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A65tract--An appr0x1mate 51mu1at10n 0f wett1n9 fr0nt advance 0r 1each1n9 t1me 15 0ften the nece55ary 
and 5uff1c1ent 1nf0rmat10n re4u1red t0 0pt1m12e 1rr19at10n 5trate91e5 0r wa5tewater 1and treatment 5y5tem5. 
F0r 5uch 51mu1at10n5, we 5h0w that 0n1y three phy51ca11y c0mprehen5161e and ea511y mea5ured parameter5 
are nece55ary, name1y the 5aturated hydrau11c c0nduct1v1ty, and the 510pe and the 1ntercept 0f the 
5011-water p0tent1a1 p10tted a9a1n5t the natura1 109ar1thm t0 the 5011-water c0ntent. We der1ved the new 
3-parameter 51mu1at10n m0de1 fr0m a fu11y 11near f10w m0de1 6a5ed 0n the R1chard5 e4uat10n w1th the 
add1t10na1 a55umpt10n 0f 2er0 c0nduct1v1ty at 2er0 5011-water c0ntent. A 51mp1e ana1yt1ca1 501ut10n f0r 
water 1nf11trat10n dur1n9 5aturat10n at the 5011 5urface, 6a5ed 0n the 3-parameter m0de1, 9ave re5u1t5 that 
c0mpared we11 w1th mea5ured wett1n9 fr0nt advance5 1n three Dan15h 10amy and c0ar5e 5and5 and, a150, 
w1th 5em1-ana1yt1ca1 and numer1ca1 501ut10n5 fr0m 11terature. Le55 a9reement 6etween pred1cted and 
mea5ured wett1n9 fr0nt advance wa5 065erved dur1n9 1nf11trat10n 1nt0 an 1n1t1a11y dry f0re5t 5011 due t0 
extreme 5011-water repe11ency. 7he pre5ented der1vat10n pr0cedure a55um1n9 11near water f10w 5eem5 
pr0m151n9 f0r 06ta1n1n9 51mp1e, appr0x1mate ana1yt1ca1 501ut10n5 f0r un5aturated f10w pr061em5. 
C0pyr19ht • 1996 E15ev1er 5c1ence Ltd 
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Rap1d, appr0X1mate pred1Ct10n 0f the Wett1n9 fr0nt 
adVance and, thU5, the t1me f0r the Wett1n9 fr0nt t0 
reach a Certa1n depth 15 0ften needed 1n Ca5e5 0f Water 
0r Wa5teWater 1nf11trat10n 1n 50115. Yama9UCh1 et a1. 
(1990, 1994, 1995) 5h0Wed the Wa5teWater app11Cat10n 
rate and the 5U65e4Uent 1eaCh1n9 t1me t0 6e Cr1t1Ca1 
1n 06ta1n1n9 0pt1ma1 n1tr1f1Cat10n/den1tr1f1Cat10n 1n 
rap1d 1nf11trat10n 1and treatment 5y5tem5 f0r ren0va- 
t10n 0f mun1c1pa1 wa5tewater. Dur1n9 cr0p 1rr19at10n 
w1th rec1a1med mun1c1pa1 wa5tewater, an e5t1mate 0f 
the t1me f0r the wett1n9 fr0nt t0 reach the 10wer part 
0f the p1ant r00t 20ne 15 1mp0rtant when dec1d1n9 the 
1rr19at10n 5chedu1e (A5an0, 1985; 5m1th et a1., 1985). 
Pred1ct10n 0f the mean re51dence t1me f0r the water 
1n the un5aturated 20ne 6e10w a 5an1tary 0r chem1ca1 
1andf111 c0up1ed w1th 51mp1e m0de15 f0r the 
attenuat10n 0f 1eachate p011utant5 t0 the 5011-a4u1fer 
mater1a1 make5 1t p055161e t0 e5t1mate the de9ree 0f 
pr0tect10n aff0rded t0 adjacent 9r0undwater 
re5erv01r5 (Lar5en et a1., 1992; R061n50n, 1992). 1n 
the ca5e5 ment10ned, data f0r the un5aturated 
hydrau11c c0nduct1v1ty are typ1ca11y n0t ava11a61e. 

