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ABSTRACT

It is necessary to decide the pumping rate and pumping well location together with the capture zone in order to determine
an appropriate groundwater remediation strategy to manage the contaminated groundwater. The relationship between the
capture zone and the drawdown radius of influence (ROI;) was considered. ROI is defined as the distance where the
criteria of drawdown is ¢s meter from pumping well in this paper. A method to decide the required pumping rate for the
remediation of contaminated groundwater in order to create appropriate ROl is suggested by using the Theis equation
(1935) and Cooper-Jacob equation (1946). It was shown in this study that ROl is in proportion to the pumping rate and
the criteria of drawdown, which decides ROl is inversely proportional to Ti value (transmissivity X hydraulic gradient).
The pumping rate which creates the required ROI could be planned through the relationship between the ROl and
pumping rates (ROI-Q curve) of the field sites 1, 2 and 3. If the drawdown is investigated along with Ti value and
pumping rate at a specific site where pump and treat remediation is planned, it is expected that the required criteria of
drawdown can be evaluated by using the relationship between the cs and Ti (cs-Ti curve).
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Fig. 1. llustration of the capture zone of a single pumping well in
a uniform regional flow field (Javandel and Tsang, 1986).
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Fig. 3. Conceptual sketch on strategy of pump and treat using
ROI,; design.
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Table 1. Relationship between time-drawdown slope and
distance-drawdown slope on semilog graph (Kasenow, 1999)

Time-drawdown Distance-drawdown

_ 575 _ 55
As, ; Asy -—-——-—rl
ol ol
U y
_ 23030 _ 23030
4As, 27As,
23030 _ 23030 _
47As, 27mAs,;”’ Asq = 245,

s =drawdown, ¢=time of drawdown, r = observation well dis-
tance, As,= slope on a time-drawdown semilog graph, As,= slope
on a distance-drawdown semilog graph.
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Table 2. Brief description of the test sites

S o83 FAe Al o

# A

hul

Stratigraphy (below ground surface, m)

Groundwater Level

Test ..
Site Surface Alluvial Weathered Elevation Depth to Contamination
layer Layer rock (m) Water (m)
Sitel 0~0.3 0.3~7 >7 90.0~96.0 1222 Max. Toluene Conc. 695 mg/L.
Toluene detected at two wells.
. weathered rock or Max. Toluene Conc. 59 mg/L.
Site2 0-0.5 0.5-6.1 bedrock > 6.1 8.0~14.0 2.5-3.2 Toluene detected at three wells.
Site3  0~0.15 0.15~8.8 Bedrock > 8.8 3.0~5.5 0.9~12 Max. Xylene Conc. 12 mg/L.

Xylene detected at one well.
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Fig. 4. Illustration of groundwater flow and contamination at each sites.
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Fig. 5. Results of the pumping test: drawdowns monitored at the
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Table 3. Results

of pumping tests
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Theis (1935) Cooper-Jacob (1946) Pumpi Initial DTW

Test Pumping Pumping Maximum at the Aquifer
. Test rate period drawdown T T well depth . thickness
sie Umin) (i) ) (emseo) e T B A |
well (m)
Step-1 11.7 0~2982 1.215
Sitel ~ Step-2 9.3 2982~3115 1.037  123x10° 2.63x10° 1.30x10° 1.79x10°  6.86 1.28 4.72
Step-3 6.61 3115~3177 0.870
TS]:;iTll 22.12 0~1140 0.473  7.06x10° 4.10x10° 3.77x10° 1.15x107
Site2 213;:12 4.85 0~125 0.082 743 2.96 474
TEST2 7.22x10° 2.90x10* 7.98x10° 1.13x10*
8.78 125~250 0.154
Step-2
Step-1 38.24 0~1430 0.531
Site3  Step-2 48 1430~1490  0.598  1.16x10' 7.08x10* 1.20x10' 2.90x10*  5.13 0.77 4.17
Step-3  57.14  1490~1550 0.702

DTW =depth to water.
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Table 4. ROl along cs (the criteria of drawdown) at Site 1

(a) ROl by Cooper-Jacob equation (1946)

