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Abstract

Deep Tunnel system is a large-scale urban flood control facility installed underground in order to reinforce the lack of drainage systems
in developed cities. In a structure like a deep tunnel system, the undular bore generated in the downstream causes a problem in the
hydraulic stability of the tunnel. In this study, to investigate the influence of the undular bore on the hydraulic stability at the “Shinwol
rainwater storage and drainage system”, under construction for the first time in the country, a hydraulic model experiment was conducted
on various flooding inflow scenarios. As a result of the hydraulic model experiment carried out in this study, the undular bore generated
downstream is trapped in the pipe while moving to upstream, pushes the compressed air. It is judged that overflow occurred by choking
the vertical drop shaft in the process when this compressed air is being exhaust through the upstream vertical drop shaft and blocking
flood inflow. In addition, the analysis of velocity of undular bore shows that the undular bore transfers energy, and at this time, the
pressure rose in the pipe and the velocity increment occurred of the undular bore. Further studies are needed to predict the size and
velocity of undular bore, which plays an important role in the hydraulic stability of the tunnel in the deep tunnel system.

Keywords: Deep tunnel system, Undular bore, Compressed air, Hydraulic stability
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Fig. 1. Facilities of deep tunnel system

2, 945

0%

A O|EX HifE

‘i

21991
Al BB FHlAD 1 22 2|5 oA B o Thet
A= SRS oo A B A Zils] AR glom
ISt E HE-E EA Z5 o2 ER A58 0 = &8
Skl QL= Pl Ptof| A B2 A7 P =] qlek i 2]
732005 A} ol sAdo] v B o B e At
2 25} thAl & B ol gt Afo] % T &= i d of] et
Aol Z7Fstadeh. Tl A=t Hd W B2 571 7
Boll TRt A7 K=t Bl ol ot %_13*3, o4 = E
do] Aol et A7} Bl wol 21 gl
Peregrine (1966)-2 57 d oA B2 @uto] 27 5
7tol E9] A Aot fet AHE S o885 A& F6
o] B2 dal 37] 271 tist A2 519 th Tada et al.
(1994)2 5717F 244 Q= A5t A = Bl d ol A 2] 55
tjste] st e Bd W 455715 A A 2 A
A& 55to] dEpF= Aliteto] B w53 Sukegawa er
al. (199927 AU+ = o sot=37] Fol2| At
DA ESS RS FAdotl ol A2 AREOl A
AT 1 Ao Rol= 7 go] Qlokal BT th Watanabe ef al.
(2000)2 TEA] SF A| AR U] Tohdo] 37| 7} 2Rt
= A R At fIoiA el At A s R E
& AHg-sto] AsHSI T} Kushiyama et al. (2003)2 A
By} e o Afo|H T2 0] ghrz| Aol A B AN s A )
T 2] ASL 3 s e 2= Qe Zxad mEle 15
SHLE. Vasconcelos and Wright (2005)2 2] A E-2 55
o A E 8§ W E50] 4= S50 TrE 552
Zold o WAYSh= A of) tote] Aottt o UiFo &2
A=l A=F7 17U S S50l Y A H AR 2
FYTEO R o] 5ok UFHE Tk HURE 7S AL
ISR E d5A171M AR EE SRS HEh

)4

lx

o,

2.2 0|23 b Z

Kushiyama ez al. (2003)°] th2H tiA] = g1 d o} 728 o A}
M T=oM 9 S5 27 7= SEOIA 252 3
ol oste] TR 5o 2 HolHr) o] A B
9] 5582 Fig. 29t &o] A 5HA A2 FEE 4= 910
19A] B 179) Al = Bl oll whet oA = BE Ui
L1755 11#@%1 Bfridoll ofstod shRE
ZFE7E . o o] £ 52 JE S0l tiH = HE

A7 s Hi7 s 7&% 715 ARt 2t A= Bt




J. 0. Oh/ Journal of Korea Water Resources Association 52(5) 313-323 315

2] g Ay A 2 e Ed 2] ol Rie] E]ar A4
FollA 2541 T4 Fr o 2 Bt 2] gt i Agsto] A
(upstream) & O] 53t} 3GA= B2 T} o5 BA| 2 5t