*Auth0r t0 wh0m a11 c0rre5p0ndence 5h0u1d 6e addre55ed 
[7e1.: (45)98158522; Fax: (45)98142555]. 

Recent1y, we have pre5ented numer1ca11y 51mp1e 
6ut accurate 51mu1at10n m0de15 f0r tran5p0rt 
pr0ce55e5 1n 5011 5y5tem5 (M01drup et a1., 1989, 
1992, 1993). 8ut, the numer1ca1 51mp11c1ty ha5 n0t 
reduced the c0mprehen51ve hydrau11c parameter 
re4u1rement5 f0r th15 k1nd 0f m0de15. H0wever, 
0n1y an appr0x1mate pred1ct10n 0f 5011-water 
m0vement and 1each1n9 t1me 15 needed 1n many 
water and 5ewa9e 1nf11trat10n 5tud1e5. 1n the5e 
ca5e5, the t1me c0n5um1n9 mea5urement 0f the 
un5aturated hydrau11c c0nduct1v1ty a5 funct10n 
0f the 5011-water c0ntent 15 n0t ju5t1f1ed. 
5evera1 5tud1e5 have pr0p05ed m0de15 f0r pre- 
d1ct1n9 the un5aturated hydrau11c c0nduct1v1ty 
fr0m the 5011-water character15t1c (retent10n) 
curve, 6ut the5e m0de15 c0nta1n parameter5 5uch a5 
p0re t0rtu051ty and p0re c0nnect10n term5 wh1ch are 
d1ff1cu1t t0 a55e55 4uant1tat1ve1y (van 6enuchten and 
N1e15en, 1985; N1e15en et a1., 1986). 

1n th15 5tudy, we take a d1fferent appr0ach w1th 
the 06ject1ve t0 06ta1n a m0de1 w1th m1n1mum 
parameter re4u1rement f0r appr0x1mate pred1ct10n 
0f wett1n9 fr0nt m0vement. We ad0pt a fu11y 
11near f10w m0de1 (Ph111p, 1973; Warr1ck, 1975; 
60v1ndaraju et aL, 1992) and 5h0w that w1th an 
add1t10na1 a55umpt10n, 0n1y three phy51ca11y c0mpre- 
hen5161e and ea511y mea5ured parameter5 are needed 
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t0 06ta1n an appr0x1mate un5aturated f10w ca1cu- 
1at10n. We te5t the 3-parameter m0de1 a9a1n5t 
mea5ured 1nf11trat10n data and 5em1-ana1yt1ca1 and 
numer1ca1 501ut10n5. 

7HE 7HREE PARAME7ER, L1NEAR FL0W M 0 D E L  

7he u5ua1 way t0 m0de1 the m0vement 0f water 1n 
un5aturated 5011 15 6y numer1ca1 501ut10n 0f the 
n0n-11near f10w e4uat10n 6y R1chard5 (1931). 7he 
R1chard5 e4uat10n f0r 0ne-d1men510na1, un5aturated 
water f10w 1n h0m09ene0u5 50115 15 

where 0 15 the 5011-water c0ntent (cm 3 cm 3), ~ 15 the 
5011-water p0tent1a1 (cm), K(0) 15 the un5aturated 
hydrau11c c0nduct1v1ty (cm m1n ~) at a 5011-water 
c0ntent e4ua1 t0 0, t 15 the t1me (m1n), and 2 15 the 5011 
depth (p051t1ve d0wnward). A55um1n9 

K =  e" ~ and ~(~) K~ ~ -  = f1 (2) 

the 11near f0rm 0f e4uat10n (1) 6ec0me5 (e.9. 60v1n- 
daraju et a1., 1992) 

0K 02K ~K 
0-7 = v V -  (3) 

D -  
0~ 

v =/~K~ 

where K5 15 the 5aturated hydrau11c c0nduct1v1ty 
(cm m1n ~),/3 (a55umed c0n5tant) 15 the 510pe 0f the 
re1at1ve hydrau11c c0nduct1v1ty (K/K~) v5 the 
5011-water c0ntent (0), and ~ (cm -~, a55umed 
c0n5tant) 15 the 510pe 0f the un5aturated hydrau11c 
c0nduct1v1ty (K) v5 the 5011-water p0tent1a1 (t/,) 1n a 
1n-n0rma1 c00rd1nate 5y5tem. 

