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Abstract: A global model of equivalent modeling and a submodel of accurate modeling based on “abandoned hole algorithm”
for densely deployed drainage holes are established respectively to simulate the complicated seepage control measures and
geological conditions for the underground hydropower cavern area at the left bank of Jinchuan Hydropower Station. The
long-term seepage control effects of the surrounding rocks of the underground powerhouse and the sensitivity analysis of
seepage control measures for the project design are performed by using the stationary seepage analysis method and combining
the variational inequality formulation of Signorini’s type with an adaptive penalty Heaviside function. The method of
determining the hydraulic conductivity tensor is modified so that it can accurately overcome the disadvantage of ignoring the
permeability characteristics of the fractured rock mass. The principal values and directions of the hydraulic conductivity tensor
are first determined by the statistical method based on the measurements of the spatial spreading of fractures, and are then
modified using the estimates of isotropic hydraulic conductivity that are calculated according to the water permeability rate
from a field water-pressure test, and finally are verified using the inversion analysis. The results show that the integrated
seepage-proof drainage system will control the water flow from the reservoir and mountain area efficiently; the cavern walls of
generator floor and transformer room will be above the ground water surface under the operating conditions; the floor of the
machine hall and the surge chamber are both under pressure slightly. The seepage distribution is not sensitive to the
permeability of grouting curtains, auxiliary drainage hole arrays and spacing of drainage holes, which however can reduce the
flux from drainage holes obviously. It is suggested that the quality for grouting curtain should be guaranteed and the auxiliary

drainage hole arrays should be arranged. A spacing of 3m ———————
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drainage tunnels and a larger spacing (e.g., 4.5 m) is WIS ER: 2015 - 04 - 21

can be taken for the drainage holes below the middle
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suggested for those holes above the middle drainage tunnels.

Key words: hydraulic project; Jinchuan Hydropower Station; underground powerhouse; seepage analysis; fractured rock;

densely-distributed drainage hole; numerical simulation
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Fig. 1 Sketch of seepage flow in earth dam
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Fig. 4 Sketch of seepage-proof drainage system deployment of

underground powerhouse of Jinchuan Hydropower Station
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Table 1 Distribution parameters for dominant joints or fracture sets at dam site

