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This study aimed to recognize characteristics of groundwater flow in fractured bedrocks based on zonal pump-
ing tests, slug tests, water quality logs and borehole TV camera logs conducted on two boreholes (NJ-11 and SJ-8)
in the city of Naju. Especially, the zonal pumping tests using single packer were executed to reveal groundwater
flow characteristics in the fractured bedrocks with depth. On borehole NJ-11, the zonal pumping tests resulted in a
flow dimension of 1.6 with a packer depth of 56.9 meters. It also resulted in lower flow dimensions as moving to
shallower packer depths, reaching a flow dimension of 1 at a 24 meter packer depth. This fact indicates that uni-
form permissive fractures take place in deeper zones at the borehole. On borehole SJ-8, a flow dimension of 1.7
was determined at the deepest packer level (S0 m). Next, a dimension of 1.8 was obtained at 32 meters of packer
depth, and lastly a dimension of 1.4 at 19 meters of packer depth. The variation of flow dimension with different
packer depths is interpreted by the variability of permissive fractures with depth. Zonal pumping tests led to the uti-
lization of the Moench (1984) dual-porosity model because hydraulic characteristics in the test holes were most
suitable to the fractured bedrocks. Water quality logs displayed a tendency to increase geothermal temperature, to
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increase pH and to decrease dissolved oxygen. In addition, there was an increasing tendency towards electrical con-
ductance and a decreasing tendency towards dissolved oxygen at most fracture zones.

Key words : zonal pumping test, fractured rock, water quality log, fractional flow dimension, hydraulic parameter
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Fig. 1. Location of the test holes.
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Table 1. Flow dimension obtained by zonal pumping tests
on borehole NJ-11.

Test section

Drawdown slope Flow dimension

96.8-56.9 m 0.236 1.58
96.8-45.0 m 0.399 1.21
96.8-24.0 m 0.513 1.00
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[First recovery test at NJ-11]

|First pumping test at NJ—11]
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Fig. 2. Drawdown slope by zonal pumping at test hole NJ-11.
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Fig. 3. Curve-fitting results of the first pumping test at NJ-11 using (a) Papadopulos-Cooper, (b) Moench, (c) Gringarten-

Witherspoon, and (d) Neuman-Witherspoon methods.



TN
100 . -
Papadopulos-Cooper methocﬂ
31 T = 3.62E-06 m?/sec
- S = 8.56E-03
10 Rw=513m
E 14 o~
€ 3
: /
) i
!
5 o1 E _.
0.01 3
0-(‘01 T TTTHHI T T T TTTTT LR RLLL T U TTTI
1 10 100 1000 10000 100000
Time (sec)
(a)
100 — © g T
3 Gringarten-Witherspoon method
3 K = 2.05E-07 m/sec
- 8s = 6.78E-04 m*
10 — Ky/Kx = 0.43
3 Lf=4.88 m
E . / /
£ 3 ~
g V/
g } =T
g oa 3 o
0.01 5
0.001 B e e S e R SL e e aa L
1 10 100 1000 10000 100000
Time (sec)
(©

rAREARe off 2P A3k 45

Drawdown (m)

Drawdown (m)

4 417

100

E Moerich method
3 K = 1.51E-07 m/sec
-4 8s = 3.70E-02 m'
10 K = 6.31E-10 m/sec|
3 $s' = 6.31E-02 mt
1-3 /
0.1 //e/
0.01
0-001 LI SRR AL T YT T T T UIImT
1 10 100 1000 10000 100000
Time {sec)
(b)
100 - : 1 T
3 Neuman-Witherspoon method
3 T = 6.01E-05 n¥/sec
b $=0.54
10 <
3
!
01 . _‘4/
0.01 -
0001 T"TTTIT: LR T=T 11T T ¥ 11000 BRI ELELL
1 10 100 1000 10000 100000
Time (sec)
(@)

Fig. 4. Curve-fitting results of the second pumping test at NJ-11 using (a) Papadopulos-Cooper, (b) Moench, (c) Gringarten-

Witherspoon, and (d) Neuman-Witherspoon methods.
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Fig. 5. Curve-fitting results of the third pumping test at NJ-11 using (a) Papadopulos-Cooper, (b) Moench, (c¢) Gringarten-

Witherspoon, and (d) Neuman-Witherspoon methods.
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A X% Moench(1984)E 9 3 Grigarten-Witherspoon

