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Estimation of optimal pumping rate, well efficiency and radius of influence
using step-drawdown tests
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Optimal pumping rate, well efficiency and radius of influence were estimated using field step-drawdown tests.
According to the analysis results, optimal pumping rates were estimated as 9.37, 16.20 m*/day for KDPW 1 and
8.11, 14.10 m*/day for KDPW 2. The well efficiency was calculated as 72.02~90.73% for KDPW 1 while it was
70.62~88.52% for KDPW 2. In the meanwhile, the steady-state analysis yielded the radius of influence (ROI) of
3.50~31.92 m in case of pumping at KDPW 1 and the ROI of 0.14~37.43 m in case of pumping at KDPW 2. In
addition, the transient analysis produced the ROI of 0.02~8.34 m for KDPW 1 pumping and the ROI of 0.24~9.68 m
for KDPW 2 pumping. The methodology used in this study can be usefully applied in the pump and treat remediation
design for contaminated groundwater.
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Fig. 1. Location of the study area showing the layout of the step-drawdown test (SDT) wells. The figure was modified from

Baek and Lee (2010).
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Table 1. Specifications of wells used in the step-drawdown
tests (SDT).

Pumping  Obs.  Well depth dl[nn :er Screen Imtﬁl Vzlzater
well well (m) (mm) interval (DTW, m)
KDPW-1 50 101.6  30~50m  11.36

KDPW-2 30 101.6 45-30m 1136

KDPW 1 KDPW-3 50 101.6  30~50m 1120
KDPw-4 30 101.6 4530m  11.01
KDPW-1 50 101.6  30~50m  11.37
KDPW-2 30 101.6 4530m 1135
KDPW 2 KDPW-3 50 101.6  30~50m  10.89
KDPW-4 30 101.6 45~30m  11.00
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Table 2. Pumping rates and durations for the step-drawdown
tests.
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Table 3. Specific drawdown (Sw/Q) for each pumping step.

Observation well KDPW-1 KDPW-2 KDPW-3 KDPW-4 KDPW 1 AS (m) S, (m) Q . (ds“fgz)
Distance ; 290m  970m  10.10m (Vmin) ~ (m’/day) (&
Q,=2.99 Vmin(=430 m¥/day), t, =60 min Sep1 0197 0197 299 430  65.886
Pumping rate  Q,=6.33 Umin(=9.12 m’/day), t,=60 min Step2 0302 0499 633 9.12 78.831
and duration  Q; =886 imin(~ 12.76 m’/day), ;=60 min Sep3 0250 0749 88 1276 84537
Q= 1137 Vmin(= 16.37 m/day), , =60 min Sep4 0240 0989 1137 1637 86983
KDPW 2 (pumping well) Q S./0
Observation well KDPW-1 KDPW-2 KDPW-3 KDPW-4 KDPW 2 AS (m) - Sy (m) —————="—— (Gay/m?)
. (Vmin) (m’/day) )
Distance 290 m - 10.10m 9.70 m
Pumping rate  Q,=6.18 Vmin(=8.90 m*/day), t,=60 min Step2 0346 0576 618 890 93206
and duration Qs = 8.88 Umin(= 12.79 m¥/day), t;=60 min Sep3 0278 0854 888 1279  96.172
Qy=10.95 Umin(= 15.77 m*/day), t,=60 min Sep4 0317 1171 1095 1577 106925
1.0 F 1.2 A
- . = KDPW1 - L[] . = KDPW2
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08 - |+ A 4 KDPW3 - - 4 KOPW3
x X « KDPW4 » KDPW4
- ! _0.8 - ,'_’J
E 06 - E :
'§ 'g ) ,-—J
%04 - . g /
e ] | © 04 -
0.2 H AAAAA
0.0 gueent -l .’.:.:.':.‘::-A..l‘.: . '.". % -l “““““ > -~-.'*~“I~“ e an s : e I I
0 60 120 180 240 0 60 120 180 240

Elapsed Time(min)

Elapsed Time(min)

Fig. 2. Results of step-drawdown tests. (a): KDPW 1 SDT; (b): KDPW 2 SDT.
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Fig. 3. Relationship between pumping rate and specific drawdown.