X S /() Wi/ ) I B /mm &) #H/m
1 205 82 6.34 8.6
== 2 114 54 1.24 1.4
3 198 66 10.10 7.2
1 352 79 5.32 8.7
pap== 2 157 62 1.56 2.2
3 218 76 8.18 6.5
B 4 152 40 430 8.8
5 183 66 4.00 22.0
R 2 FHFEFAVNTHENSEREKE
Table 2 Hydraulic conductivity tensors preliminarily determined using statistical method
, o 2 A e ] [ 1 ERTTH(C ) LREBIE R
73X BERBKE/(cm's ™) BIERBEME/ (cm's ) oy Wi fem's )
9.80X 107 -4.97%X10™ 1.74X 10 5.08X10* 121.35 62.92
piy=S -4.97%X10™ 493X10* 1.70X 107 427X10* 203.14 4.18 1.10X 107
1.74 X 10 1.70 X 10 1.32X107 6.09x 107 291.04 26.70
2.84% 10 -0.47x10* 0.70X10* 3.77X10* 131.49 79.71
pa)=S -0.47X10™ 3.01x10* 0.18X10* 2.74%X10* 130.92 58.02 5.94%x10*
0.70 X 10" 0.18x 10" 2.69%X107 2.03X107 142.89 45.67
1.10X 10 2.80% 10 1.24%10° 6.65X10° 96.94 59.28
Wik 2.8X10* 3.58X 1073 3.56X 107 6.45X 107> 26.79 11.41 8.42X10°
1.24%107 3.56X10° 9.00%X107 1.39%x107 302.98 28.10
< 3 HILEKRERR R ENEIE R
Table 3 Test results of water pressure and calculated modified coefficients
B FEFLZK101 (KD B £EFLZK186 (A1) B £EFLZK125 (HIED
i KR BIE R i FEIKFE BIE R i KR BIE R
q/Lu /(em's™) q/Lu /(em's™) q/Lu /(em's™)
1 5.62 7.33X10° 1 3.74 4.92%10° 1 12.0 1.22X10*
2 7.04 9.19%X10° 2 1.22 1.59%10°7° 2 8.95 1.15X10*
3 8.18 1.15X10™* 3 1.56 2.04X 107 3 7.32 9.51X107°
4 1.73 9.32X10° 4 1.13 1.47X1073 4 1.25 422%X10°
5 2.98 3.89%X 107 5 0.59 0.77 X107 5 8.92 1.22X10*
6 4.10 5.35X10° 6 1.06 1.38X107% 6 9.85 1.32X10*
F4 BENSERBKEREEME
Table 4 Modified hydraulic conductivity tensors and their principal values
X BB RHK R/ (em's™) BiE R E/ (em s
£ FLZK101 6.47><10:5 *3.28><10:5 1.15><1o:5 3.35><10:5
P *3.28><1075 3.25><1075 1'12X10,5 2.82><1075
1.15%X10° 1.12X107° 8.71X107 4.02X10*
£ FLZKIS6 8.24 X 10:: -1.36 X 10:: 2.03X 10:6 1.09X 10:2
B 71.36><1074 8.73X10 5'22XI0,7 7.95X10°
0.70X 10 5.22%X107 7.80X107° 5.89%X10°
£ FLZK 125 1.32X 10:‘6‘ 3.36 X 10:? 1.49X 10:2 7.98 X 1oj
3.36X 10 430X 10 427X10 7.74%10
() -5 -5 -4 -5
1.49X 10 427X10 1.08X 10 1.67X10
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Table 5 Principal values of hydraulic conductivity tensors for vertical layers at dam site

oy X fiik FEIKFE Sy B/ Lu BiE ZBEKE T E/ (cm s

R 5T K 10<¢<<100 3.54X 10 2.34%x 10" 1.43X10%

93K 1 5<¢<10 1.26 X107 8.29%10° 5.08X10°

9 K52 3<g<<s 7.39X 107 4.86%10° 2.98X107°

F9iE K3 1<4<3 3.26X10° 2.15%X107° 1.31X10°7°
T — AR AT K iy q<l 7.77X10° 5.12%X10° 3.13X10°
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ADINA Z A ITHE S gt T RS 51450
MBI A A R CRE T, JFiEiE ADINA 58 K1 AT
S AR AT PR T B HORI 45 R JE Ab B .

BARG R 5 () Fras, FLE14 283158
ANHIG, 122003 AN A, BRRE 3 7S AR BTG,
Vs (S L TTETRE S O - i e 3 R o S & PR R eI
LR 71 OB R B ZeA: EirE 6 f53m A2
FERUEEL 7 580, B4 1270 my “PAT FIUELLE 7 1A
R[] RO EL . AFRE 6 581 5
s, B 1160 ms R A (Z 1) BUAEIN
FIFHZI LR 208 3 5805, R R
T 1850.0 m, WL A% i =i A2 2371.8 m.

(a) Wk X AR AR

(b) 7] X AR
&5 HRTME

Fig. 5 Finite element meshes

TR PR TMAE IR 5 (b) fiar, k8o
182720 A, 15 mi 243405 >, HANTEIEEN: |5
AR B AR BN AR RN 166.5 m, T
RSB R A R EE RN 1555 m, [ EEEME,
TR SRR — 3, BRI RSN R
7] 430 m, “PATHIZE 714 340 m, BRI A 310 m.
3.4 HESBHKIOFEH

T X IR TV R IR A RBIE R K E
(£ 5) HHATAIEEMEIGAE, @i =445 FR o R A
XF R AL EAT A AT, IS5 AL ALK AL AT EE AL
WUHE A 73 X 725 RN 6 FTR.