(1972)2dlo] HlwA & gh=th E3$F Neuman-Wither-
spoon(1969)= 4= = gh= Fol} 23} UpAE-E1i
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THEAIE (Fig. 9PIAE SFAEAME 41X BY
%914 Moench(1984)2do] FrAlgAAe} 71 Z
gro o, Grigarten-Witherspoon(1972)2.9 3 Neuman-
Witherspoon(1969)=2 9% H|wa Z gh= Holch, 27
oA 2d o 5 FR 7PEA WA SARSgE
o o w2 3E Jepdoh weks $EE 71871
(Table 3)ol AAIE 2 AlFF ARM 23 -5
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E=7F 1AL, 22 FFAIEED O A veldtt
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Table 2. Hydraulic parameter estimates obtained from zonal pumping tests on boreholes NJ-11 and SJ-8.
Pu:;?emg Method g K K S Ss SS'
(m¥sec) (m¥sec)  (mfsec)  (m/sec) (m™ (m™)
Papadopulos-Cooper 3.10E-06 3.35E-03
NJ-11 1.07E-04 Moench 7.82E-07 2.51E-09 1.OIE-05 4.47E-04
(1st test) Gringarten-Witherspoon 1.42E-07 6.68E-05
Neuman and Witherspoon  2.12E-05 2.40E-04
Papadopulos-Cooper 3.62E-06 8.56E-03
NIJ-11 Moench 1.51E-07 6.31E-10 3.70E-02 6.31E-02
1.07E-04 —— -
(2nd test) Gringarten-Witherspoon 2.05E-07 6.78E-04
Neuman and Witherspoon  6.01E-05 0.54
Papadopulos-Cooper 4.60E-06 2.96E-05
NJ-11 Moench 741E-08 3.55E-10 490E-02 6.52E-02
1.06E-04 —— :
(3rd test) Gringarten-Witherspoon 8.41E-09 0.25
Neuman and Witherspoon  6.26E-06 0.27
Papadopulos-Cooper 4.03E-05 3.34E-03
SJ-8 L11E-04 Moench 8.87E-07 1.12E-10 1.04E-05 8.81E-04
(1st test) Gringarten-Witherspoon 6.04E-07 8.27E-07
"Neuman and Wltherspoon 3.64E-05 2.94E-02
) Papadopulos-Cooper " 4.80E-05 7.34E-03
SJ-8 L11E.o4 Moe Moench T 1.12E-06  2.24E-09 7.84E-06  1.12E-04
(2nd test) "Gringarten-Witherspoon 7.76E-07 9.72E-07
Neuman and Witherspoon  6.68E-05 1.42E-03
Papadopulos-Cooper 4.23E-04 2.63E-02 -
SJ-8 "Moench 2.04E-06 5.01E-09 4.71E-05 1.93E-04
113E-04 —— n
(3rd test) Gringarten-Witherspoon 9.42E-06 2.66E-04
Neuman and Wltherspoon 4 56E 05 0.64
Table 3. Flow dimension obtained by zonal pumping tests 27REZHA|E

on borehole SJ-8.

Test section

Drawdown slope

Flow dnmensnon

135-50.0 m 0.178 172
135-32.0 m 0.159 1.77
135-19.0 m 0.308 1.41
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Fig. 6. Drawdown slope by zonal pumping at test hole .SJ-8.

[First pumping test at SJ-8| [First pumping test at SJ-8|
4
3 . Date: 2003-04-08 i
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[Second pumping test at SJ-8| [Second pumping test at SJ‘Si
3 Date: 2003-04-08 | l 1
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[Third pumping test at SJ-SI lIhird pumping test at SJE]
3 Date: 2003-04-09 B
7 Location: Gyusanri Groundwater level above packer test section
T Packer depthim). 19
i Slope: 0.308 3
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Fig. 7. Curve-fitting results of the first pumping test at SJ-8 using (a) Papadopulos-Cooper, (b) Moench, (¢} Gringarten-

Witherspoon, and (d) Neuman-Witherspoon methods.
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Fig. 8. Curve-fitting results of the second pumping test at SJ-8 using (a) Papadopulos-Cooper, (b) Moench, (c) Gringarten-

Witherspoon, and (d) Neuman-Witherspoon methods.

