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ABSTRACT

Recently, as the occurrence frequency of sudden floods due to climate variability increased, the damage of aging chuteway slabs of
spillway are on the rise. Accordingly, a wide array of field survey, hydraulic experiment and numerical simulation have been conducted to
find the cause of damage on chuteway slabs. However, these studies generally reviewed the flow characteristics and distribution of
pressure on chuteway slabs. Therefore the derivation of damage on chuteway slabs was relatively insufficient in the literature. In this
study, the cavitation erosion and hydraulic jacking were assumed to be the causes of damage on chuteway slabs, and the phenomena were
reproduced using 3D numerical models, FLOW-3D and COMSOL Multiphysics. In addition, the cavitation index was calculated and the
von Mises stress by uplift pressure distribution was compared with tensile and bending strength of concrete to evaluate the possibility of
cavitation erosion and hydraulic jacking. As a result of numerical simulation on cavitation erosion and hydraulic jacking under various
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flow conditions with complete opening gate, the cavitation index in the downstream of spillway was less than 0.3, and the von Mises stress
on concrete was 4.6 to 5.0 MPa. When von Mises stress was compared with tensile and bending strength of concrete, the fatigue failure
caused by continuous pressure fluctuation occurred on chuteway slabs . Therefore, the cavitation erosion and hydraulic jacking caused by
high speed flow were one of the main causes of damage to the chuteway slabs in spillway. However, this study has limitations in that the
various shape conditions of damage(cavity and crack) and flow conditions were not considered and Fluid-Structure Interaction (FSI) was
not simulated. If these limitations are supplemented and reviewed, it is expected to derive more efficient utilization of the maintenance
plan on spillway in the future.
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Fig. 2. The process of cavitation damage to chuteway slabs of spillway (K-water, 2020)

Cavitation damage
(surface erosion)

TR Ao H ol BE A ESH %’43]-&], Falvey(1983 )= 5-5A]4%(Cavitation Index)7l'd= AASIALE 35 A15+= &

AL MY S U= A= 358/ AAIE olsisbAY 3542 ASshet] mike- Hefeh AgolH, 75,
2, 371908 Folol AP 5 AL AP Bg, (1)} e
2X(Py—P,)
o= + (1)
Vo

A7|A, o2 FEAG, Py Ve A2 AR50 o oA S/ 3 Ell(uniform flow) 2] S501412] 2 (Pa) E &5 (m/s)
€ ISt P, 5719 (Pa), p= =2 Yi(kg/m’)yE 2mIRich

&A1 (0) 2] Fho] HA; Aopr|A| Hof| whet of -2 HieEe Hof n] 2 PE 433’94 A= S715HA =W (Lee, 2012), &
SApol Wb BRI WY phaser& TA 4R L 5 ok BEBA] MRS 7|57 e
AFEl(No Cavitation) A€ 7|27} 7HE A &= 27| |(Incipient Cavitation), 212 7] 327} Eo] HIAE] = HPHTHA
(Developed Cavitation), T 35 2 F2]9 350 WAYok= 1@ A|(Super Cavitation) 2 13 =] Table 1 2 Fig. 3] &
oF J2fst3irt.

==

Table 1. Phases of Cavitation

Cavitation Index (o) Phase of Cavitation Phenomenon

o =30 No Cavitation No cavitation bubbles are formed

1.8 < 0<3.0 Incipient Cavitation Occasional cavitation bubbles form in flow
03 < o<1.8 Developed Cavitation Many small cavitation bubbles are formed

0<03 Super Cavitation Large vapor cavities are formed from individual cavitation bubbles
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Table 2. Mesh sizes and numerical conditions

Case Global Cavity & Crack
FLOW-3D 3,220,000 EA
Numbers 56,472,000 EA
COMSOL 2,585 EA
FLOW-3D 0.001~0.002
AX 0.5~2.0
Mesh COMSOL 0.007~0.090
FLOW-3D 0.001~0.002
Increment AV 05-2.0
(m) COMSOL 0.007~0.090
FLOW-3D 0.001~0.002
AT 0.5~2.0
COMSOL 0.007~0.090
N FLOW-3D Water Surface Elevation Inflow (Velocity) and Outflow
Boundary Conditions and Outflow
COMSOL - Pressure distribution and Fixed Constraint
Turbulence Model LES model

Table 3. Case of numerical simulation (Q; : Design flood discharge)

Case Domain Discharge (m*/s) Remarks

1 1.00 Q, » Water Level at Design flood discharge

2 Global 0.57Qp » Water Level at flood discharge on 2020 year

3 0.35Q, * Restricted Water Level at flood discharge

4 1.00 Qp * Ratio of horizontal offset (a) and joint thickness (b) is 25 (a/b)
5 Cavity 0.57 Q, * Depth of cavity and Crack is constant

6 035Q, * with vertical offset

7 1.00 Q, * Ratio of horizontal offset (a) and joint thickness (b) is 0.2 (a/b)
8 Crack 0.57Qp * Depth of cavity and Crack is constant