% 6 HUHE At 5 X055 R BEE

Table 6 Hydraulic conductivities for other regions at dam site

XG5 I BiEZ B (ecm's™)
1 VR TR 5.00X10°
2 e 7.83X10*
3 LE = 3.12X10"
4 EHEAX 6.00X 10"
5 IRHEAT X 3.40%X 10
6 T X 2.20
7 VR st 5.00X107
8 77 15 e 32 3.00X 107
9 i)z o' -1 5.26%107
10 BWHEZ O -1 4.98%X107
11 WE)E o -1 5.26X 1072

B RTH R I AR AR L TR
TR SR K I 5 A AL N o S 7Kk ki
Ft, MRIE ARSI SR AARE R e s ORI b3 e 7K v
X J% 51 7K B I VR 5t LA RIS 3 B KSRk I 7Y, KSR
42253 my KRHURUiEITE M R K BE A e 7K Sk 5t
KRB 2145 m; BEAL B SRTHIBR KA X 2 AM X
Wi B JRE R 5 UL R HE K LR I A T
Hia S, T RABAE & XS
WA, NIRRT FR A, e R AR
X HE K FLAE AT S O | XTI 13 T /K A7 2%
AR B AR RL ) S R AR E . A TP HE
IKALS HEAKIR AL b5 < EALZ LA B3R T4 S5 HUR
Signorini B! HAMU A, 3R 7 45 T AR B
FLAALTH AR AN S R XS B 25 3R

MK 7 RTLAE H: ABIERT, B LSR5 15
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IR BRCRIRZE N 8.46 m, ARdEZEAN 4.58 m; BIES,

ALK 5T EACK IR KIRZEN 7.44 m, brdEZE

N 3.61 mo BIETKEAE LG B RZE MR ME 21 0 2%

U0 FEAT ARG REER, Ui B E A0S E Tk R A B
R 7 I TR SNES T EERXTEE

Table 7 Comparison between calculated and observed values of

groundwater level

THEUKAL fEXHRZE iRz

S i R EE (ST (BT
J&)/m A% )%
ZK51 215845 2159.61  2159.19 116 0.74
ZK52 2157.96 2159.97 2159.86 2] 1.90
ZK54 2174.13 218259 218157  g46 7 44
ZK101 216589 217032 216932 443 343
ZK125 2155.68 2159.54 215851 386 283
ZK134 2157.82 215542 215642 240 1.40
ZK156 2169.04 2174.58 217254 544 3.50
ZK186 2173.08 2178.62 2177.01 544 303
ZK195 2159.00 2164.53 216220 553 320
ZK206 215832 2159.98 215693 166 1.39
ZK235 217228 2177.65 217652 537 4.4
PRk % 4.58 3.61
4 THEHRRSH
4.1 BITHRSRITHE TSR i

IKEEIER BT T, B 64 7B 3
I A P ACK S B B 7~9 5t T X7
RSB s X B A .
B 7 A VBRI KSR E L K B8 A
TR O PH T ACKFE LR B9y bk
FHKFLFE RO FITH R KRS E LA

2

~_2191 2182

2200

2191
2227 2209 2147

& 6 #RAX 2156.0 m SFEFYIEERFZ K KL%

Fig. 6 Water head isolines of horizontal section of reservoir area at

elevation of 2156.0 m

T 6 KO, BRI b5 VU A AR LU R 2

GBI R, /KCRERAE LIMER AL AT BN 4R
FE BB MR A A AR O &S o, TIAEMERE S ) s
X BL R B R 5 A AT RO Mg, AR D5 XA
FREPUT I B — AN R AR X o AR RIS 1L
o, VB IR S T - BT e A R ) B
RSB XNS TR T IEEER, KESINE
e £ B WU (AR A R IR X AT .

