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Groundwater Flow Characterization in the Vicinity of the Underground Caverns
by Groundwater Level Changes

Jae Gi Kang, Hyung-Sik Yang, Kyung-Su Kim and Chun-Soo Kim

Abstract Groundwater inflow into the caverns constructed in fractured rock mass was simulated by numerical
modeling, NAPSAC (DFN, discrete fracture network model) and NAMMU (CPM, continuous porous media model),
a finite-element software package for groundwater flow in 3D fractured media developed by AEA Technology,
UK. The input parameters for modeling were determined on surface fracture survey, core logging and single hole
hydraulic test data. In order to predict the groundwater inflow more accurately, the anisotropic hydraulic conductivity
was considered. The anisotropic hydraulic conductivities were calculated from the fracture network properties. With
a minor adjustment during model calibration, the numerical modeling is able to reproduce reasonably groundwater
inflows into cavern and the travel length and times to the ground surface along the flow paths in the normal, dry
and rainy seasons.

KeyWords Three-dimesional fracture network model, Anisotropic hydraulic conductivities, DFN model, CPM model,
Groundwater inflows, Pathway, Travel time
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Fig. 1. Identification of the fracture sets from the surface
fracture data
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Fig. 3. Location and drilling azimuth of the boreholes
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Fig. 5. Stereographic projection of the poles for the fractures below GL.-40 m

Table 1. Mean of the orientation and Fisher dispersion for
each fracture set

Item Unit Set 1 | Set2 | Set 3
Mean(Dip Direction) | Deg. 1552 | 253.7 72.7
Mean(Dip Angle) Deg. 87.6 783 35.7
Fisher Dispersion(K) 8.4 7.4 7.7
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Table 2. C and A for each fracture set

Item Set 1 Set 2 Set 3
Mean (L% (m?) 16.497 22.970 13.005
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C 1.185 1.186 0.903
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Table 3. Fracture density of each fracture set

Item Unit Set 1 Set 2 Set 3
Number of Fractures 273 (39.3%) 256 (36.9%) 165 (23.8%)
Total vertical length of 16 boreholes m 2787.06 2787.06 2787.06
Average fracture spacing (s) m 10.21 10.89 16.89
Average fracture area () m’ 16.497 22,970 13.005
Average cos(D) 0.222 0.302 0.707
Fracture Density /m’ 0.027 0.013 0.006

235 B9 %‘?‘;4 SA=27]
7 A1230) dalsto] ols| S SR AperSaz
ZIOWKAERI & KIGAM, 1999)2 o]-&35to] Lol
izt A 2718 Attt AperSaxz 1312 H|
Hoje] A1Z W 34 ojn[A| R WAL BE 3
o] EO heag-
A o)& oj&3dled 7% H(open, semi-open, closed)Z
Boide] 2o 2] B 2718 AR 2 itk
EAEHY EMF7] AES GL.-40 mE A Ll3kn

L ESReT z,:ag 3t 7344 379 Set BEF E2AAFEESS

&0l igt Z} Set
%% Table 40| Atk

Descriptive Statistics

Variable: Ln{Aperture)

Anderson-Daring Normality Test

A-Squared 0783
P-Value 0042
Mean -5.38095
StDev 100217
Varance 100435
Skewness 0157808
Kurtosis 121758
N 694
Mimmum -8 98720

st Quartile -6 04582
Median -5 37520
3rd Quartile 468043
Maximum 068543

85% Contidence wteral for Mu
-5 45564 -5 30628
95% Contidence nteca for Sigma
085208 105787
95% Contidence mteral for Medan
-5 48058 -526643

Confidence nI for xan e

Fig. 6. Histogram for fracture aperture distribution

Table 4. Statistics of the fracture aperture of the type 1
fractures below GL.-40 m (unit: m)

Item Set 1 Set 2 Set 3
Mean(Aperture) 6.903E-03 | 9.221E-03 | 1.009E-02
STD(Aperture) 1.224E-02 (3.478E-02 | 1.934E-02
Mean(Ln(Aperture)) | -5.450 -5.462 -5.142
STD(Ln(Aperture)) 0.905 1.054 1.041
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Table 6. Calculated total inflow into the caverns at normal Table 7. Calculated total Inflow into the caverns at dry
season season
Total inflow (m'/day) Total inflow (m'/day)
Caverns Caverns
Borehole Water curtain hole Borehole Water curtain hole

