H 0 % oW IR A KRR TR

It Bl St FFIHE

—YERE R B I T 4K DL I 5 7k
BLEY, ALY BALY, KEY, BEAY, 41"

TR T OREE L WIE TR, mm B 650093;
CRUIBE T ORI A, < W 650051;
S A TR R R DL DX TR S s AR N ] TR SR L, =M BT 650093

TE WAL A P TT & A IR 7, AR 5 222 R N M KRS Ol o 25T 0 — R 3 7 = 2 P s Rl B S
TR B AE AN B 3 22 4K E 3R U 15 o SR Green-Ampt 1\ SCS B 28 32 F1 50 ol 3 Fa #2118 280 O 56 311 1% 465 100 1
ALEE R o FLUORE BT Y T A — 3 R A U KR TR T S I A 1T A T K R, I 2 U K R R A Ry T P it K A
PR S A S o i 10 B Sy v 20k 19 == e i 3 TR A 3] = A T v g A T OB T AR OV T 2 A K S A b . &
&I ALV I N S o 8 A LR A AR W G e Uk 1 1 AR A T A XA KT A, L3 T R IR LY
T PR K = GRS 0L 28 T AAE A S BRI KA AR SRR o 1T 15 T R IR T AR T A B 28 4 KA S 5 B
XKEIW  EEG SEHEE R PUKRBUERL; SR KA K i

FESES P258 XEKFRERD A DOI: 10.3788/LOP212937

Extraction Method of Safe Water Level in Karst Caves Based on
Three-Dimensional Numerical Simulation

Pan Yirong"’, Xia Yonghua®”, Yang Minglong®’, Chen Ruo"’, Zha Lujiu"’, Zhu Qi"’
'Faculty of Land Resources Engineering, Kunming University of Science and Technology,
Kunming 650093, Yunnan, China;

*City College, Kunming University of Science and Technology, Kunming 650051, Yunnan, China;
‘Surveying & Mapping Technology and Application Research Center on Plateau Mountains of Yunnan Higher

Education, Kunming 650093, Yunnan, China

Abstract To ensure the safe and reasonable development of karst caves, it is often necessary to consider the flood situation
in the caves. Based on this, a method for determining the safe water level of karst caves based on three-dimensional (3D)
geospatial information and flood numerical simulation is proposed. First, the Green-Ampt, soil conservation service unit
hydrograph, and dynamic wave methods were used to build a mountain torrent model and verify its reliability. Second, flood
hydrograph at the entrance of the karst was calculated using the designed 10-year rainstorm input flood model, and the flood
data served as the input parameter for the flood simulation in the cave. Finally, a more efficient 3D turbulence model was
selected to simulate the flood in the 3D model of the karst cave, then the safe water-level coordinates of the karst were
extracted. Results show that the simulated flood mark is consistent with the observed flood mark. Therefore, the mountain
flood model is suitable for flood calculation in the study area, and the 3D simulation results of the flood in the tunnel, based
on large eddy simulation, are consistent with the actual water-level change characteristics in the tunnel. Thus, this method
can provide more valid reference data on safe water levels for karst cave development.
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Fig. 1 General information of study area. (a)Elevation; (b) land use; (¢) karst cave basin; (d) model of experimental section
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Table 1 Design parameters and results of point rainstorm

(1,6, 24h)

t/h H,/mm C., C., H,,, /mm
1 35. 0000 0.3993 3.5C, 53.55
6 59.9962 0.4479 3.5C 95.99
24 74.7485 0.4496 3.5C 119.6
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Table 2 Results of transformation of areal rainfall

t/h H e, g, Hg,
24 119.6 98.03 117. 2439
23 118.7953 97.99 116.4075
22 117.9605 97.98 115. 5777
21 117.0932 97.97 114.7162
20 116. 1904 97.96 113. 8201
19 115. 2488 97.95 112. 8862
18 114. 2646 97. 86 111. 8193
17 113. 2332 97.91 110. 8666
16 112. 1494 97.87 109. 7606
15 111.0071 97.83 108. 5982
14 109. 7988 97.79 107. 3722
13 108. 5156 97.76 106. 0849
12 107. 1464 97.69 104. 6713
11 105. 6776 97. 66 103. 2047
10 104. 0918 97.58 101. 5728
9 102. 3665 97.51 99. 8176
8 100. 4716 97.45 97.9096
7 98. 3658 97.37 95. 7788
6 95.99 97.4 93.4943
5) 90. 4553 97.22 87.9406
4 84.1144 97.13 81.7003
3 76.5909 97.11 74.3774
2 67.1156 96.92 65. 0484
1 53.55 96.7 51.7829
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Table 3 Parameters of kinematic wave

