Journal of the Korean Society of Groundwater Environment, Vol. 7, No. 2, pp. 89~96, June, 2000

o

~——

F8 82718S o8 Sngl¥ B9 B B 84 AT

A Study about Effectiveness and Usefulness of a FEM Slug Test Model
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Abstract: Slug tests are the most widely used field method for quantification of hydraulic conductivity of porous media.
Well recovery is affected by well casing, borehole radii, screened length, hydraulic conductivity, and specific storage of
porous media. In this study, a new slug tests model was developed through finite element approximation and the valid-
ity and usefulness of the model were tested in various ways. Water level fluctuation in a well under slug test and con-
sequent groundwater flow in the surrounding porous medium were appropriately coupled through estimation of well-
flux using an iteration technique. Numerical accuracy of the model was verified using the Cooper ef al. (1967) solution.
The model has advantages in simulations for monitored slug tests, partial penetration, and inclusion of storage factor.
Volume coverage of slug tests is significantly affected by storage factor. Magnitude and speed of propagation of head
changes from a well increases as storage factor becomes low. It will be beneficial to use type curves of monitored head
transients in the surrounding porous formation for estimation of specific storage. As the vertical component of ground-
water flow is enhanced, the influence of storage factor on well recovery decreases. For a radial-vertical flow around a
partially penetrated well, deviations between hydraulic estimates by various methods and data selection of recovery
curve are negligible on practical purposes, whereas the deviations are somewhat significant for a radial flow.

MB FHLRTIHE o83 M2 slughld 2AS ke,

Fgt ZolA o|g APk AY e slEe 2 U

SlugNlge ek =7, A2 vl g, dolg £7o gold A of2) 2dEs REINL via 2 2432, FeREE
T o2 FedEEE AAsket 7P e ol8He T &9 HASS FEEsY vad ZdE2 Bouwer and

Heltt. Slugrld Ae] Feda 78242 Eol17] #ste, A

7K R AEE % B4 PEEel ARy A7de] g

CHHvorslev, 1951; Cooper et al, 1967, Ramey et al.,
1975; Dagan, 1978; Bouwer and Rice, 1976; Nguyen and
Pinder, 1984; Sageev, 1986; Peres et al, 1989; Butler et

al., 1990; Belitz et al., 1995). & A 31373842 A=
-2 wet Bt JEAs FEHEEY 4ol 87 e
A, A8 slugrg EAUE S 58 Sldexe] AL
Az st o] Fasty E4F Aol o] AFAAE

A gisty FaNel R FGAA A -8 (Seoul National University,
Department of Civil, Urban, and Geosystem Engineering, Seoul,
151-742, Korea)

89

Rice (1976), Hvorslev (1951), and Cooper et al (1967)¢]
mdgolry B A7 3L a3 2tk 1) sugh R =

98 A 2AY NG 2AL AW, olF FI FX
o]
H

d
:
2

Py
Moz Fojurh 2) gd mde] F44% B 93
o 3) A=de e 712 USSR v, £
£ dZe] BAB BHSL £IHA) TelD 4) 2R

oz glo] EAe] HolHTL AR P ohirt.

nllo rg*l_',

1 oot

tﬂ

2dl JlE

Slugr@ell 2l #3579
(%, Darcys B33 } s
W Aaprfs B skl oz Eold 4 9lti(Todd,
1959; Walton 1970; Freeze and Cherry, 1979). o7]4] #34

T2

_1
_a
rlru



sl -

ground surface

T2 T A water table. .
w(t) .satufated ‘zoné
W || EEERERERE
Z, finite element grid area

z=0

= r=r,

max

Figure 1. Groundwater well and saturated porous media of the
physical conceptual model in this study.

Table 1. Comparison of underlying assumptions for the slug test

models
. Cooper. etal FEMS.LU.G Bouwer and Hvorslev
Assumptions solution  model in this Rice (1976)  (1951)
(1967) study
Radial flow \Y \% Y Vv
Vertical flow \Y vV Y
Storage factor \Y V
Anisotropy vV
Heterogeneity \Y
e Alele] Aske fEe] Yolibi

FHoR #24 239 ¢
=3

< 23 K
sty 2dol 714
3l AslAEA e 2 25E Figure 13 2t} o] 919
o] &} FEMSLUGE} Z sk}, Table 19
FEMSLUG 2d9d) A4% 27A5S e ndE3 v wsl
Qoksch HitaE H]?ﬂvﬂl—r«l g, o voprt vlER
AL FHE FEdAERe] £ N sheshe, Har 84
F2|917} dlolE] 2= ojnArel v BEAR: 7hEsitt