K7 oh, B A AR LI 28 e R HEK
Fele, AE] B IXCRIEREAR, 7l s EE Bz
HEKERE, FENIHBOORRRAR R o 72 T o, B
B g KM RS, IR LA B i i
TR EM T AHEmZ L, MRS .

2232.56 \7

N7 2208.27

7 I EHERIERIE Sk kL

Fig. 7 Water head isolines of unit cross section of underground

powerhouse

2231247

N7 2207.52

8 E&I B UARIEFK KL
Fig. 8 Water head isolines of longitudinal section of main

powerhouse

e i
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Fig. 9 Pressure head isolines of section of main drainage hole

arrays in powerhouse area
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P8 Hf, e R LA R KR U K 28 1)
] EIXBE, SR ILARMET E BTN S MR 2
FR B, ZEd) s B AR T 2K ERE, 7R
BN RS . FETE B A B )
FEL A AT E A o R HE K FLRE, FRE RN Dol 4 i i th o
Kl 6~9 REFFEABIRI IR R A IEA 2, K k5%
(HLRTEAS & [ RBP4 0 AE A s Bkt 17 A . [X 3 B
BEHEKB IR AL BRI RIL R &, TR
B 0 E B PTS RHE K S AR 2] TR A,
BESCRERN T IR, R X AR R
HHOK ARG | EHOKFLERHE K ERIE R,
WURE bR DA A A A R SRR AR 38 T A sl
H T R RRBA S, 76 5 DX B B (R K BT
S ) R A AL TR B AR S TR,
BB HEK KRGS BTG, HEK B RL
REE, WA, BRSNS, T E S
2 L HEKFL R HEK JEREST T CUE X B TN £ BT
FEIARAEA, (HXTFERRNG )X BT BE A7 1)
Je s A R KRR b i K R g 5 AN HE AT S A A
BT IX R K BT L. SRR, HEKFLFER ]
PEATIE Y7805, R R P HE K T RE ] E 2 ek
b, A .
4.2 BITERIS RIS hE s N SO M A

(1) FERMERE IS 32 T RS LU A 3 BT

7 92 M e PRV U 42 1R S e T S e 178 05
Rk, HBBERERE R A BT E R 215 T BlLA i
JoR 25 AR T A T R I R A R . AR EK
IR I8 AT 00 T R VRS M o1 It 42 1) 250 1) U
P HTHIT T, 2R E 2R BUUE AT U
3T, BRI X RIS B gk 8 Fis. £
o, HR 1 MERBE RIS AT E, R
3.00X 107 cm/s; J5 58 2 W iE HE S FL A 6] Bl A e, 3R
WIRBEARIE, MWEZEERK, BEREECN
Z 110 f%, BP3.00X10% cns; 75 3 g Bl E
HALJE Bl LAy, MESR TR AR a ], MRS E
N, BB RZBEUN TR 11 0.1 %, B 3.00X10 ° cr/s.

=8 | BRE#RHKEEERE

Table 8 Flow rates into underground caverns and tunnels

(m*d)
I3 [X VES! EY JT% 3
w5 229.9 231.5 226.3
AR 0 0 0
FEKIAEE 2.5 3.6 2.2
2 i iE 0 0 0
Hh 2 R 132.4 57.6 171.6
T2 RiE 992.4 943.8 1003.9
M 1357.2 1236.5 1404.0

RAEBE I REER, S8R 5% D M

b, 4R N R A AR BRIERT CHFE 2), &
It ER TR R U 1 SR 3 A e A R AR T
MAEMER: N N REIIE, iR 5 AR AR A
R HMERER I TR R ZE (7R 3), BiERE
ANBET R BT ELRIS, VB E BTAE R 55
IR A T RAAIG, I 2 Tl e B i@ it
AT EHKILEEN) HOK RG] f5. & 8 iy
X i E 6] LA e S X N R, S5t ZMEE OF
E D), HE3IHEANHKRAGBRER 1357.2 m'/d
1K F 1404.0 m’/d, BEIEIL 3.4%; 77 % 2 /N F) 1236.5
m’/d, BEUEIE 8.9%.