Exhaust air
Exhaust air

Exhaust air

Step 1. Inflow flood and stably exhaust air

Exhaust air

Exhaust air

Exhaust air

Occurring
the bore

ﬁkaising water
height

Step 2. Occurring the bore at downstream
Exhaust air
Exhaust air

Exhaust air

Moving
the bore

ﬂkaising water
height

Step 3. Moving the bore to upstream and pressurized to air in tunnel

Flood Flood
i 100
RNV b geysering Flood

geysering

aising water
height

Step 5. Surging and stably drainage

Fig. 2. Flow mechanism in deep tunnel system
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Table 1. Scales for each variables of froude similarity

Variables Froude Similarity Scale
Length L, 1/50
Area L? 1/2,500
Volume L’ 1/125,000
Time L' 1/7.07
Velocity L' 1/7.07
Discharge L” 1/17,677
Pressure L, 1/50
Manning’n L' 1/1.92
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Fig. 5. System of discharge cycle in hydraulic model experiment
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Table 2. Design conditions for experiments of each part

317

Data o|-goto] FFAHAE Aottt 1 A R o 2

stz Ciondiiton Original (m) | Model (m) A4710.0086.0 2 H71E| Q)0 48 o] & AH40.0080

duction Tumnel |_22meter @) 887.1 17.74 I} H Eé}oi Efi_%ﬂl A = ‘;’iﬂr iEﬂVF? _3-'34 Sfod

Length (L) 5.5 0.11 NFg-Z o8 45, WAEEH 1/50, 2ol54 1/71&

Main Tunnel Diameter (D) 10.0 0.20 Z-g5tojof sl 2R G o] AL | EA], F7| g

ey | L) | 3ew7 | me  TISRLAELslon Buel 3329 E A8

Inlet Shaftl Diameter (D) 5.4 0.11 AL

(LDS1) Height (H) 462 0.92 2 A7) A9 AHe] 2+ Table 33+ o] i+ 221

Inlet Shaft3 Diameter (D) 5.4 0.11 57]—11’ E1 Lg ”7::7] ;ﬂ.%x_g’\_ =41 17}Z]§ & 557]—11 ST

(LDS2) Height (H) 458 0.92 A AlvtE]| o gt e| R P AA-S S-S F Y/

Inlet Shaft2 Diameter (D) 5.4 0.11 2L WAL sEE FHA2A 50 HI)olA 2+ 10%

(HDS) Height (H) 476 0.95 A HAEANA 2ot em BHE W 7] R4 202 AR

Air Shatt Diameter (D) 5.4 0.11 7FsEHEE = H21)) 2] 0% ~ 100%71HA] 10%4 S7FAA -

Height (H) 423 0.85 ESFRTE. 7 A2 Fig. 63 o] 7] 2 =4 of whet

P Diameter (D) 7.5 0.15 BEHA o2 £ G G YT HAA 7 HA v AR
Height (H) 39.8 0.80 (Unsteady)ﬂ'EHE AL 2133

Table 3. Experimental scenarios for inlet discharge and residual amount in tunnel

T Inlet discharge (A) Residual amount in tunnel (B) (AY+(B)2.78 m’
’ Condition No. | Total amount (m*) | Condition No. Total amount (m®) | (Total amount of storage)
P50-RO 0% RO 0.00 1.0
P50-R10 10% R10 0.28 1.1
P50-R20 20% R20 0.56 1.2
P50-R30 30% R30 0.83 1.3
P50-R40  |100% of 100 mm 40% R40 1.11 1.4
P50-R50 /1 br P50 2.78 50% | RS0 139 1.5
(50 yr. frequency
P50-R60 of Seoul) 60% R60 1.67 1.6
P50-R70 70% R70 1.95 1.7
P50-R80 80% R80 2.22 1.8
P50-R90 90% R90 2.50 1.9
P50-R100 100% R100 2.78 2.0
P30-RO 0% RO 0.00 0.9
P30-R10 10% R10 0.28 1.0
P30-R20 20% R20 0.56 1.1
P30-R30 30% R30 0.83 1.2
P30-R40 | 90% of 100 mm 40% R40 1.11 1.3
- . (] . .
P30-R50 /1 hr P30 2.50 50% RS0 139 1.4
(30 yr. frequency
P30-R60 of Seoul) 60% R60 1.67 1.5
P30-R70 70% R70 1.95 1.6
P30-R80 80% R80 222 1.7
P30-R90 90% R90 2.50 1.8
P30-R100 100% R100 2.78 1.9
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Table 3. Experimental scenarios for inlet discharge and residual amount in tunnel (continue)