Overland flow planes

Collector channels and subcollector channels

The main channel

Typical length
Representative slope

Overland-flow roughness coefficient

Area drained by channel
Representative channel length

Description of channel shape

Channel length
Description of channel shape

Principle dimensions of channel cross section

Principle dimensions of representative

Area represented

by plane

Representative Manning’ s roughness

Loss model parameters

channel cross section

Representative channel slope

Channel slope

Representative Manning’s roughness coefficient

Identification of upstream inflow hydrograph

coefficient (if any)
3.4 BIEBKZHEHFE TE BT A% A, F (A A 1A 4% AH T AR 13 4 F)
BT A BROT o3 B 7 IR N i = 4 kK 55 B A5 B I A i 1 3 ) R R B’Jl:[:ﬁ AT LA i oK fig
BRI VOF BRI K i 247 A i R GBI fF - Fivizs ﬁﬁiﬂépkﬂwkhﬁ@ﬂ']
254 T 48 1 Reynolds 1 g 75 R AL (RSM) 1K 159 3i+u erv 7+w aifo Fel0.11.(19)
B CLES ) PR i i A5 AL ABE 007K A 1) T8 2 30 72 dz

3.4.1 VOF##

VOF R — Fift 7[5 5 BRCRE 09 A% T B 2 T B
T3, vl A 280 A e BRE A W s AR Xk R K T R
FUAR Al | Y T g 37 W 2 BT A A A kA A

AKTH AR AR RE I o AE TN AR i R — A A A
G AR T2 B0 F (25 8] A1 8] 19 06 550, B
F=F(x,y,2,1) (18)

JCEF’:u\v\wjﬂ’Eﬁ#JLJJm%T EREE T y.2 T
] 1Y) 53 2t 5 2 S INFIA]
3.4.2 Reynolds & 7 7 A2 A AL

RSM #6 £ 3= %2 )i ] 76 F#1E 24 Reynolds I 7 4% 17
S Ve B IR B, AR T B D7 AR AU FE AR R, RSML T
iyt b2 T L R e A e I R AR 2R 1Y
PR AR AT O 1Y 52 ), B 0 A2 2k U B i AR B AT

0628007-5



F60% F 6H/2023 3 B/BAENRBFEHRE

Em*ﬂa A

RSME%*’J@%@TReynoldb i T T R SR B
SEOR M S R Reynolds R B8 i RE K
B ST 1Y Reynolds W ) J5 #27

do . I pu,)
—+ =0, 20
at dx, (20)
A pu;) I puu;) ap ~d du, —
— = 7 1/ / +S[’
o oz, or | an, Pap, ruw)

(21)

8(,0¢> I pu¢) 0 (Fal
at dx, 3 dx;
A w0 S BT pEZﬁJﬁiﬁfh ¢ b E ;T
XY ARG S 2T R j=1,2,3.
FE {8 RSM 2 i b 201 55 2K 4% Reynolds B 77 iz %
T

a !
E)i(,ouu )+

pud )+ S,(22)

(puluju,~+

-
(puku u .

_ - E} J  — — 0
Pl 0yt 0w L () 1ol o

al‘k al‘k
du!  Jdu!

— 0B (g0 g uld )+ p' () —

dx, o x;,  dx,
du! du; S S

] .. 1!
— 20 (wjuy, ey, tuiuy,ey,),  (23)

dx, dx,
K 0, 72 Kronecker deltas ey, & % #7745 5 8 5 %
W R A g R N EE AR O B o e 0 02 R
Al IR BE B A9 i B Prandtl 5O SR s p 2K T .
Reynolds [ Jj iz i 75 72 & A Titt 3 BE & MFEHL R €,
T ANTE kA e 7R
I(pk) | I(pku,) 3 ok

ot ar, [t 2 o) oz,

—+
13

[
ujy

I+

1
E(P,JJrGU»)*,Os, (24)

d(pe)  d(peu;) 0 u, . de
at v, dx; Lt o. ) dx,

Gy (P4 CLG)— Cop ™. (25)