FoA ek vislE el BAIE ol 8ste
Bierschenk(1963) ¥ 22 B, C= AXFSIIt). Fig 33
Ea R e (0) = R e A e = [ R R R A
2 KDPW 12 S,/0=0.00120+0.0419 Z&]3. KDPW 2
£ 85,/0=0.00150 +0.0489°|H, A& 3|7 2Ale] 7187
o} Awe 717k co} Bl seeith. Fig. 3ol A3 3]
AA Aol FAEHHS, S sk #3452 23
FTHOS A 4 Utk Table 49F 7Fo] KDPW 1,
KDPW 201141 0.5m, 1.0m 9745 LA7FA] A5
2 247+ 937, 1620m’/day?? 8.1, 14.10m’/day S = AXt
FJck. 2y 0|7t FFE BN W AP e
T A mesitis 78 ol AlLkE Aotk

Table 4. Estimates of optimal pumping rates.

KDPW 1
Parameters Optimal pumping rate (Q)
B C  Pumping rate .
(dayh?) (day?m’)  (m/day) Explanation

0.5 m drawdown, quasi steady-

937
00419 0.0012 state to steady—state.
1620 1.0 m drawdown, quasi steady-
’ state to steady-state
KDPW 2
Parameters Optimal pumping rate (Q)
B C

Pumping rate Explanation

(day/m?) (day*/m®)

0.5 m drawdown, quasi steady-
state to steady-state

1.0 m drawdown, quasi steady-
state to steady-state

811
0.0489  0.0015
14.10
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Table 5. Well efficiency determined from the step-drawdown
tests.

QO  Well efficiency

Test well Total drawdown, S,, (m) (o day)  (E, %)
430 90.73
KDPW 1 S, =1.74640+0.04180" 3?6 3232
1637 72.02
4.18 88.52
KDPW 2 S, =221430+0.04920° f;% 3;(1)2
1577 70.62




WAGRARE olg HA I,

2 29 gEwe g Adel WAs) W,

$RESS Prgol Eopdas olxe, ¥ A
HAYEE o (turbulence)ell 2Jsf A7 1= rRd= o] 7A|A|
7] gl g&0] ol

AUty MY Ao
B ANEH
AR dEe] s et FEdEE g U4
dolo] g AxelM o] FE7A] ARl B edekE X
FE Ygshd ARto] 7hssitt o7 FRldeeE ¢
74 T A5t A 48 AIHEET <), 2010)
E o8sSir. FEe] AL vt 2o 4
S Table 69 YERAATE
1) AAl AR ARl 2 dA B57ge] 9
7raleke A
2) A5l 907
AH(hy= b~ Ah)
3) O ol 91738l walekA] e Aol Asleel
(h=b—An=b—0.1): A& FF=59} PdeS e
slo] F973s7E A 01 m AYSRE A7 ARt

4~

StEF(Ah) = X3¢l (h)) Al

Table 6. Radius of influence (ROI) estimated using steady-
state analysis method (for KDPW 1 SDT).

ROI 0 T H h r ROL#r
direction P (m*/day) (cm/sec) (m%day) (m) (m) (m) (m)

Step 1 430 217E-04 1728 1854185229 3.50
KDF_‘)” IStep 2 9.12 2.17E04 1728 1854184829 367
KDpw 2Step 3 1276 217E-04 1728 1854184529 380
Step 4 1637 217E-04 1728 1854184129 3.84

Aquifer thickness »=18.64 m

K=average K of unconfined aquifer for KDPW 2

T=average T of unconfined aquifer for KDPW 2

Step 1 : Ist step pumping, KDPW 2 observation 0.022 m drawdown
Step 2 : 2nd step pumping, KDPW 2 observation 0.059 m drawdown
Step 3 : 3rd step pumping, KDPW 2 observation 0.095 m drawdown
Step 4 : 4th step pumping, KDPW 2 observation 0.127 m drawdown

ROI 0 T H h r ROLRM
direction P (m*/day) (cm/sec) (m¥day) (m) (m) (m) (m)

Step 1 430 1S8SE-06 3024 19.9019.88 9.7 2191
KD(P_‘)V IStep 2 9.12 1.88E-06 3024 19.9019.86 9.7 24.40
KDpw 3P 3 1276 188E06 3024 199019.82 9.7 3057

Step 4 1637 1.88E-06 3024 19901980 9.7 31.82

Aquifer thickness 5=20m

K=average K of confined and leaky aquifers for KDPW 3
T=average T of confined and leaky aquifers for KDPW 3

Step 1 : Ist step pumping, KDPW 3 observation 0.018 m drawdown
Step 2 : 2nd step pumping, KDPW 3 observation 0.044 m drawdown
Step 3 : 3rd step pumping, KDPW 3 observation 0.077 m drawdown
Step 4 : 4th step pumping, KDPW 3 observation 0.102 m drawdown
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Table 6. Continued (for KDPW 1 SDT).