ROI,, when cs (m)=

Q AS, S r
. I
(L/min) (m) (m) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
11.70 0.64 1215 189 1405 1173 980 819 684 571 477 399 333 278
930 0.64 1037 189 1020 852 712 594 497 415 347 289 242 202
6.61 064 0870 189 755 631 527 440 368 307 257 214 179 150
(b-1) ROI,; by Theis equation (1935) Q = 11.70 L/min
Q=1170 cs (m) 0.1 02 03 0.4 05 0.6 0.7 08 0.9 1.0
Limin ¢ (sec) 45 90 180 324 420 480 540 780 1020 1920
T 22} 2B W) 0792648 1585296 2377944 3170592 3963240 4755888 5548536 6341184 7133832  7.926480
TET u 35079107 13054107 549733107 2414210 10776x10° 4.8520<10° 2.1910x10° 9.904010* 44810+10* 2.0280<10°
923x]0° ROl (m) 1331 11.48 10.54 937 7.13 5.11 364 294 226 209
(b-2) ROI; by Theis equation (1935) Q =9.30 L/min
Q=930 cs (m) 0.1 02 03 0.4 05 0.6 07 08 0.9 1.0
Limin ¢ (sec) 24 60 114 156 192 240 300 384 510 1800
T :2/1 2 W) 0997202 1994405 2.991607 3988809 4.986012 5983214 6980416 7.977619 8974821 9.972023
Cné e U 26571x107 82875x107 2.9013x10° 1.0509x107 3.8510x10° 1.4170x10° 5.2240x10* 19260x10% 7.1060x10° 2.6210x10°
223x10° ROL(m) 846 747 6.09 429 288 1.95 133 091 0.64 0.73
(b-3) ROI; by Theis equation (1935) Q = 6.61 L/min
Q=661 cs (m) 0.1 02 03 0.4 05 0.6 0.7 038 0.9 1.0
Limin ¢ (sec) 30 60 96 156 192 252 384 510 570 -
Tj/m W () 1403023 2806046 4209069 5612092 7015115 8418138 9.821160 11224183 12.627206  —
Cné e L617x107 3.5140x107 8.4140x10° 2.0540x10° 5.0450x10% 12400x10% 3.0490x10° 74940x10° 1.8430x10°  —
223x10° ROl (m) 737 486 3.01 1.90 1.04 0.59 036 021 0.1 -
0.105~0.150m, 0.1~028me2 A4t Site 29 Sulsl= —ng_?_x}ol‘jr. sﬁﬁoﬂ a3l A7t = A=A

ROl AT 235 VEhll=
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Table 5. ROl along cs (the criteria of drawdown) at Site2
(a) ROI,, by Cooper-Jacob equation (1946)

Q S " ROI when ¢s (m) =

. AS,
(L/min) ' (m) (m)  0.105 0.110 0.115 0.120 0.125 0.130 0.135 0.140 0.145 0.150

22.12 0.1960 0.473 200 1737 1687 1638 1591 1544 15.00 1456 14.14 13.73 1334
8.78 0.1960 0.154 2.00 2.67 2.59 251 2.44 2.37 2.30 224 2.17 2.11 2.05
4.85 0.1960 0.082 2.00 1.75 1.70 1.65 1.60 1.55 1.51 1.46 1.42 1.38 1.34

(b-1) ROI,; by Theis equation (1935) Q =22.12 L/min

Q=212 s (m) 0105 0110 0115 0120 0125  0.130 0135 0140  0.145 0150
Limin ¢ (sec) 252 276 30 324 348 372 39.6 4 444 46.8
T:2/7-06 W () 2506795 2647118 2767442 2887766 3008089 3.128413 3248736 3369060 3.489383  3.609707
Cné e U A7003x10° 4.1449x107 36575107 32292x107 2.8525x10° 2.5209x10% 22287107 1.9709x10° 1.7439x10° 1.5428x10°