A Py RBT R S PR AT Gy 1T 7 AT, 43 % R
Reynolds i Jjia i 77 B ih 455 A5 3450 C. . Ca.
Covopvo. R H B, BWUME 20 0 28 1.44.1.92.0.09,
0.82.1.0.
3.4.3 KiAHBEDL

FHH T Reynolds F- 11 (RANS) , LES A] DL 1)
BRI R i R R 2 3, LES B 1) 3 3t I D) 4%
D 7 AR TR AZ 30 B TUART T R RN 30 28 01 9 52 M 38 /0N
Ft RANS J5 2% At F 1 Reynolds W 7 45 71 57 HL 3% 5
EA PRI A T B4R BUE AR 7%, LES
Tuﬁ%ﬁ%ﬁ SR =R R VE i i R N 0 Y

RGP UE 2 98 B9 TH RS

7E LES AR X 4 ROBE 5 [ E i 19 528 3l 3E A7
0, T 2 K it O 57 43 5 Sy o R RUBE e B 485 4 R /N RUE
A i A 25 0 1Y DT AR o e A By R R s B I Y
Navier-Stokes J5 # B #E B4, /N ROFEE 8 R B3R,
T A2 360 2 0T L A A 8 R 2 /N T X6 K i 1) 5 i), 3 52
b bR BEARTT R BT U . SR, LES A7 78 J7 72 B A )
LGSR N T o X e ) PR 1 2 Ok AR
1k, 7€ 3X J5 i Rogallo &. Moin (1984) "*", Lesieur &.
Metais(1996) "'l Meneveau & Katz(2000) ™/ & £ 7
S E R

Kimiz s #e . 76 LES "l U R G (o
B BEA W IS AS o 4 \ﬁkkﬁfﬂﬁ¥ﬁ3%£¢%ﬂxl
T

EZ*J ¢z, (26)

A DR B X5 o SR S BRI Bl X Y 2 fa) Ak
B 5o 2 U8 U e B RO 25 (] b i 28 ) A b 5 V2 3ROR
P AR BT 5 JLAAT 25 B 0 /N

T ¢ 22 75% 14 % % BRI B0 b 33 % B R 45 F B9 Navier-
Stokes J7 & F1i% 22 7 #8145 2 LES v iy = il oy B 41
wmr .

Wpu)  Npuww) dp 3, du I,

o T S W SR
(27)
I pu)
TR ¢ (28)
= pulu]— puu, (29)
JCEP G REAE T RJE R 1 (SGS) , &3k T/hNRUE IR Y

18 B X} BT SR i 1 32 B 7 BRI S
T B LES Wi £ i 5 B 51 AR 1 RE
A K4 Smagorinsky AR SGS AL, i & SGS iz
AT

T,J if//(? 772“,5, (30)
2w, 2 WA T RUBE i 3 A BE , BT 2 IS
Mk(24].

3.4.4 wEAPIOSHMHAE

Fe 73 i B 37 4 B (PISO) Bk J2 Tssa ™ T
1986 4F # 57 A of AF £ 25 T TR U 3l A9 T8 3 A0 Y TR
07 3 VTR e AR R, A PISO Bk L) 2 B
M TSR R XA T . PISO 53k 18 i Y Bt 25
[Fa) AL ES A7 B S 00 4, I ol 7 DR B i) 25 < A 8y L T A
9&.?%71E’JHﬂliiﬂ““17‘réﬁEi+’§$%”% PISO 51 It
LR O N e L N 1 112 2 0% 274 NV
Tﬂ'ﬁ%kii"e‘.ﬁnﬁﬁl%ﬁﬁiﬁ%%&,ﬁZXTﬁJ di L, R
M — Uk Bl T R SR A, 9K 5 R R O O AR R R B IR T
FEVEAT R ACHEER BI AT e85 1 3 D PISO B8k 3t
ST 25 TR R A A R

0628007-6



£ 605 F6H/2023E3 A/HASBFEHRE

initialize u, v, p, ¢

|

u, v, p, ¢ ! set the time step At ‘

h 4

t=t+At
u'=u,v"=0, p°=p, ¢'=¢

!