9 035Q, * with vertical offset

10 Cavity Maximum Pressure Distribution

* COMSOL Multiphysics structural analysis

—_
—_

Crack Maximum Pressure Distribution
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(c) Cavity Section (2D) (d) Crack Section (2D)
Fig. 5. Layout of spillway and unit volume in this study
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Fig. 6. Region of interest for cavitation index in this study
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Table 4. Numerical results for each cases (Case 1~Case 3)

Maximum Velocity =~ Maximum Pressure

Case X/L (Vs 1/5) (Pous. Pa) Cavitation Index Phase of Cavitation
0.20 20 156,499 0.81 Developed Cavitation
0.40 24 159,439 0.54 Developed Cavitation
1
0.60 31 154,147 0.32 Developed Cavitation
(Q=1.00Q,) pec
0.80 33 152,579 0.27 Super Cavitation
1.00 38 148,463 0.20 Super Cavitation
0.20 18 117,120 0.74 Developed Cavitation
0.40 23 117,973 0.43 Developed Cavitation
2
0.60 29 118,280 0.27 Super Cavitation
Q=057Q) e
0.80 33 118,788 0.22 Super Cavitation
1.00 37 121,244 0.17 Super Cavitation
0.20 17 115,277 0.81 Developed Cavitation
0.40 22 115,597 0.47 Developed Cavitation
3
0.60 28 112,793 0.28 Super Cavitation
(Q=035Q,) p tat
0.80 31 108,690 0.22 Super Cavitation
1.00 36 110,900 0.17 Super Cavitation
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Table 5. Numerical results for each cases (Case 4~Case 9)

Cavity (pressure, Pa) Crack (pressure, Pa)
ROI Case 4 Case 5 Case 6 Case 7 Case 8 Case 9
Q=100Q)  (Q=057Q)  (Q=035Q,) Q=100Q)  (Q=057Q)  (Q=035Q,)
1 -670,988 -651,445 -620,423 -570,988 -554,357 -527,959
2 667,497 648,055 617,196 485,837 471,686 449,225
3 647,322 628,468 598,541 447,354 434,324 413,642
4 647,933 629,061 599,106 447,949 434,902 414,192
5 648,231 629,350 599,381 448,131 435,079 414,361
6 648,432 629,546 599,567 448,332 435,274 414,546
7 648,583 629,692 599,707 448,484 435,421 414,687
8 648,582 629,691 599,706 448,480 435417 414,683
9 648,428 629,542 599,564 448,318 435,260 414,534
10 648,231 629,350 599,381 448,121 435,069 414,351

Table 6. Numerical results for each cases (Case 10~Case 11)

Case von Mises Stress (MPa) Displacement (mm) Hydraulic Jacking Damage
10 5.0 0.020 Fatigue failure possible
11 4.6 0.018 Fatigue failure possible
3 . ?E:l [

2 Aol A= e Sobe ool A o W Al o= v S Bofl WAlsh=s FHEAT0] ARl st fiste] &
A B A7) ST HESI AR W R ISt oar U ©554 B =2 E HESE] fiete] 33k 4
A2 FLOW-3DE -850, AR QI 2 7|E 4 et 5 HESH] flste] FxaiAo]

239l COMSOL Multiphysics S Z-85}9t} 642 2|32 2458 ZrAIle Ealo] $HaE|9l T 2020 4 9l
Sto] o2 Hig S B o /o] AR OO ] Al k& 0185150t o2 9] 2 LAl W FEo)4S 917t A= 0]

E r

S gEe of o] o] ETE|ES] 2L Tefsto] Aotk HEHO R oI vicseHe] T5H4 L 527
05 Qi ato] Bgehe A BESP] 9101 TEAE AR E ol §ole) S0 g3 A Pl
AEshch

e S Aol RIS /02 AES o] ofpE WRTFS WSl 1% L YRRES ARG
A}, o SRR P48 A REL F715H 2L SIekT Hirele 4-40] gasgel nte} 4k 212 selst
Ak, TR FHAS AV AT X/ 2506 TN BR) 719 Agle] FHA o] 0.3 MO R FEF o] 1Y
T 4 9182 151 o] 5 Boto] Lf%] BFo] FEHA WA %ﬂi Q3 stz maselt sEa R
QUG EREA AE] B S, TEUA FRR AT S G TR F AR AES A om, PR A
FERe} Fe] £} AUROI DIHE Sl Wl H}%%ROI 2-ROI 1014 212} ettt st
o] WPAgakis 218 Selstlth, o2 WRae] 271l nfeh oelele] /1 Z71stel, BE B #ael S Hu
(horizontal offset) 7} 37151 4] F7)i= 7Aske 202 SlRls|gick. ol SgwAte] 57)7} 7|7e] uhet 55
2 RIRE G Gl Z7H A WAslel FrhAlo =z garele] 3171 7Asks 2102 Btk FLOW-3D ¢
SRE FIE o] g5lo] FEA(COMSOL Multiphysics)& 3 2} o2 vl el He] £ ulils 57hg e 3



Numerical Examinations of Damage Process on the Chuteway Slabs of Spillway under Various Flow Conditions * 59
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