vol.

(a) Depth of invert =0 cm (b) Depth of invert =50 cm (c) Depth of invert = 100 cm
Fig. 6. Shotcrete failure region and ground plastic locations by depth of invert (T.D.-4, S.T. =25 ¢m)
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o]
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