410%10° ROL.(m)  7.00 6.88 6.73 6.58 6.40 623 6.04 585 5.66 5.46

(b-2) ROl by Theis equation (1935) Q =28.78 L/min

Q=878 s (m 0105 0110 0115 0120 0125 0130 0135 0140 0145 0.0
Limin ¢ (sec) 48 60 78 96 120 - - - - -
sz-zz W (W) 6510181 6820190 7130199 7440207 7750216  — - - - -
e 8.3630<10% 6.1330<10* 44970<10* 32980x10* 24180x10* - - - - -
290x10* ROL,(m) 490 469 458 435 416 - - - - -

Table 6. ROl along cs (the criteria of drawdown) at Site3
(a) ROI by Cooper-Jacob equation (1946)

Q AS, S 7| ROI when cs (m)=

(L/min) (m) (m) 0.1 0.12 014 0.16 0.8 0.2 022 024 026 028

38.24 0.1467 0.531 224 6595 5637 4818 41.18 3520 30.09 2572 2198 18779 16.06
48.00 0.1467 0.598 224 11158 9537 8152 69.68 59.56 5090 43.51 37.19 31.79 2717
57.14 0.1467 0.702 224 25238 21572 18438 157.60 13471 11514 9841 84.12 7190 61.46

(b-1) ROI, by Theis equation (1935) Q =38.24 L/min

Q=3824 c¢s (m) 0.1 0.12 0.14 0.16 0.18 02 022 0.24 0.26 0.28
L/min t (sec) 131 143 155 169 181 194 210 227 246 258
16 =101 W (u) 2287185 2744622 3202058 3.659495 4.116932 4.574369 5031806 5.489243  5.946680 6404117

X N N N N N
c.mz/sec 6.0522x10 3.7451x102 2.3377x10% 1.4669%107 9.2330x10° 5.8240x10° 3.6780x10° 2.3250x10° 1.4700x10° 9.2990x10*
703110_4 ROL, (m)  55.79 45.86 31.72 31.19 25.65 21.10 1743 14.40 11.92 971
A X

(b-2) ROI; by Theis equation (1935) Q =48.00 L/min
Q=4800 cs (m) 0.1 0.12 0.14 0.16 0.18 02 022 0.24 0.26 0.28
Lmin ¢ (sec) 98 101 104 107 110 114 117 120 123 126
T= W (u)  1.822124  2.186548 2550973 2915398 3279823 3.644247 4.008672 4373097 4737522  5.101946
1.16x10!

X N N N
c.mz/sec 1.0090x10™" 6.7374x107 4.5828x107 3.1384x107 2.1589x107 1.4897x107 1.0300x10 7.1320x107 4.9430x107 3.4280x107
70270_4 ROL, (m) 6248 51.83 4337 36.41 30.61 25.84 21.77 18.34 15.46 13.03
08x

(b-3) ROI; by Theis equation (1935) Q =57.14 L/min
Q=5714 ¢s (m) 0.1 0.12 0.14 0.16 0.18 02 022 0.24 0.26 0.28
Lmin ¢ (sec) 98 101 103 106 108 110 113 115 118 120
1 12 :101 W (u)  1.530660 1.836793 2.142925 2449057 2755189 3.061321 3.367453 3.673585 3979717 4.285849

X N
c.mz/sec 1.3896x10" 9.8482x107 7.0598x107 5.1002x107 3.7042x107 2.7001x107 1.9742x10 1.4460x10% 1.0606x10° 7.7870x107
70270_4 ROL, (m) 7333 62.48 53.52 46.02 39.66 34.24 29.59 25.59 22.15 19.17
A X
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Fig. 6. Results of particle-tracking analyses.

3.2. MODPATH Z&77F 7}

TR B g A 729 A§kE frE
S A fE] dubdo g dE] ARS-ETH(McDonald
and Harbaugh, 1988). Fr=iglo] AlgE @3l =
sl A kel 27 U S8 JAEEE
(particle-tracking)®] 7Fs-3F MODPATH7} o8 EITHPollock,
1989). 2 AFelre dAFAAS B3l 54 W
o] PA== Bl fres olslistal 2ES g
ThS- Table 4, Table 5, Table 62] X3|77F 23} UX]
Sl= ROIGE ZobEgit.