— Inlet discharge (A) Residual amount in tunnel (B) (A)+H(B)/2.78 m’
ase INO.
Condition No. | Total amount (m®) | Condition No. Total amount (m®) | (Total amount of storage)
P20-RO 0% RO 0.00 0.8
P20-R10 10% R10 0.28 0.9
P20-R20 20% R20 0.56 1.0
P20-R30 30% R30 0.83 1.1
p20-R40 | 80% ‘;f LOO mm 40% R40 111 12
P20-R50 ! hr P20 222 50% R50 1.39 1.3
—— (20 yr. frequency "
P20-R60 of Seoul) 60% R60 1.67 1.4
P20-R70 70% R70 1.95 1.5
P20-R80 80% RS0 222 1.6
P20-R90 90% R90 2.50 1.7
P20-R100 100% R100 278 1.8
P10-RO 0% RO 0.00 0.7
P10-R10 10% R10 0.28 0.8
P10-R20 20% R20 0.56 0.9
P10-R30 30% R30 0.83 1.0
P10-R40 | /0% of 100 mm 40% R40 111 1.1
P10-R50 /1 br P10 1.95 50% R50 1.39 12

—— (10 yr. frequency "

w of Seoul) 60% R60 1.67 1.3
P10-R70 70% R70 1.95 1.4
P10-R80 80% RS0 222 1.5
P10-R90 90% R90 2.50 1.6
P10-R100 100% R100 278 1.7
P5-RO 0% RO 0.00 0.6
P5-R10 10% R10 0.28 0.7
P5-R20 20% R20 0.56 0.8
P5-R30 30% R30 0.83 0.9
P5-R40 60% (;f 1h°0 mm 40% R40 111 1.0
P5-R50 ! hr P5 1.67 50% R50 1.39 1.1

——— (5 yr. frequency .

_PSR60 | oreoul) 60% R60 1.67 12
P5-R70 70% R70 1.95 13
P5-R80 80% RS0 222 1.4
P5-R90 90% R90 2.50 1.5
P5-R100 100% R100 278 1.6

- = -
E v E 10— T
’ 00:00 ‘ 01‘00 ‘ ﬂ2‘00 03:00 M‘DO ‘ 05‘00 ‘ 06‘00 ‘ 07‘00 ‘ 08:00 ’ 00:00 01:00 ‘ O?‘ﬂO ‘ 03‘00 ‘ 04‘& ‘ 05‘00 ‘ 06‘00 ‘ 07‘00 ‘ 08:00 ’ 00:00 N OIOO ‘ 02‘00 ‘ 03‘00 ‘ 04‘00 ‘ OS‘OD ‘ GG‘DD ‘ D7‘ﬂ0 08:00
Time (mm:ss) Time (mm:ss) Time (mm:ss)
(a) LDS1 (b) LDS2 (c) HDS

Fig. 6. Hydrograph of 50-yr. frequency of Seoul
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Fig. 7. Location of setup in piezometers