L5 LR, RERMERRS R IR T s X
EHEA BRSO AA—ERW, EHXAR. H
B AR I 62 (1072 3 R 1k e R KB/ INIE N 5 X B
& ik, HFERNHT T PR A I AT AL
WUHE X ] BE B S R s TR s I, AEEEAT ME SRS e
T R 12 78 4 ARAIE e 5, R PR B VB I S ) e B

(2) ] HI 4 BhHE K FLARS P U 7 bt

IKEEIEE AT R, X X MRS E S
ANV BB HEKILEE S 0L, R HK LSS 15 Uit
ST T AL BEREE T B e b an B 10 Fros . 4
By e 5 AN B A B HE K FLEERT, Y890 B TE A2
IR REEE P RERTE, Rl RIENT B MR )G
FHKILFEZ AT, MEEEE NG, 55 EHKAL
Wela, WEZEMNECN, TR DAk s SRR
TTE M A B, B E BT S 6T, (HZE RN

E 10 T EHEEREREBHREXEE
Fig. 10 Comparison of phreatic surfaces of unit cross section of
underground powerhouse

WM& % S AR ERE SR E X bk 9 fr
Ne R, TTFE 1 IRBIEMERE S BB B HE K ALRE,
T7 5 2 RpIB R E AN E SRR RO
W, FJ7% 1AHEE, T7E 2 FRAHENT ZEHEKER
BB R EEA, PEEEHRRT 1331 m'd,
FERER KT 951.4 m'/d, WIEHEEL . o
HIRR S, PSR & AR E MBI AL, T
A EHEKSLFE BN S MR o B TE K B, Sk E
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2 AR L3 B IX A G EHRRALERRIEA
R EAPKIERIE S, P ERIE B K E &
FWOR. A, TR R KRR ERNBKE
WA PR, HBEAED 28 B, HBHEK
FLFE XS TIN5 % 5 K HE K R IE (32 e A
&, BEWERR) XA FLERK IR TT.

9 T ERAEHRHKEESREGI &

Table 9 Flow rates into underground caverns and tunnels

(m*d)
X SR S5 2
(EEHKD (AEBEHEAO
w5 229.9 251.5
AR 0 0
PIE= 2.5 10.2
L2 s 0 0
Hh 2 R 132.4 265.5
T2 RiE 992.4 1943.8
MR 1357.2 2471.0

— M s, AKETREM T BAE R&FEHKL
5, B KALFENAE BEE R AR . Bl A
PE ) A O 9 B TR X & KRR . Ll R KA 5%
R BEE . ST AN B S, M TRERK
Wik, HEENIT FBgs., ReiEire
BB,

(3) HEAKFLIA IS F UM 43 BT

R FR, HKSLIMBEERIFLAE N T35 B 445
MBS B, M K LA E
AR, MR KOKAL P TRER B . (HE B RERIM R
S5 Vi) ] B 5 (10) 5 24 b JoT S A AN AR V0 P 11 2 ) A S
P, B A HEK FL G TR BE AN FLAR AN BE BE 2 3 KBl
AN, BRI, ASHTERGT IR TR R R AT
HEKFLIE] BRI UM b . B S PRI K FLE A A
AR (FLAEH 12.73 em), HEZKFLIEIEE 435X 2.0, 3.0,
4.5, 6.0 m, FHRNAELL T IBH A B L 11 By
TNo TN E LH KB B IR EXT LR 10 BT
o o 3 m ARHHEKFLIAIEE &

11 T B ERIESIE B REXS L
Fig. 11 Comparison of phreatic surfaces of unit cross section of

underground powerhouse

®10 [ BREFHLHKBESRESITR

Table 10 Flow rates into underground caverns and tunnels

(m*/d)