UAFA 2] BA] o]He 7+ 37) 7wtk MODFLOW
£ &l Ak 5 27 94 A= Rdgs
aHog ZPshr] 98|, Hdle] 5Ha3h oS
23R AAsgdrt. Rdgoe HAZOE 20 x
20m AAE A7gstal 53] 454 FHS 1 x 1m A
2 M. sk fre Ede 2dy A9yt 35
A 912 BHASAL, B 455 F5EE 2dx e

A3 the-, Site 1914 11.7 L/min, Site 29141 22.12
L/min, Site 3914 38.24 L/min®] ko2 2d7F ok
she Ao® RSttt YA A A= Fig. 6
)

FAEA] i) Site 1914 o] 11.7 Lmind
FE £ 6.8m, Site 2004 FFFO] 22.12 L/min
w ¥E77ke] Z2 286m, Site 3904 YFEO]
24 L/min® w] EE7ke] 2 384 molt}.

& 1o b

33. 3AEE J|EroldotE | s A

7} Site?}} Table 4, Table 5, Table 6o A= 715
TNSEF el WE ROILSF YAFAREA AHE vl
s 7] S Sk eSS o5 A

E3l3lt.
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3.3.1. Site 1

Site 1914 o] 11.7 Umind w YRI5 23
377 F2 6.8 moltt. EFRE Fo] AWl 3.4m
+ Cooper-Jacob equation(1946) AlXFIH-E ]85 ZAx}
% ROl 2t ROl Aol Mol efdsh= #kolal, Theis
equation(1935) AlXHEH-S o]&gt Ay F ROl %
ROl Ato] W9loll sj33ck(Table 4). WA 715597
3} cst Cooper-Jacob equation(1946) AIXFYH, Theis
equation(1935) AlXHEEelN Z+2F 0.8~0.9m, 0.7~0.8
m?l A= Hridn

sk LAEEE BT x9S ROIS AAIE
7] el o8-S E3tPA Fig. 3 Case(a)et 22 7
= IuekeE AAlsks o] viFsitt. wEb Bok
& 7RErdetE et AdEiE|ojof gtk Site 104 Y
o] 11.7 Lminoll thet 2 7E59738HE o=
Cooper-Jacob equation(1946) AR, Theis equation
(1935) AR ZF2E 0.9 m, 0.8mQ] ASE HrlE).

A3l LG Ik EETRe] Fo 127 YA

fr

-

s

r

~

3= ROLZF T+ ROI2} Javendel and Tsang,
19860] AAIGH 7o) Fo) 12 ATIE A (1) 2
o] AAA7IE ROILE FFFHQPAI HE BAE 1S
& 71 3l

|

=z O/Ti

s
5= >ROI %0

ROI, = (7
webA, Site 1914 ARKE 7B osE 7IES
FrEQ)e] W wE ROIys. ¢o(Cooper-Jacob
equation(1946) AlAHEH), ROIy;_og(Theis equation(1935)
AR )e] H3HROI-Q BAE)E Fig. 720 TAISHA
o). Fig. 7a} o] ks A4 vl @Al A ZA
T A HYIAE 7L ok SFAIE oA
A= Aldeate) @go] Bata dol o) wAast et
2 I8 Fig. 79 2#jzr} Bld¥oE Jehd 4 ok
Fig. 7a2 283} Site 1914 ZAME A3k L9+
770l wet FEAEHAN aTEE s 54
7+ Al Hok

e 1o

05 by Cooper-Jacob equation

o by Cooper-Jacob equation

o> by Theis equation

l0s DY Theis equation . [2]

16
— = ©~ - ROl by Cooper-Jacob equation
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Fig. 7. The Relation curve between ROl and pumping rate (ROI-Q curve).
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Table 7. Summary of criteria cs and Ti