B7F & FEU 7434.0~39.0 mlAl e FRNEE
BH, EC7t $718la, DO7t Zhadh, Evt 718k
s Btk oy v*&—"— A2l dAsHA FA=H2
itk ol NINEZE AR FEakdo] 1342
B4 f54 #€9 t‘é%— Ak Az ddct
NI-1Ns3olA zhzke] JRE7 k°4 ABAe BAFE
A¥H(Table 7), HEF71] Wb &%, pH, Ehv} 7t
313, DO Z4shs 23S 2ol o 4Awst 2
o]AFE A Lo| TRl E-GEVE) ofs)x pH7t
ZolA|n, X ErESe] wet DOE 7HAsks Yukdel
A & dAEth v Axrt HolASE Bt
F7tehs AL 4Bt o)¥n. 5% pH, Eh
g],og:_,] A8 Holil o1ou:] DO 2-¢] AREA
g btk LEpH 283 £=-D0S] Pl Ut
% AEEF AR YAt ECe DOsks 29 4

2 o

3

HL oX

3

o

o

Holu} 2%, pHoR= WA e o
ek 2El Ehele wig- 2 o] A

= DO%t 59 A4 HolH, o7 A3}
5 wet $EEHY] et Sl 8844
7L_/,k_~3}*_ kA 3} or_lx]s}q. pH= ‘_J_, EC, Eh

A T2 el ABEE Bolvh 3 Ehie DO
=3 xﬂg]ﬁ]— 1:].§_ }HH‘:;q.L—. a]_,:r_z% = oo}:g] )\ohq,zd&
Uepdct, 2eu, DOE TE BE AREH 58 29
)4- )‘6"% th:]-

S1-83 gl ECgke] H9I7b 380~460 pS/em, pH
7} 6.80~8.000 2 (Table 6), ZFolAM [5m7HAE 7
o] ZAIITrt 1 ojFole YA = 4=l wet Fr1st
= FHE HohFig 11). SI-8&F9 pHe ECY 3
tizko] NJ-1IZZRT L o] SI8aFe] A7}
o 7] o)ty #Euie} FARS AHE vlusd,

pid

o
=

F]O oX



TP FEBAES S BRI A F5 2

100 — .
E Papadopulos-Cooper method
3 T = 4,23E-04 mlisec
B S = 2.63E-02
10 Rw = 1.74E-04 m |
E 1
g 3 ,f’::__,—
3 ] /
° 4
H
£ 014 /'“
<] 3 /
0.01
0.001 S 01 11 1 B 01 S W R U}
1 10 100 1000 10000 100000
Time {sec)
(a)
100 - T T T
3 Gringarten-Witherspoon method
] K = 9.42E-06 m/sec
b Ss = 2.66E-04 m"
10 Ky/Kx = 2.79E-03
E Lf=11.52m
E 1 |
€ 3
g 3 /
£ o1 =
] 3 / &
0.01
]
0‘001 T 7 TITTT; T TTTTI T T TTT, T T TTTHT T T TTH
1 10 100 1000 10000 100000
Tlme {sec)

{c)

100 . .
3 Moench method
3] K = 2.04E-06 m/sec
R 8s = 4.71E-05 mv!
10 3 K = 5.01E-09 m/sec]
E 85’ = 1.93E-04 m
E
g E
2 ] /
2 1 A
g 0.1 E /
0.01 /Z
]
0.001 LIRLE Y1 AL B B UL D B AL e A
1 10 100 1000 10000 100000
Time {sec)
(b)
100 o T — T
3 Neuman-Witherspoon method
] T = 4.56E-05 mé/sec
b $=0.64
10
E 1o
3 ]
H ) =
g 0.1
0.01 £ /
]
0.001 O 411 e 1 M 2 111 R 115 B M MR B
1 10 100 1500 10000 100000
Time {sec)
(d)

423

Fig. 9. Curve-fitting results of the third pumping test at SJ-8 using (a) Papadopulos-Cooper, (b) Moench, (c¢) Gringarten-
Witherspoon, and (d) Neuman-Witherspoon methods.

Table 4. Hydraulic parameter estimates by slug test analysis.