Table 4. Analysis and comparison results of celerity of bores

Case No. (n‘\ll/fs) (rﬁfs) (S:;ls)) (ﬁﬁ‘;’) (ri7s) Cre/Cro Hys:iamugﬁ thﬁf,li v
P50-RO 0.108 0.963 0.855 0.905 0.050 0.94 H-S secured
P50-R10 0.110 0.955 0.846 0.787 -0.059 1.07 H-S not secured
P50-R20 0.113 0.940 0.826 1.207 0.380 0.68 H-S not secured
P50-R30 0.340 0.767 0.427 1.131 0.704 0.38 H-S not secured
P50-R40 0.247 0.900 0.653 1.006 0353 0.65 H-S not secured
P50-R50 0.408 0.858 0.450 1.293 0.873 0.35 H-S not secured
P50-R60 0.408 0.858 0.450 1.207 0.757 0.37 H-S not secured
P50-R70 0.538 0.767 0.229 1.006 0.776 0.23 H-S not secured
P50-R80 0.717 0.664 -0.053 0.862 0.915 0.06 H-S not secured
P50-R90 0.430 0.858 0.427 0.823 0.395 0.52 H-S secured
P50-R100 0.717 0.664 -0.053 0.724 0.777 0.07 H-S secured
P30-RO - - - - - - Non drainage
P30-R10 0.102 0.940 0.838 0.862 0.024 0.97 H-S secured
P30-R20 0.087 1.015 0.928 0.823 -0.105 1.13 H-S secured
P30-R30 0222 0.900 0.677 0.862 0.185 0.79 H-S secured
P30-R40 0322 0.748 0.426 0.905 0.479 0.47 H-S not secured
P30-R50 0.459 0.767 0.309 0.953 0.644 0.32 H-S not secured
P30-R60 0.524 0.718 0.194 1.006 0.812 0.19 H-S not secured
P30-R70 0.645 0.664 0.019 1.065 1.046 0.02 H-S not secured
P30-R80 0.553 0.718 0.164 1.006 0.841 0.16 H-S not secured
P30-R90 0323 0.940 0.617 1.065 0.448 0.58 H-S secured
P30-R100 0317 0.947 0.630 1.131 0.501 0.56 H-S secured
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Table 4. Analysis and comparison results of celerity of bores (continue)

Case No. (rr\ll/fs) (rfl:fs) (S:Z) (SD?) (ri/as) Crr/Cro Hys(eiiiurgg (S)tra::tl Y

P20-R0O - - - - - - Non drainage

P20-R10 - - - - - - Non drainage

P20-R20 0.272 0.542 0.271 0.362 0.091 0.75 H-S secured

P20-R30 0.362 0.664 0.302 0.603 0.301 0.50 H-S secured

P20-R40 0.242 0.814 0.572 0.905 0.333 0.63 H-S secured

P20-R50 0.296 0.900 0.603 1.131 0.528 0.53 H-S not secured

P20-R60 0.362 0.814 0.451 1.006 0.554 0.45 H-S not secured

P20-R70 0.430 0.767 0.337 1.065 0.728 0.32 H-S not secured

P20-R80 0.344 0.858 0.514 0.905 0.391 0.57 H-S secured

P20-R90 0.430 0.767 0.337 0.862 0.525 0.39 H-S secured

P20-R100 0.382 0.814 0.431 0.823 0.391 0.52 H-S secured

P10-RO - - - - - - Non drainage

P10-R10 - - - - - - Non drainage

P10-R20 - - - - - - Non drainage

P10-R30 - - - - - - Non drainage

P10-R40 0.190 0.858 0.668 0.862 0.194 0.77 H-S secured

P10-R50 0.220 0.978 0.758 0.905 0.147 0.84 H-S secured

P10-R60 0.238 0.940 0.702 0.754 0.052 0.93 H-S not secured

P10-R70 0.301 0.858 0.557 1.065 0.508 0.52 H-S not secured

P10-R80 0.301 0.858 0.557 0.670 0.114 0.83 H-S not secured

P10-R90 0.251 0.940 0.689 0.905 0.216 0.76 H-S secured

P10-R100 0.377 0.767 0.391 0.754 0.363 0.52 H-S secured

P5-R0O - - - - - - Non drainage

P5-R10 - - - - - - Non drainage

P5-R20 - - - - - - Non drainage

P5-R30 - - - - - - Non drainage

P5-R40 - - - - - - Non drainage

P5-R50 0.068 0.940 0.872 0.905 0.033 0.96 H-S secured

P5-R60 0.163 0.858 0.695 0.862 0.167 0.81 H-S secured

P5-R70 0.181 0.814 0.633 0.862 0.229 0.73 H-S secured

P5-R80 0.245 0.858 0.613 0.823 0.210 0.75 H-S secured

P5-R90 0.222 0.900 0.677 0.862 0.185 0.79 H-S secured

P5-R100 0.453 0.940 0.487 0.905 0.418 0.54 H-S secured
ofulste] (+y RO AR B O ARIIN SR I E4ob el §UE 317 % W Sk skl 2t