PIOS is called to iterate in this
time step until convergence

P03 PISO B 5 IR 2 Il il i 7 141
Fig. 3 Flow chart of transient problems calculated by PISO
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Fig. 4 Design storm data and simulation results

------------- - highest flood marks in the past decade

KIS BBk K 5 S0 R G & A

Fig. 5 Relationship between flood simulation and real flood marks
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Table 4 Parameters of model of mountain torrents

Sub-basin number Initial content ~ Saturated content ~ Suction /mm  Conductivity /(mm-+h~")

Impervious /%  Lag time /min

W60 0.304 0.41 446
W50 0. 304 0.41 446
W40 0. 304 0.41 446

2.6 3.33 194.33
2.6 3.44 271.49
2.6 1.54 267.67

4.3 ZEIKALFRIRE
18 B Pt K R A AR VS TR A 1T 8 m &b T iR

1] B 4 moac s 3 5SROI, 5 0 B TR Ak A5 AU 2

FANE 8 Frn o LA I K A A5 B R FRE 4 A B
S5 IR0 AT A b e AN R R it K T P B IR R B
A F e S 3 R = 4R R B R MO K B L Y
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K6 LESHRSMEIZEHRE . (a) RSM;(b) LES
Fig. 6 LES and RSM simulation results. (a) RSM; (b) LES
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K7 RSMHILES 52 st 4 . (a)RSM; (b)) LES
Fig. 7 Convergent curves of residuals of RSM and LES. (a) RSM; (b) LES
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Table 5 Coordinates of the safe water level

No. X /m Y /m Z/m No. X /m Y /m Z/m

1 wHkx()31. 711 w69, 153 1806. 111 26 w045, 615 wHkx5], 687 1806. 125
2 #kkx()32. 149 w68, 719 1806. 11 27 wHkx(46. 776 w50, 032 1806. 134
3 Hkkx()32. 306 kK68, 326 1806. 116 28 k(48,017 okl 8 741 1806. 134
4 Hkxx()32. 941 HARKGT 642 1806. 133 29 wHkx()53. 65 k5], 118 1806. 146
5 *xAk()33. 465 w66, 856 1806. 118 30 wHkx()53. 289 k5] 718 1806. 134
6 wHkx()33. 388 wHkx65. 901 1806. 12 31 wok()52. 374 AR 52. 657 1806. 146
7 *axk()33. 419 w715 1806. 113 32 waak()5], 465 #Hkx53. 578 1806. 132
8 wHkx()33. 217 wHkx63. 963 1806. 119 33 wHkx()50. 276 w54, 595 1806. 135
9 k(34,029 koG], 804 1806. 115 34 k)48, 856 wHkx55. 186 1806. 126
10 wak()34. 683 wckG(), 311 1806. 129 35 w047, 65 w56, 127 1806. 128
11 roak()34, 478 w59, 737 1806. 131 36 w046, 026 k58943 1806. 13

12 wak()34, 048 k59 416 1806. 125 37 waak()44, 629 w60, 552 1806. 127
13 wHkx()34. 22 *Hkx 58, 97 1806. 118 38 wakx()44. 065 sG], 891 1806. 126
14 wHkx()34. 996 k58, 432 1806. 117 39 k(43,311 HkEEG2. 555 1806. 13

15 *aHk()35. 897 w7593 1806. 129 40 w042, 581 Hkkx62. 991 1806. 124
16 w036, 437 kK56, 66 1806. 143 41 wHkk(42, 432 wkx63.419 1806. 12

17 ()37, 084 ARG5S, 758 1806. 136 42 waak()4]. 649 wHkxG3, 825 1806. 119

0628007-8
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No. X /m Y /m Z/m No. X /m Y /m Z/m
18 *Hkx()37. 986 wHkx55. 974 1806. 14 43 k(041,017 w65, 098 1806. 118
19 k()38 369 wkx55 433 1806. 123 44 w40, 611 k66, 751 1806. 116
20 wHkx()38. 726 ok BA 45 1806. 127 45 w040, 089 wHARKGT7, 768 1806. 115
21 #Hkx()39. 302 *Hkx53. 898 1806. 126 46 ##%k%(037. 905 Hkkx72.199 1806. 155
22 sk ()40, 287 k53,611 1806. 125 47 wHkx()37. 72 w71, 536 1806. 132
23 w42, 722 k5], 514 1806. 12 48 wHkx()38. 256 wakx7(), 318 1806. 129
24 w043, 523 w53 058 1806. 112 49 *HHk()38. 833 kG497 1806. 112
25 w045, 007 *Hkx53. 68 1806. 133 50 wHkx()39, 521 kg9, 203 1806. 11

€8

A DL 23 S A AR T T

Fig. 8 Cross-sections of simulation results
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