ROL 0 K T H h r ROLr
direction >'P (m¥/day) (cm/sec) (m¥day) (m) (m) (m) (m)

Step 1 430 1.59E-03 7250 1889188810.1 17.16
KDE) Wilgep 2 912 1.59E-03 7250 18.8918.8610.1 22.63
KDpW 4S€p 3 1276 159E-03 7250 18.8918.8410.1 2675

Step 4 1637 1.59E-03 7250 18.8918.8210.1 31.92

Aquifer thickness 5=18.99 m

K=average K of unconfined aquifer for KDPW 4

T=average T of unconfined aquifer for KDPW 4

Step 1 : 1st step pumping, KDPW 4 observation 0.008 m drawdown
Step 2 : 2nd step pumping, KDPW 4 observation 0.027 m drawdown
Step 3 : 3rd step pumping, KDPW 4 observation 0.046 m drawdown
Step 4 : 4th step pumping, KDPW 4 observation 0.070 m drawdown

ROI 0 K T H h r ROLR
direction P (m*/day) (cm/sec) (m%day) (m) (m) (m) (m)
Stepl 418 9.64E-04 2736 19.90199729 0.14
KDE)W Step 2 890 9.64E-04 2736 1990199429 138
KDPW 15tep 3 1279 9.64E-04 27.36 19901990 29 278
Step 4 1577 9.64E-04 2736 19.9019.87 2.9 3.90

Aquifer thickness 5=20m

K=average K of confined and leaky aquifers for KDPW 1
T=average T of confined and leaky aquifers for KDPW 1

Step 1 : 1st step pumping, KDPW 1 observation 0.027 m drawdown
Step 2 : 2nd step pumping, KDPW 1 observation 0.062 m drawdown
Step 3 : 3rd step pumping, KDPW 1 observation 0.097 m drawdown
Step 4 : 4th step pumping, KDPW 1 observation 0.127 m drawdown

ROI 0 K T H h r ROL A
direction P (m*/day) (cm/sec) (m%day) (m) (m) (m) (m)
JSep 1 418 OGIE04 1728 1990198729 887
KDLW Step 2 890 9.64E-04 1728 199019.8429 976
KDPw 35tp 3 1279 964E04 1728 199019.80 2.9 10.87
Step 4 1577 9.64E-04 1728 1990197729 11.76

Aquifer thickness 5=20m

K=average K of confined and leaky aquifers for KDPW 3
T=average T of confined and leaky aquifers for KDPW 3

Step 1 : 1st step pumping, KDPW 3 observation 0.047 m drawdown
Step 2 : 2nd step pumping, KDPW 3 observation 0.113 m drawdown
Step 3 : 3rd step pumping, KDPW 3 observation 0.171 m drawdown
Step 4 : 4th step pumping, KDPW 3 observation 0.223 m drawdown

ROI 0 K T H h r ROLp

direction P (m*/day) (cm/sec) (m%day) (m) (m) (m) (m)
Step 1 4.18 7.02E-04 18.72 18.9018.86 9.7 28.79

KDPW 2902 890 7.02E04 1872 18901881 9.7 32.03

KDPW 4Step 3 1279 7.02E-04 18.72 18.9018.76 9.7 34.79
Step 4 15.77 7.02E-04 18.72 18.9018.72 9.7 3743

Aquifer thickness 5=19m

K=average K of unconfined aquifer for KDPW 4

T=average T of unconfined aquifer for KDPW 4

step 1 : 1st step pumping, KDPW 4 observation 0.038 m drawdown

step 2 : 2nd step pumping, KDPW 4 observation 0.089 m drawdown

step 3 : 3rd step pumping, KDPW 4 observation 0.137 m drawdown
step 4 : 4th step pumping, KDPW 4 observation 0.178 m drawdown
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7} g3bro] 350~3.84, 21.91~31.82 & 17.16~31.92m
2 ARIEAT. KDPW-20M @A AJEA] 1947 4.18,
22HA 8.90, 3HAl 12.79, 49A] 15.77 m/dayS 2 U3}
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KDPW 4 #ZHo|x 7+ 9J3kdt7o] 0.02-2.57 m, 0.03~
836m % 0.00~834mZ AAFEIATE KDPW 2 THAIY

AGAl 1A 418, 294 890, 3THAl 12,79, 49
15.77 m¥/dayo 2 45=3191& 7% KDPW 1, KDPW 3,
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Table 7. Radius of influences (ROI) estimated using Jacob
straight line method for KDPW 1 and KDPW 2 SDTs.