RIBHLRAT HH=

FEMSLUGe &% 23 RAHF Ao ae o234

2t
10 0D 0 JP oPb _
?eTr(K’rE)+a_z(K’a_z)—S"5? =0 M

A7 Kt K 27 SRR £AR%e FedEE

HE2

(LMelH, s& HIARAF(L), ¢= FFELeIt 7Hd 2

7| 277 AA zae ges B
D(r,z,t) =wy forall r and z at <0 )
D(r,z,t)y=wo+Hyforr=r,and z, <z<z,at¢=0 3)
D(r,z,t) = wyforr > and 0<z<z,  atall ¢ “
D(r,z,t) =w(t) forr=r, and z; <z<z, at t>0 4)
T8, wt)=wetH () HEA, dOEwetH() 6)

A7 we #FE5E FALPIH, wee 2 2713tk HpE

slug FAZFWLRIM, HOE 2713 w85 €] AH(water level
displacementys WERAT) » = #EFA W3S ZA T} 2,50
ze 23U ABAE BASL (F, 220l 23A Zo|L

ojth).
HEA FANETES e g BAE
- L N
t o
A7\ g FFR 23AL T ASE FFFW/NDT U
Ehfje, Qi2je] HRoz 4(5)9] AARAL w() ZEs ot
J’M(HA:) J'[ Atg-dt (At <<t) (8)
w(t) t 77"?

w(t) =wy+w 9)
2, BE45A2 e 22 A4 Sre
FE ol dasie], #5gLAde] IS F
e thest 2,

A%

T

Lo

rsL' >
oft

(10)

q(L/T)7]' Aoz AA

LY

9, = Kk22 an
wetd, Q = —2;zrf ’8r ) vdz (12)
dHow gb BHY Aftel FRINR Yo & Sl 2
Fad, FEUE ASE GBS Y,

frewl A
3H *°17P HatHaA #54e] "H—T"%%LO] ARH L, A%HH
25k fEo0z ootk & &), wt) LT Q@)
A& B M2 A@soe] vepdrt

-
e J
e

3
Ay
N
o
o N
=
b I
o
o
EJ

ks 009t wnel siE A 7
Hol ALHAUE A slug FUF,,
%7] BAFFel Bl

T_Zl.‘—z FFE —7%%?‘_‘3]' 2L o] ol 2

o 12). 248 0 @

44
=
i

o
2
p‘L
K
b
o)
X
£



8 2a27PHE o &8 SlugAld

i

_I

FHE

S| 7:174]

A dok (2] 8). AiER 98 X
4 9} vwgy, A T ogro] A
cqu] (AD<0.0001 cm), FAFTFY HAHOZ W& AL &
gich ofF AL AT H R FASTe S AsrH
TEol AxtEged, oj2o] tgwid U &% AARAL
3w HoS 28" gl AN 6), H@)/HR]
a2 THIE g2 2yt

oo
Ay
_I[Nv

.4

3t
U

_{

gtea s=XEy

2l @l gt sl Galerkin® #3ha 4
g F3len, 4= Uy Hdes Y
(Narasiman ef al, 1978; Huyakorn and Pinder, 1983;
Zienkiewicz and Taylor 1991). #3824 WAL X4 &
THAM o= BFOREX FIF FREUTFHIE Fotad
%)+ Galerkins weighted volume integration® 8] itk
(Pinder and Frinder, 1972). A2 4] (1) weighted residual

_L:l(l

2APEE AHg
O
=2

s}
=

methodE H-g-5h O3 2}
J 0P 0P
” [ ( . 8r) aZ(K E)’LSOa }andrdz—o (13)
z':1, 2, 3,en (n: F AASF)

o}714]  w; the weighting function for node i
w=N{basis functions) in the Galerkin method

Nilr,2) = 1724, x{(rzp —rz) + (z;=z)r + (ry—r)z}  (14)

Ni(r,z) = 1/24,x{(riz;—riz)) + (z, —zpyr + (r;—r )z} (15)

Nir,2) = 1/ 24, x{(rz;—rz) + (2= z))r + (1;—rpz}  (16)

24, = (riz;—riz)) + (rz,— rizy) + (12, - 1z;)

P(r, 2)
UEEK.T

HN[%%(K )
JRE S5 ok
HN{-—(M 7k

41(19): the# 7ol gt

H

= NP +N,D, + (18)

2ol gk Al g

(19)

0P

oz (20)

) S ad)}and;dz =0

a9

oP
) -So5— 3 JZﬂrdrdz =0

? 0z 21)

(K an—)drdz + _”N 2nr— 0 ( ,%(—f)drdz

A°

+ff NSOnr(%(D)drdz =0 ©2)

A
Jauss-Green Aol <l3twd

(17)-

91

o Q.