K ED! HE?2 HE3 %4

(3.0 m) (2.0m) (4.5m) (6.0 m)

w5 229.9 168.5 239.6 241.5
AR 0 0 0 0
PWIE= 2.5 2.2 2.6 2.6
2 giE 0 0 0 0

o 2 R E 132.4 145.8 121.6 128.2

T2 RiE 992.4 1125.3 920.3 915.2

RE 1357.2 1441.8 1284.1 1287.5

B 11 R B, HEKRFLI T B B AL B — 21
SO, qHEKSFLIEEE N T 4 m i, BEE HEKFLIR BE 1)
N, ) X A VBT E T A B BB B
MHEKFLIAEE KT 5 m i, HeKFLIEEXE B i1 5
WA BT - % 10 HR T RS it-45 R, BEEHK
FLIAIEE M 3 mig/NE 2 m, |55 X BB EE K T 84.6
m/d; GHEKFLIEEEH 3.0 m #k 4.5 m A1 6.0 m I,
75 X SBTE BN T 73.1 m’/d AT 69.7 m'/d,
ATUE N, BEEHDKILEE K, BRERAELZ
) B ) S PR8N, BT LR R . B HEK AL
[MEERI3ER, HOK RGARZIEE B2 IER, N
T HE K FLECE N P2 A HHE K s/ IME RS 3K
FRAHK B R EREAIN . 8% E TREL 2N
AR, HEKFLAE M EEEL 3.0~4.5 m & &3E .
FE VOO BEAE A R TE DA R IHE K FLIE B T AECA 3.0
m, JRZ, XFFRAEEHEKEE LR HE K FLIA EE
A DUE M BUE, FTUAHCH 4.5 me Z TR, &
WO T H EHEZKRIE LR 1R K AL IR 2 SORSE A
3m, HEHEKJERE LA HEZK LR B A O 4.5 m.

5 & i

BEX 4 1K B /2 b R T X BB s 0
ST T AT, WA T BT A B TR
B HEHO ROME . HETFIR T 384T VB s A0 Rk
VAT, BT T LA RS AL R

(1) FA B IRE AR G- R0 FE /KR B A 4
SR LA RSB, BRI R MR
PRB R T S, SRR DR BT F2E 0 0 A
FITHS KT 2 o 388 ek A P A 50 e 91X
Hb T B TMAT = AR, B IRT T %
7 R (G ATAT PR R o

(2) B3 1 B BB R, ST HoK AL
KSR B X TR, o R 2 b R R X 3
TR ITTIBR AT, AE T BB HEK S I6 104 2L
PRI ELME . (EIBATHI T T, | IXHEOK RGiME NS
T R B2 X JE ARG, W 5 X
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PRSI H R T, BLA B ISR il 5 K
FE] X LA AT R 2 i v U <, 23R TR R FabL
BEUL B EEEAT Bl b, TSR = AR
BAKEME. R XBHERGMRIT A Rek BE
H. H.

(3O BB MHEHRE 755 MBI (1 2 A B AN
BR, (H BRI @ R e RE R NN 5 IX
MgnE. Wik, ZEEH T BREA MR R %
i e L X o] RE BRI SR TR B IR 0L, FEEAT MiERERE
W T N AZ TS AR TR &, BB B MR 58
Ak,

(5HBIHEKFLREXS T8N 55 %51 2 K HEZK R
EBIRIEARE, RS XEEFLBKES.
P& IR s, N TREKHZ2EE,
HWEH N BT s, Beisiref »vEm.,

(5) HE/KFLIAIEEAES.0~6.0 mys B N AR fb i, X
BRI T, EXBREE B .
SAEEIE TR AER AT EER, HEK LSRR
3.0~4.5 mEAEN. BT REHZEHKERIEL T
MIHE KL BEECN3.0 my 2, XT3 AE T EHEK R
T8 PA b (P HEZK FLIR] R AT DO M SE HUE, 7T LECA4.5
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