Cavern 1 97.31 102.17 Cavern 1 88.55 92.97

Cavern 2 103.63 108.81 Cavern 2 94.30 99.01

Cavern 3 106.86 112.21 Cavern 3 97.26 102.11

Cavern 4 107.69 113.07 Cavern 4 98.00 102.90

Cavern 5 108.62 114.06 Cavern 5 98.85 103.79

Cavern 6 113.47 119.14 Cavern 6 103.25 108.41
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Fig. 11. Variation of hydraulic head after the cavern
excavation
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Fig. 12, The six flow paths from the caverns floor to the
surface

2 s 2 B47)o] Hs) Z4lol oF 8.7%, B
S710lle oF 12.5%9) §5AIZE Xol Btk ol 4
BASEEES +10% A - ShF 23 200 A9 4k
@ wsE BYe o & gk

7} 35 ASHEE uhEolA ARNEAY 257
2o] M2 §510)S A4Sl A3 Table 103
2 $520l9) Wk ol fAl WIS HYS &
47} 9ol THZ MZos 248 BB0R 2
£8 g5l AL Yk o] A FRATET
o] 7o tjEel AOE Hopdt 2 ek FEI A
ARAX) 520l vlms) B F47]0) Hls) 24
7ol oF 8.6%, F47lole oF 13%2] RFole) %

Table 9. Travel time(years) of each caverns at each seasons

Normal Season Dry Season Rainy Season
olgjel & Fot 4 Aokg HigolA 4 Path Borehole| Wct H |Borehole| Wet_H [Borehole| Wet H
EAF7K] Asl=2] 2QAIME HE]stH Table 9%} 1 | 27514 29001 | 25312 | 26681 | 31090 |32771
Ztt ArloAE Fdure] #Etel v 2 FARE 2 | 4099 | 4320 | 3771 | 3975 | 4632 | 4882
3l HYe & 7} =), AEor ZpE 1T 3 148 156 136 144 168 177
3 Bzog ZhpE 3o §EAIS AojAa 9l 4 | 34567 | 36436 | 31802 | 33521 | 39061 | 41172
T} o)l MZOR ZMaE BHEoT 7MAE AHR|F: 51 6115 | 6446 | 5626 | 5930 | 6910 | 7284
=7} &7) mjEolth TEolA AR ®ETHA] SEA7 6 175 | 185 161 | 170 198 | 209
7 | 39179 41297 | 36045 | 37993 | 44273 | 46666

Table 8. Calculated total Inflow into the caverns at rainy 8 9339 | 9843 8592 | 9056 | 10553 | 11123
season 9 729 | 768 671 | 707 824 | 868

10 | 44652 {47065 | 41080 |43299 | 50456 | 53183

Caverns Total inflow (n'/day) 11| 11082 | 11681 | 10195 | 10746 | 12522 | 13199
Borehole Water curtain hole 12| 1042 | 1098 | 959 | 1010 | 1177 | 1241

Cavern 1 109.96 115.45 13 | 47803 50387 | 43978 | 46356 | 54017 | 56937
Cavern 2 117.10 122.95 14 | 12214 |12874 | 11237 | 11844 | 13802 | 14548
Cavern 3 120.76 126.80 15| 2533 | 2670 | 2330 | 2456 | 2862 | 3017
Cavern 4 121.68 127.76 16 | 46984 |49523 | 43225 | 45561 | 53092 | 55961
Cavern § 122.74 128.88 17 | 11497 | 12119 | 10577 | 11149 | 12991 | 13693
Cavern 6 128.21 134.61 18| 2158 | 2274 | 1985 | 2092 | 2438 | 2570
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Table 10. Path length (m) of each caverns at each seasons

path Normal Season Dry Season Rainy Season
Borehole| Wct_H |Borehole| Wet H {Borehole| Wet H

1 4542 | 4788 4179 | 4405 5132 | 5410

2 2184 | 2302 2010 | 2118 2468 | 2602

3 880 928 810 853 994 | 1048

4 4749 | 5006 4369 | 4605 5366 | 5656

5 2501 | 2636 2301 | 2425 2826 | 2979

6 933 983 858 905 1054 | 111t

7 4922 | 5188 4528 | 4773 5562 | 5862

8 2838 | 2991 2611 | 2752 3207 | 3380

9 1283 | 1352 1180 | 1244 1450 | 1528

10 | 5032 | 5304 4629 | 4880 5686 | 5994

—
—

2979 | 3140 2740 | 2888 3366 | 3548
12 1354 | 1428 1246 | 1314 1531 | 1613
13 5044 | 5317 4641 | 4891 5700 | 6008
14 | 3055 | 3220 2811 | 2963 3452 | 3639
15 1655 | 1744 1523 | 1605 1870 | 1971
16 | 4974 | 5243 4576 | 4824 5621 | 5925
17 | 2992 | 3154 2753 | 2902 3381 | 3564
18 1530 | 1613 1408 | 1484 1729 | 1823
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