1~ 1 A1r entry h05e 
11] 2 8uret w1th water 
[[1 3 5urface 0f 5011 c0re 
]1] 4 5°;ket1w1thn P°r°u5 P1ate 

3.4 cm 

F19. 1. 111u5trat10n 1n pr1nc1p1e 0f 1a60rat0ry 5et-up f0r 
vert1ca1 1nf11trat10n exper1ment5. 

E4uat10n (3) 15 mathemat1ca11y 1dent1ca1 t0 the 
c0nvect10n-d15per510n e4uat10n (CDE) f0r 501ute 
tran5p0rt 1n 5tream5 0r 50115. Hence, the numer0u5 
ava11a61e ana1yt1ca1 501ut10n5 t0 the CDE (e.9. 
van 6enuchten and A1ve5, 1982) can 6e u5ed f0r 
un5aturated f10w pred1ct10n5 1f e4uat10n (2) are va11d. 
F0r 50115 where the a55umpt10n5 0f 11near re1at10n- 
5h1p5 6etween K/K~ and 0, and 6etween K (1n 5ca1e) 
and tp are rea50na61y va11d, 0r 1n ca5e 0f 1ar9e uncer- 
ta1nty 1n the hydrau11c parameter5 (1ar9e 5011 heter0- 
9ene1ty), e4uat10n (3) 5eem5 a c0nven1ent ch01ce f0r 
06ta1n1n9 a rap1d, appr0x1mate f10w pred1ct10n. 

1f we furtherm0re a55ume 2er0 c0nduct1v1ty at 2er0 
5011-water c0ntent, 1.e. K(0 = 0 )=  0, e4uat10n (2) 
y1e1d 

K e ~ a n d  K f10 (4) ~ /< 

C0m61n1n9 e4uat10n (4), we 06ta1n 

7* =- Cj + C21n 0 

1 
C1 = - 1n f1 (5) 

0~ 

1 
( 7 2 = -  

where the c0n5tant5 C~ and C 2 are the 1ntercept and 
the 510pe, re5pect1ve1y, 0f the 5011-water p0tent1a1 
p10tted a9a1n5t the natura1 109ar1thm t0 the 
5011-water c0ntent. 1n5ert1n9 e4uat10n (5) 1n e4uat10n 
(3) 91ve5 

~K (C, )~2K / C , ~ K  
- -  - K~ exp [ 1 1  - -  (6) 

~t - K~C2exP ~ ~322 •C2] 02 

7hu5, 0n1y 3 parameter5, name1y C~, C2 and K~, need 
t0 6e kn0wn a pr10r1 t0 carry 0ut a ca1cu1at10n 6a5ed 
0n the 11near f10w m0de1 [e4uat10n (3)] under the 
add1t10na1 a55umpt10n 0f K(0 = 0) e4ua1 t0 2er0. 

We n0te that a mathemat1ca11y ana1090u5 
parameter t0 the 501ute d15per51v1ty (rat10 0f 
hydr0dynam1c d15per510n c0eff1c1ent t0 p0re-water 
ve10c1ty; N1e15en et a1., 1985) 1n the c0nvect10n- 
d15per510n e4uat10n f0r 501ute tran5p0rt can n0w 
6e def1ned f0r water tran5p0rt 1n un5aturated 
50115. Fr0m e4uat10n5 (3) and (5) we 06ta1n f0r the 
3-parameter f10w m0de1 

D 
2w = ~ = C2 (7) 

where 2w 15 1a6e11ed the 5011-water d15per51v1ty (cm) 
and 15 e4ua1 t0 the 510pe 0f the ~-1n(0) curve. 