Dummy K (m/sec) by Hvorslev K (m/sec) by Bouwer-Rice K (m/sec) by C-B-P S by C-B-P
71:1 1 Injection  1.80E-05 1.51E-05 1.75E-04 3.72E-04
H Withdrawal 2.89E-05 243E-05 2.57E-04 4.37E-02
" Injection " 334E-06 2.78E-06 121E05  596E05
S8 Withdrawal 2.88E-06 2 40E-06 8.21E-06 1.68E-04
Table 5. Water quality log at boreholes NJ-11.
TN Temp.(°C) EC (mS/cm) pH DO (mg/l) Eh (mV)
T Min 14.50 015 610 380 21480
Max 16.60 0.20 7.30 8.40 330.90
Mean 15.58 0.17 6.67 5.77 291.73
Median 15.50 0.18 6.70 5.30 308.10
Std. Dev 0.59 0.01 0.27 1.25 36.74
Kurtosis -1.02 -1.00 ©.27 -1.07 -1.03
Skewness -0.09 -0.28 0.24 0.37 -0.78
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Table 6. Water quality log at boreholes SJ-8.
SI-8 Temp.(°C) EC (mS/cm) pH DO (mg/l) Eh (mV)
Min 14.00 0.38 T 680 1.50 122.70
Max 17.40 0.46 8.00 4.40 216.70
Mean 16.05 0.40 7.35 245 167.62
Median 16.05 0.39 7.20 2.70 169.20
Std. Dev 0.87 0.02 0.34 0.55 17.12
Kurtosis -0.95 2.53 -1.35 -0.42 2.05
Skewness -0.13 1.80 0.32 -0.08 0.52
Table 7. Matrix of correlation coefficients among physical components from the NJ-11.
Depth Temp. EC pH DO Eh
Depth 1.000 0.887 0.687 0.889 70952 0.817
Temp. 0.887 1.000 0.296 0.774 -0.819 0.703
EC 0.687 0.296 1.000 0.672 -0.731 0.634
pH 0.889 0.774 0.672 1.000 -0:905 0.665
DO -0.952 -0.819 -0.731 -0.905 1.000 -0.854
Eh 0.817 ‘ 0.703 0.634 0.665 -0.854 1.000
Table 8. Matrix of correlation coefficients among physical components from the SJ-8.
Depth Temp. EC pH DO Eh
" Depth 1.000 0.993 0554 0770 0852  -0011
Temp. 0.993 1.000 0.587 0.721 -0.863 -0.093
EC 0.554 0.587 1.000 0.415 -0.756 -0.295
pH 0.770 0.721 0.415 1.000 -0.780 0.308
DO -0.852 -0.863 -0.756 -0.780 1.000 0.029
Eh 0.817 0.703 0.634 0.665 -0.854 1.000
w9} FELE o) BBst 3PS HolA] gert AF 072y Helth I8y pHe DOZMlE )iz
SI8ETOP Z17ke) AR AVAL BAT A w29 AVAABVAS 0782 HolFT, B
H(Table 8), N57} Qoldss S=sh pik Z7151  pHEC, pHERIRIE W& Fo) Juge nelzd
¥, DOE R4ste AL el ol 457k 4o DOE S, pH, ECSH %2 &9 4u4e et

T} DO-ERflE Aol Aol vehlr] ekt
Ehe The RE JEEF 2 29 JadE Bolv
We g RS BT

AEE Ao F7IIAL F-F2NEl 2faiM pHrt =
oA, A3rEEel met DOE Hadhe Uikl |
33 2 4A¥E a2y Ehe A0 wE B
RoFA] et 2EE pHét HluA w8 o) A
ACFBAIT 0728 Bol3 lom, ECohs ¥ &
AE HolAuh AAIFE 05924 ¥4 &k ¥ &

3

O
af

Eo| 3 #E

DO & 29 AHAT(086F EAFEI Q) NI-NZZAEE: 97mpelA] FUTVAS) osix &
I 2E-Ehzbole Aol A YyehlR] et A A FZHE 19.0~19.9 m, 34.0~39.0m, 40.9~
o5 pH I3 €%-DO0| A dukEl AT 41.0m, 438m F2Z, 483 m HZ, 48.7~50m, 54.3m

BRI QAT ECE DOS 9] 43S Hoh} &
%, pHoRs WA we g ARe warh 27w

B2 569m 2, 59.5m ¥, 77.5m F-2olt} 3
S8 T (A E: 135mye] FfY] PHE 69.8m F,

Ehobe= o @ So] 43S Heldh EC7t Dost 853~86m, 93.7m ¥, 1169~117.0m, 131.5m %
29 FHHE Bole AL Agkr 3 —E— | o 8EE Zolt}. olF nigoE NJ-NEFAME 97 (FA)~

49 ¥t FH5kn SEUEYo) 2
QA pHE L2t UIRE B G|

E 0

A8l 743
A

56.9m, 97~450m 1|3 97. 0~240m91 Al 77
M FFAEE AT £ sI8E ol



TR FAARABA S BYI A HF 2

425

NJ-11
TC) EC (mS/cm) pH DO (mgh) Eh (mV)
5 155 165 014 016 018 024 68 768 4 567 8 9200 240 280 320 380
o ad 1 1 bbb ol b Ll f Lo b Lo 1 J boadot | 1. i

20 —

&
s
I

Depth {m)

@
S
|

80 —

100

Fig. 10. Water quality log in NJ-11.
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Fig. 11. Water quality log in SJ-8.
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