FENEE o187 Ay Al tig A

?_

11

Hydraulic o Cooper-Jacob Theis Javandal and Tsang
Site ROl gradient Criteria equation (1946) equation (1935) graphic method (1986)
™ G, - (cs m) Ti (cm¥sec) Q (L/min) Ti (cm¥sec) Q (L/min)  Ti (cm¥sec)  Q (L/min)
1.5 0.0301 0.9 0.0392 5.36 0.0371 10.00 0.0381 0.69
2 0.0301 0.9 0.0392 7.51 0.0371 10.59 0.0381 0.91
Sitel 2.5 0.0301 0.9 0.0392 9.51 0.0371 11.18 0.0381 1.14
3 0.0301 0.9 0.0392 10.83 0.0371 11.77 0.0381 1.37
35 0.0301 0.9 0.0392 12.14 0.0371 12.36 0.0381 1.60
0.5 0.0302 0.14 0.177 5.15 0.197 1.18
3 0.0302 0.14 0.177 8.47 0.197 7.08
Site2 5 0.0302 0.14 0.177 10.94 0.197 11.80
10 0.0302 0.14 0.177 17.05 0.197 23.59
15 0.0302 0.14 0.177 23.17 0.197 35.39
15 0.00942 0.26 0.113 35.40 0.109 32.78 0.111 20.01
20 0.00942 0.26 0.113 39.15 0.109 44.02 0.111 26.68
Site3 30 0.00942 0.26 0.113 47.59 0.109 57.62 0.111 40.01
40 0.00942 0.26 0.113 49.87 0.109 69.30 0.111 53.35
50 0.00942 0.26 0.113 52.15 0.109 80.98 0.111 66.69

2 7]} 5wt A mixE tEA A8
SRS L= e =3 b e R o ) B U e =t a g e )
Frago] Wah ). Table 79 71E917d8HE & Site
104 =59 F9 29455 AEsilth. 123l Table 7
of £ A7E72 ROL-Q #AE(Fig 75 EUZ
Site 19114 Algeh= 7Pde] ROI(EE E877hel w2t
Q7E= ) Javendel and Tsang, 1986 —12fj¥
Hell oJgh e Aate} §4 Aeletatt. Cooper-Jacob
equation(1946)7} Theis equation(1935y2 ©]&3+ ALrA
7} 71E WY AlkPETRYG O B s oSt
Javendel and Tsang, 1986 12 ol ola)] HAE
S 2R ko 2w XS YiESE Zlo]Y]
o] LEeS BT XA Kdke A-F(Fig. 3
Case(a))E T &= S}, 7129 WHHL X8l 550
Y (uniform flow)e+ RA|Gol|A Z-8sf= BHOZA A
2ol MigEle BTy FarE A @gelMe
Edel] wiiEel @xpt o Bl HAaE Zo=E drkd
ot RHde]], B A7 A GollA A Al st
© THEEHEES AR A5 A9E EE ALY
ol vlwA o d%F AeAdo] w2 Ao Akt

3.3.2. Site 2
Site 20|A] S&FEko] 22.12 Limin® ® YAS=A] o)sk
TY7re] F2 286molty. T3 Feo] Al

1430 m= Cooper-Jacob equation(1946)S ©]-8-3F Az}
% ROl 14~ ROl 301 NF3HTH(Table 5). @A Site
2011 7154917331 cs= Cooper-Jacob equation(1946)
AxEPHA 0.140 m2] Ao = Friect

A Site 1914 HES A 2] Site 2014 7IEF
NIEFE cs=0.140mE 71FE0 2 F5HQ)) sl w
£ ROy, 140-¢.135(Cooper-Jacob equation(1946) AlXHIH)
o] W3HROL,-Q TAE)E Fig. 7boll EAIEIATE. Fig.
Toell X9k 2] Site 20114 Fidol] thek ROI= Site 1
R o A%3 FAE 7RI 2jal o] A4S 53l
A & e el gk ROLE 588 5 Atk

Table 79 71E9d3kE & Site 204 =59 T8
ANSS AElea). 28]a Site 13 2o], o3 7HA
ROI (v ZZ77hdl WE ¢5FS Javendel and
Tsang, 1986 12 el €]3h Aol A Aefsiaitt.
T A A9 vlssgk k& WAL AR ROLF A
< HeelA 71 o] Ak o R R ks W
e AS e Qo). 2 A7 gPdRIGelM &
Tl WAk eedskEs A #53 29E E
2 ARG, RdgS Fal 117 wel BlaE
o @4 H84o] =2 AoF vdHc)

¢

3.3.3. Site 3
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Fig. 8. The Relation curve between cs and Ti (cs-Ti curve). T=
transmissivity, i = hydraulic gradient.
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