EXAMPLE 0 F  M0 DEL U5E: C 0 N 5 7 A N 7  HEAD 
1NF1L7RA710N 1N70 F0UR L0AMY AND 5ANDY 501L5 

U5e 0f the 3-parameter m0de1 15 111u5trated 0n data 
fr0m c0n5tant head (water 5aturat10n at the 5011 
5urface), vert1ca1 1nf11trat10n exper1ment5 0n f0ur 
d1fferent 5011 type5. 7he f0ur 50115 u5ed were fr0m 
three re5earch f1e1d5 6e10n91n9 t0 the Dan15h M1n15try 
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7a61e 1. Phy51ca1 character15t1c5 0f the 50115 u5ed, 1nc1ud1n9 5011-water repe11ency 91ven a5 Water Dr0p Penetrat10n 71me (WDP7), 6u1k 
den51ty 0f packed 5011 (P6), 1n1t1a1 (00) and f1na1 (05) 5011-water c0ntent5 dur1n9 the 1nf11trat10n5 exper1ment5, and the 5aturated hydrau11c 

c0nduct1v1ty (K5) 0f the paeked 5011 c01umn5 

C1ay/511t/5and 0r9an1c matter WDP7 P6 00 0~ K~ 
(%) (%) (5) (9/cm 3) (cm ~) (cm 3) (cm/m1n) 

Jyndevad 4/7/89 2.3 < 5 1.5 0.08 0.42 0.30 
F0u1um 8/25/67 2.5 N0t  mea5ured 1.5 0.10 0.41 0.082 
H0rnum 6/21/73 3.1 1250 + 400 1.4 0.06 0.41 0.045 
P0u15trup 4/13/83 4.1 > 3600 1.2 0.02 0.50 

Exp. 1 0.025 
Exp. 2 0.028 

Y010 119ht c1ay a 31/45/24 1.1 N0t mea5ured 1.3 0.24 0.50 0.000738 

aData fr0m M00re (1939). 

0f A9r1cu1ture (Jyndevad, F0u1um, and H0rnum) 
5amp1ed at 0-15 cm 5011 depth, and 0ne m1xed hard- 
w00d f0re5t 5011 (P0u15trup) 5amp1ed at 10-20 cm 5011 
depth. A11 5011 5amp1e5 were 5t0red 1n the dark at 2°C 
unt11 the ana1y5e5 were made. 8ef0re the 1nf11trat10n 
exper1ment5, the 5011 wa5 a1r dr1ed, pa55ed thr0u9h a 
2-mm 51eve, and m1xed th0r0u9h1y t0 06ta1n a h0m0- 
9ene0u5 m1xture. 7he 5011-water repe11ency f0r the 
Jyndevad, H0rnum and P0u15trup 50115 wa5 mea5ured 
a5 Water Dr0p Penetrat10n 71me (WDP7) acc0rd1n9 
t0 the pr0cedure 0f Letey (1969) and We55e1 (1988) 
6ut u51n9 we11-def1ned water dr0p5 0f appr0x. 0.05 m1 
each and 10 repet1t10n5 f0r each mea5urement. 5011 
texture data were mea5ured acc0rd1n9 t0 K1ute 
(1986). 7he 1nf11trat10n apparatu5 pre5ented 6y M01d- 
rup et a1. (1994a) 6ut m0d1f1ed t0 c0n5tant head 
1nf11trat10n wa5 u5ed f0r the 1nf11trat10n exper1ment5, 
5ee F19. 1. 7he 5011 wa5 packed t0 c0n5tant 6u1k 
den51ty 1n p1ex191a55 c01umn5 (4.0-cm 0.d., 3.4-cm 1.d., 
20-cm 1en9th). 7he phy51ca1 character15t1c5 0f the f0ur 
50115 t09ether w1th the 6u1k den51t1e5 0f the packed 
50115 and the 1n1t1a1 and f1na1 water c0ntent5 (00 and 

05) dur1n9 the 1nf11trat10n exper1ment5 are 91ven 1n 
7a61e 1. A5 the 5hape 0f the curve de5cr161n9 
mea5ured wett1n9 fr0nt advance a5 funct10n 0f t1me 
f0r the f0re5t 5011 (P0u15trup) wa5 very d1fferent 
(11near) c0mpared t0 the three a9r1cu1tura1 50115, a 
5ec0nd 1nf11trat10n exper1ment wa5 carr1ed 0ut f0r the 
P0u15trup 5011 t0 c0nf1rm the phen0men0n (7a61e 1). 