Eﬂ_n_

=

R BRat®: a7

4

Ip, ap
Jﬁ—a—r-dA = [BPn,dc-| 2p.d4 23)
A C A
op, ap
Iﬁa—rdA = [BP,ndC-| =-P.dA (24)
A C A
Shee e,
B=N,P, = K,27rra—(f 83l B=N,P,= 27rraa( aa(f)
A2 e 2ol AARG
AP 3P
jN(K 257 )n dc - j (K 27rra—)dA
0P 0P
L (K 27rr—a—)n dac - j (K 27r%- )dA
C
@
- N,.Sosz[ ad) +Na——1 af "]dA 0 (25)
AL’
o714 ce 849 ZAAE Vel
2 25)9] A, AA o] AAHES BPe o} Aoz ¥
Algt},
| N,.(K,zm ) dc - jN( 2m%‘9)n dc = qundC (26)
C C
S g SETAN ST AHEAT e ehah
A@5yE tA ARe oe P
3N, 3P N, AP
[ Nig,ac j ( r&—)dA jﬁz_(KZZ”ra—z’)‘iA
c* A A
0. 3D, 00
90, v 9%
+jJNS02nr[N NSNS ]dA @7)
Al’
e BAAL Aol AN 98 A 9L AT

oN, 9] 1 .
5 -5 e ——[(rjzp~rzi) + (z;—z)r + (1= 1))z]
. (28)
24° 24°
%]_ZI aar{ 1 [(r,(z —riz) + (2, - Zf)”*(”i—”k)z]}
-G b (29)
24° 24°
% = éa;{ii[(rizj—rjzi)+(Zi‘Zj)r+(rj—ri)Z]}



e - 52

(z;—z)) c, A
= S (30)
2Ae 2Ae 1300 cm
09 _ 3 _ ON; _JN, _ IN,
3 "o (N;®;+ N;®, + N D) + D, e + @, 5 + D, o
31) F
AN r=rNATNARN,
283 N, N, Nflr, 2), 45 829 WS YepdT,
227) 8 3 o) HE Zo] AL ool o AlsFHTE 690 cr'"r B
well
jaN(K 2nraq’)dA N1D E
0 d L
4° 390 em
N, N, N, N f
Sy ke o5l o5l o }drdz !
4 4
dN; dN; L
- j -a—'K,Zfrr(riN,-+r]-Nj+r,cNk)[(D¢--a—' 0 cm >
r r r 2.5 cm ¢ 800 cm
+ <Da + D oN, :] drdz Figure 2. Finite element grid regime for raidal and vertical
7 or kor groundwater flow,
N, N, oN, oN,
- __' . 4 k
= SK,2n [q’a - b ¢k8:l
(r;+r;+r)ON; ON, oN,; oN,
i(r,Ni+rjM+rka)drdz = 274 K—-——3L———a7[ ot O ‘D"W]
@,
dN, N, dN; dN (r;+#;+r)rAN,ON, aN aN dN;ON,
= 2 Y iy B k - ep i T Tk L .
5 K2 ot v el e e e rieri e = rl CRER)
CDk
[r,- j Ndrdz + v, j Afjdrdz+rijkdrdzJ AN VA F o) 22 FA2 A/, 4(20)
K K K #@he a0 izt 2199 AL 21(22)004)
32)9] Zo|x4A-S Folst T},
BN, aN IN, aNk ( )'] Zo|xA E]EJO}‘M? o et
5K [¢a_+<p__1 o, ] Gauss-Green theoreme ARE-3te] Al 2 & FoWo
AT @2 g 3] A3 Fhedh g i X*%
1 # deEje d¥gEE] yaolr), ¢Jojo] fadd ulg ¥
(r,——2A +r=24° +rk——2A) } e
3! /31 3/ Fejo] e Aol 2(33)3 (34)el AUt Alzrgre]
iy oy, aw, an, 313 (fully implicit metho?)g} g8 HAMZBA el Seo (1999)9
= K2n= (r+r+rk)a [fba +(15a +t;b—a——] FE A3 Z71e=HAN
Al JdN, 0N, +K %8Ni x dn, aN x N N, BN an; aNk %Eﬂ(
T e e T T = ml
ritrtr)l AN, L ONON, ONAN, N3N, 3NON, . NN, '
g & —J ! 1 Y K O,
2md 3 K, ar dr + K, dz 9z’ Ko or ar +K; 0z 9z’ Ko 9r Or | 79z oz q;
x9N IN,ON, K IN,ON; x9N IN,IN; N, IN N,  INON, N ON N, |~
"or or  F 9z 9z " or or 29z 9z’ T 9r or 73z 9z
0D, j N, dC
6r,+ 20+ 2 20,4264 2r 24 r 42 7| O ¢
nii)A 242141y, 204674 2r, ri 204 28 33(? = jNiqndC (33)
2r 414 2r,  r+ 242, 27428+ 67y 2, c
o7 | | [Nag.ac
Lc* J