< ejujgiey, 2572 Gl R o) Fahel A Al U] Ewe] g o
2 Aol Rt pel P B A o] 2l A ¢t 53718 87 FARATE |7 A7 Aol A=5
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Undular bore -

Pressurized air

A SIS BA S o=t /w4
T(Cro)2t EHtH o2 50| =F 2]
I(Cre) 2t H] L RH AT} Fig. 99F Zo] tiF-R9] A3 A]
oA YRS FR =2 B S (Cro)HE
EAE| ATt EQF Table 49 go] ¥t 02 550
Ao A B3] Tt S o} FAREAS T B2
Lol 2}, & Bt ©o] £ F7HH(Co )0l WA
= 24H A

71 RIS Yol 7] fI5ke] AF(Upstream) & ©]&5h=
B2 97t 528 E (Induction tunnel)Z} AFul=E'd
(Main tunnel, Storage and drainage tunnel) 2] $°7-5(Junction)
£ 0 o) gRRolA e dEs A 6] Hokek 11 A
Fig. 102 Zo] 71 371 0.2 MPa o3 - 72 ol8oh=
712 o] ofsto] Fre B d W 2= o] Q1d A5-5717F
FHi7] =HA 4557 8 @4 o] ISk o] 2 QIjE 4

o
=&
L [HT
T
o & E

lo B o HU fo 1p 2p

RURE AN
U=V [ Y

==
ki
rr

1.z
_ 4»
+
]
+ * [
L} [ ]
[11:] . ]
2 +
g o * l
L‘l‘ a n [ ] l!
? 3 .
04
[
A+ * Fe= * I_
R | S S
8 !
] ] E +
’ 1
0 10 20 30 40 50 &0 T 1] 20 100

Resdual amount (%)

Fig. 9. Ratio of Cre/Cro

2o RIS .
vl Fhlete AS g are 2 gRe) Selsts
e = R U L e S
Aoz sl on G5 Q2] myslo] 9F 37190l

°]

&)

(VR

* 4+ #m
e & e
EE Eeo
(]
@ “,.,‘ + +
E 1T + T + 4
»
b3
iz | ‘ +
BE
i |
n
+ ¢ a [ | ® = H
R +
! |
1] 1] ] an 40 80 i) 70 B a0 100
Flesidual amount (%)
(a) All cases
1 X
+ +
e & e
EE E
e |® @ @
Ps
E 03
FE I
LE ]
T .—0—
E I. | = '!
+ ¢ B ’
'] +
! |

o 0] o] ] 40 50 a0 T B0 an 100
Residual amourt [36)

(b) Non-overflow cases
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Fig. 10. Pressure at Junction of each scenario
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Fig. 11. Concept of Cr (Celerity of resultant)

= 257 thupr} o5 8w Akl ofu Aef fsted glele]

A5l B o] B2l (Boyle’s law)oll 2J5)] B7]H 2] o] K
Y7} HAasts 2o w HHE

919] ATEL vlepo 2 B4 dute] o 54} UF
Fhagste B ES hew o] Aelskt. £7] 4%
2 S5M 44291 B30 Qlsto] s e Fite]