ROI ;
direction Step QO (m’/day) As,  s;(m) r; (m) ROI (m)
Sep 1 430 00170 002 29 002
KDL Wlgeno 912 02520 0037 29 217
KDpw o Sp 3 1276 04870 0036 29 249
Sep4 1637 06350 0032 29 257
Sep 1 430 0016 0018 97 003
KDZ Wlgeno 912 0209 0026 97 644
KDpw3 SEP3 1276 0439 0033 97 I3
Sep4 1637 0577 0025 97 836
Sep 1 430 0009 0008 101 000
KDZ Wlgep2 912 02090 0019 100 645
KDpw 4 SEP 3 1276 02970 0019 100 737
Sep4 1637 0460 0024 101 834
Sep 1 418 00340 0027 29 024
KDZ W2gep2 890 02930 0035 29 225
KDpw | SEP3 1279 05320 0035 29 25
Sep4 1577 07160 0030 29 259
Sep 1 418 0048 0047 101 285
KDL W2gep2 890 0574 0066 100 944
KDpw 3 SP3 1279 0924 0058 101 958
Sep4 1577 1295 0052 101 968
Sep 1 418 00510 0038 97 239
KDL W2gep2 890 04540 0051 97 856
KDpw 4 SP3 1279 07680 0048 97 87

Step 4 1577 1020 0042 97 9.08

s; : Drawdown at observation well for each step
r; : Distance between pumping well and observation well
s, : Water level change (0.1 m) at point where ROI is defined

KDPW 4 478X 7} Jatzdo] 0.24~2.59 m, 2.85~
9.68m 2 239~9.08m= AXEATE F=HolA Alxke
FEo| th T2 AL ulge] 37 EdAd
o5t} AlE $Ix|el wet At tEA Jerd A
Jacob 241 0] 1094 A sz Z7lsle FHIZ Al
AREEE R 2 etk el we Wzt
A el wjEo =z ddtE

M}Xl Z+zt 937, 1620 m¥/day 8.11,

14.10 m3/day 02 AXERT E $E88S KDPW 19



WAFFAREE o8 HY FrE, =R B W W 135

teted ke 4306~16.378 mP/dayd ® 72.02~90.73%2)]
E8S 122 KDPW 20 thate] e 4176~
15.770 m*/day® W 70.62~88.52%2] &8-S HIrh. shA
Thiem H32]e] eJsle] AldkE Fad-2 KDPW 19
A 430~1637 mYdayC 2 Y5EIS 74 KDPW 2,
KDPW 3, KDPW 4 #ZAIA 3.50~31.92m= ALt
HJck I KDPW 2914 4.18~15.77 m¥/dayS & 4=
3l91S 79 KDPW 1, KDPW 3, KDPW 4 #=ojA
Fgt7do] 0.14~3743 mE A HJ FAF 92
o] W= KDPW 1914 4.30~16.37 m¥/dayo 2 <4
19S 7% KDPW 2, KDPW 3, KDPW 4 ¥=7g0l4]
ol 0.02~834 m= A=A 2832 KDPW 2
oA 4.18~15.77 m¥/dayS 2 U53519E 7% KDPW 1,
KDPW 3, KDPW 4 #=7g¢llx @Ebgo] 0.24~9.68m
2 AR BRdeer TR S e] daRby 4
A A7E 29Asl A4 Al s dxt i
o] Aol uhe} BHEZ oA thak ) - A
Bt E ¢ Yeuzg g £¥3 BaEd 548
JEslefof st} & APAde QAEAEKE AslEHe
el Aol AAle f-gsA E8E 4 3l

0

4w

of

A A

B AT ST B @l 7 s A
(173-092-010y°0. 2 A ARES- FAYLITE. o]ol] A=},

7(} '?T]_E 2 o =X
AEAE 913 FdRAL 2 EAAGGRIA, S5
FALFAE, 309p.

AFA], 2003, A AT 9 FYE A ES
A8l AL B, 3 .

&, AT, W, 58, 188, 184, A8,

14%1, o172, 1999, 3TN AZA, AEThgta

AT AT, 72p.

1714, o]Al, A8, 2010a, TCE 2% A3}

54 2 od=Zd dig 28N, A3,
46, 49-60.