92



3 2A7THE o] 83 SlugrE =YY BH3Y R F84 97
K,a’+K.a’, K,ab, +K.ab, Ka.c, +K.ab]rd,
(r;+r,+r,)
ﬂ—@# K,a,b,+K,b.a, Kb’ +Kb, Kb, +Kbe,| P
K.c,a,+K,c.a,, K,c.a,+K,c,b, Krcf + chi @,
Y JNiqndC
o | |
SO+ 2r4 2k, 20+ 21420y, 2ritr42n
7SA :
T 2t 2 2rikbrH2ry rk 24 2r, %Et’z _ | [Nagudc (34)
2r 44 2r, 1A 2r42r,  2ri+ 2r 4 6y 30, ¢
at J.qundc
Lc* ]
A7NN a,=z-za, =1 -1y b=z -z, b, = r—r, 0, =z-z,0,= -7

3 d2, J88 A Z7)E 800 cmX 1300 cmolH, & 7
AHnode¥r9t 2 A(elementy ™= ZHzE 12009} 226201t} (Figure
2). Figure 28] AE 5T AFASFHE, Be #5354
FHAREE AL 238AAZRAE ZHzh et DS FoljA
= zero-flux AARAES H&3193, B Ce ZASFF 7A
Z27& A3k B €] AT BAARZ] slughd F
257 4 FE QgL AR geve 7ed %e

B Ax% 2718 H-&3dth

ofw o B

a1 % EB

FEMSLUG =2 dlo| M&EAMal &H

FEMSLUG 292 X3 HB=7} Cooper er al. (1967) <
#of tisted AZHAAYTH (Figure 3). FEMSLUGS Cooper et
al® Rde FEAL F&S §3 wEY BEH9 xgol
o} g2 2dE(Bouwer and Rice$} Hvorslev)ollAd e #H&A
o] line sourceZ 7M=L, AAAUNY FE 2ol e ZAMA
& FEoEAN #A2A FAMUFTVE Eo] KUY 2y oE

------ analytical solution

! (Cooper et al., 1967)
0.8 l simulated by the
‘ FEMSLUG
0.8
o
=
=
T o7
o
S os
=
o
T o5
N
® 04
£
S
0.3 :
2 |
0.2 ’
0.1
| | s
0 !
0.001 0.01 0.1 1 10 100

Dimensionless time, Tt/r.2
Figure 3. Verification of the FEMSLUG model against the Cooper et
al. (1967) solution.

93

S oAU e vBAF-AlLE FAIRHH(Chirlin, 1989; Demir
and Narasimhan, 1994). FEMSLUG =4l #=3 zA| Mgt
olal, = chrala Ule Ask A% BA) Fsditieg
Karasaki et al., 1987). Figure 32 ¥34 9380 483}
e, g2z dda B2" shgrde AEdelE AR
Figure 4] Jeloth #2402 RE 77 g2 482
FEY H5S dESEEY. TEY WELS ARt 28E, H)
AFAF7E ARFE Folxr), go g Ze vAFA ST &
FEYEE ZPRER, FAZ] slugFYol A FFANEF
o] ¢l ¥, o 3ZA Azldd). Figure 49 A 792 v]=s,
slughl &l gk thavld AJE Welrt BARA g )

1 |

r=60cm. rl/r, :
.

[{X)

N

0.8

06
‘ r=250cm,r/r, =50
0.4 —_T———W——
0.2

|
a =10°
10+
; 402
0 - -

S—

T

a8 |
]

1 X:

04 l r=1000 cm, r/r, =200

0.2 I o =10°

Normalized head, H/H, Normalized head, H/H, Normalized head, H/H,

0

0.001 0.0 0.1 1

Dimesioniess time, Tt/r,’
Figure 4. Head transient for a radial flow in the interfered region
during slug tests.



A

[ ———FEMSLUG (L/b=0.05)
Bouwer and Rice

0.9 — - — - Hvorslev

08

0.7

06 a=10\10

N

04 i \

03

Normalized Head, H/H,

i
[

10

!
02 }
I
|

100
Dimensionless Time, Ttr?

Figure 5. Type curves for slug tests in a partially penetrated well by
the FEMSLUG model.

Table 2. Example setting for FEMSLUG type curve generation.

Radius of well casing, rc 2.54cm
Radius of borehole, rw Scm
Saturated thickness, b 10 m
Screen length, L 05m
Depth of well below water table, D 525m
Aspect ratio (L/rw) 10

Penetration ratio (b/L) 20
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