EHA TR 550 7 ASETE 51| A HHASHEFR
D7} R R ol EsaA oflu 2] S et o] 2 Q1gh 34

IR E A ] S BT
720 = e A = B'd U skl A EAst] AR=

0] &5h= B2 K Cr) &0 Tt =442 Fig. 11 and
Eq. (2)2F Zo] Attt

l:ﬂ-}\ﬂ /\] ]_‘—_

Cr=0Cpt V; + G, 2

SQE %

2 Aol M= Tt S AR (s 24, 8
W zhaesE 2ol whek A1 Wioll A et B A Tt
(Bore)7}A1E BIEA FHlGA D of] m] 2] = & Aot
7] Slote] R R P AH-S AN ST | P 2
Higro 2 B2 chulo] o]l 545 7t 2715 Agle] of
A5kt
2 Ao e S50] A= FHollA EHAQl BE4pE o
T}ho] £ (Cp)oll g A1 AR5t

T BT TSI (Cro)7F AR 0.2 ST Al B
of|] o] B7 2] Thi} &I (Crp) T T 2 A 0 2 HAE]
o] £ S C))o] THAsHE Ao

HelE 0}0}57] {5t} = ol Foh= B2 Tt
7} =5 A (Induction tunnel) 2t #FHl4=E'd (Storage
and drainage tunnel)2] SFF-H-E S of 22 EA5)
H10.2 MPa oV 73977 2 elA ER7bd
ASHE A0 2 RAE|9T GFe) 2SS Aaln
Y B2 RS Sk ol 97 GA A o=
Aottt A Ashal o QI 57| ol 2] o] F o
= #aslH7 S7tehes A o= RA U

3) & AollA gt el R P AR AVt B2 Tt o]
ol o758 Akl o] 2 AT ey}
2 hnfo] 45 Z7HE TN
ATANE o E tiE BE
9] o] FH I of| et 7 A1E Al]bekel

4) tAE B W &2 ‘:hﬂfo olFHE dI5E SRt Bt
o] o 54T, 2], 2
51 5 elot] 8 A5 TR e 7 2
7t 9ag 7o wehEc

2)

l

O

46
ofi
1o
W
N
Ak
i
=
a2
1%

IS
2 AFE= A ] AU EA- FalAl A 5 A

A epFBA e RPAY 40| A7) 7| go] I e

stk

References

Kim, C. W., and Lee, D. S. (2005). “Necessity of bypass for flood
damage reduction in urban area.” Journal of Korean Society of
Civil Engineers, Vol. 53, pp. 43-49.

Kushiyama, K., Kamioka, S., and Yamada, T. (2003). “Development
of numerical model concerning the behavior of water and air
in a long inverted siphon. -A proposal of unsteady numerical
model based on hydraulic experiment model-" Journal of Japan
Society Hydrology and Resources, Vol. 16, No. 5, pp. 527-540.

Park, S. H., Oh, J. O., Park, J. H., and Park C. K. (2017). “A study on
vertical inlet of inflow characteristics of the Shinwol rainwater
storage & drainage system by design condition.” Journal of
Korea Water Resources, Vol. 50, No. 2, pp. 129-138.



J. 0. Oh/ Journal of Korea Water Resources Association 52(5) 313-323 323

Peregrine, D. H. (1966). “Calculations of the development of an
undular bore.” Journal of Fluid Mechanics, Vol. 25, No. 2, pp.
321-330.

Sukegawa, N., Umeda, H., Mito, T., and Goto, M. (1999). “Numerical
analysis of flow in underground diversion channel with enclosed
pressurized air.” Journal of Japan Society of Civil Engineers,
No. 635, pp. 41-48.

Tada, A., Hosoda, T., Inoue, K., and Kitahara, M. (1994). “Fundamental
characteristics of partially free surface unsteady flows in a

circular conduit.” Annuals Disaster Prevention Research Institute
of Kyoto University, Vol. 37, pp. 475-488.

Vasconcelos, J. G., and Wright, S. J., (2005). “Experimental investigation
of surges in a stormwater storage tunnel.” Journal of Hydraulic
Engineering, Vol. 131, No. 10, pp. 853-861.

Watanabe, M., Kanda, T., Okada, M., and Kanki, K. (2000). “Pressurised-
flow with masses of air at manholes in urban sewer pipe system.”
Journal of Japan Society Hydrology and Resources, Vol. 44,
pp- 551-556.