TR, o)X, AAE, AEH, WHE, 20100, £
AN, TFFTAIE E dAYTAIE S B 5
T vla, AEFEEA|, 20, 203-212.

Sk AR EAY, 2006, 3K SEE AAAA 89: X
Bl QAZAL F AAATE H7E HaA, SRl EA L,
24p.

SR AR AT, 1989, YFE=E 2 - H 1A (1:50,000).

S8, 1998, Alskr 743 @4, ukgAL, 1071p.

Baek, W. and Lee, J.Y., 2010, Source apportionment of

trichloroethylene in groundwater of the industirial

o]

)

g

N
o

=z

]

4
i

complex in Wonju, Korea: a 15-year dispute and per-
spective, Water and Environ. J. (in press).

Bierschenk, W.H., 1963, Determining well efficiency by
multiple step-drawdown tests. International Asso-
ciation of Scientific Hydrology, 64, 493-507.

Cooper, H.H. and Jacob, C.E., 1946, A generalized graphical
method for evaluating formation constants and sum-
marizing well field history, Amer. Geophys. Union Trans.,
27, 526-534.

Dawson, KJ. and Istok, J.D., 1991, Aquifer testing: design
and analysis of pumping and slug tests, Lewis Pub-
lishers, 344p.

Driscoll, EG., 1986, Groundwater and wells, Johnson Div.,
1089p.

Jacob, C.E., 1947, Drawdown test to determine effective
radius of artesian well, Trans. Amer. Soc. Civil Engrs.,
112, 1047-1070.

Jacob, C.E., 1950, Flow of ground-water, Engineering
hydraulics, John Wiely, 321-386.

Jo, YJ., Lee, J.Y, Yi, M., Kim, H.S., and Lee, KK., 2010,
Soil contamination with TCE in an industrial complex:
contamination levels and implication for groundwater
contamination. Geosci. J. (in revision).

Kasenow, M., 1997, Applied ground-water hydrology and
well hydraulics, Water Resources Publications, LLC,
856p.

Kruseman, G.P. and de Ridder, N.A. 1991, Analysis and
evaluation of pumping test data, International Insti-
tute of Land Reclamation and Improvement, 377p.

Park, D.K., Ko, N.Y,, and Lee, KK., 2007, Optimal ground-
water remediation design considering effects of natural
attenuation processes: pumping strategy with enhanced-
natural-attenuation, Geosci. J., 11, 377-385.

Rorabaugh, ML, 1953, Graphical and theoretical analysis of
step-drawdown test of artesian well, Proc. Amer. Soc.
Civil Engrs., 79, p. 23.

Skinner, A.C., 1988, Practical experience of borehole
performance evaluation, J. Inst. Water Environ. Manage.,
2, 332-340.

Thiem, A., 1887, Verfahren fiir Natiirliche Grundwasserge-
schwindigkeiten (Methods to evaluate natural ground-
water velocities), Polyt Notizblatt, 42, 229p.

USEPA (United States Environmental Protection Agency),
1996, Pump-and-treat ground-water remediation,
USEPA/625/R-95/005, 74p.

Wong, J.H.C., Lim, C.H., and Nolen, G.L., 1997, Design
of remediation systems, Lewis Publishers, 263p.

20104 3¢¥ 29¢ A5, 2010 5€ 13 ARG

b

& i

[&40]

et 22k

200-701 7HL% FHA g42E gl
Tel: 033-250-8551

Fax: 033-242-8550

E-mail: choihm@kangwon.ac.kr

ox



N

98 - 47 - 93

Ll

fH

136 H@r - o] - A

olzlg HMH
7tk eta A astt G 2]
200-701 A% FHA] 2A2F FAdedl 152-719 XA F2F F2F 197-10814] E&CHl
Tel: 033-250-8551 =HekY 231 9015
Fax: 033-242-8550 Tel: 02-6330-2500
E-mail: hydrolee@kangwon.ac.kr Fax: 02-6330-2517
E-mail: skybeast@hanmail.net
HHE
GFR a2l HEH
152-719 AMSA| FEF F2%E 197-10H2] E&CHI EA a1
A E=YER] 23} 9015 152-719 A&A] F27F F2% 197-104%] E&CHl
Tel: 02-6330-2500 HE=HER] 23 9015
Fax: 02-6330-2517 Tel: 02-6330-2500
E-mail: cildon@paran.com Fax: 02-6330-2517

E-mail: asp07@naver.com