7he 5011-water character15t1c curve5 6etween 
0 >  ~v > - 2 0 0 c m  H20 mea5ured 0n 5011 fr0m the 
5ame 5amp11n9 51te5 and at the 5ame 6u1k den51t1e5 a5 
u5ed 1n the 1nf11trat10n exper1ment5 were taken fr0m 
Jac065en (1989, Jyndevad, F0u1um, and H0rnum) 
and Kru5e et aL 0995, P0u15trup). 8a5ed 0n the 
5011-water character15t1c curve5 1t wa5 a55umed that 
data p01nt5 6e10w - 2 0 0 c m  H20 w0u1d c0rre5p0nd 
t0 fa1r1y 1mm0611e water a5 a 5harp dr0p 1n the 
5011-water retent10n curve5 wa5 065erved. F0r the 
Jyndevad, F0u1um and H0rnum 50115, appr0x1mate1y 
the 5ame va1ue5 0f 5aturated hydrau11c c0nduct1v1ty 
were 06ta1ned 1n the pre5ent 5tudy and 1n Jac065en 
(1989), e.9. 0.045 v5 0.044 cm m1n -1 f0r the H0rnum 
5011. E5t1mat10n 0f the parameter5 C~ and C2 fr0m the 

E 
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JYNDEVAD F0ULUM 

0 . . . . . . . . . . . . . . . . . .  0 • ...... 

-2.0 0 -2.0 0 

H0RNUM P0UL57RUP 
200 , 

0 • /1C2=289"80Cm 1 C1=132"73Cm~ 

-2.0 0 -2.0 0 
1n (•) 1n (•) 

[] Mea5ured F1tted 

F19. 2. 5011-water character15t1c curve5 f0r the f0ur Dan15h, 10amy and 5andy 50115 f1tted t0 
~ = C~ + C21n 0. 
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JYNDEVAD F0ULUM 07/1 
1.1. 

0~ 0 0 C 
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H0RNUM 0=y 
0 

0 
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.t1me, 1 (m1n) 
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P0UL57RUP 
30 

0 
71me, t (m1n) 

Pred1cted 

Exp. 2 
~ ....-- Exp. 1 

Exp. 2 
" • -  Exp. 1 

50 

F19. 3. C0mpar150n 6etween pred1cted [3-parameter f10w m0de1, e4uat10n5 (9) and (10)] and mea5ured 
wett1n9 fr0nt advance dur1n9 c0n5tant head 1nf11trat10n 1nt0 f0ur, 1n1t1a11y dry 10amy and 5andy 50115. 

5011-water character15t1c curve5 t09ether w1th the 
c0rre5p0nd1n9 re9re5510n c0eff1c1ent5 are 5h0wn 1n 
F19. 2. 1n 9enera1, the a55umed m0de1 f0r the 
5011-water character15t1c curve [e4uat10n (5)] 9ave a 
900d de5cr1pt10n 0f the data (R 2 6etween 0.89 and 
0.99, F19. 2). 

We a55ume that K(00) = 0 6ecau5e 0f the 1n1t1a11y 
10w water c0ntent. F0r the 1n1t1a1 and 60undary 
c0nd1t10n5 0f the 1nf11trat10n exper1ment 

K = 0  2~>0 t = 0  

K = K ~  2 = 0  t > 0  (8) 

K = 0  2 ---+ 00 t~>0 

and reca111n9 that 0 = (1//7) (K/K5) cf. e4uat10n (4), 
the ana1yt1ca1 501ut10n 0f Lap1du5 and Amund50n 
[1952; a150 cf. e4uat10n (3) 0f Yama9uch1 et a1. 
(1989)] t0 the CDE can 6e 5119ht1y rephra5ed t0 91ve 
the ana1yt1ca1 501ut10n t0 e4uat10n (6) 1n f0rm 0f the 
5011-water c0ntent a5 funct10n 0f depth and t1me 

0 1 ( 2 -  ~(2,t) = ~erfc t , ~ /  

1 [V2• 1•2 + Vt• + ex,>t )erfct  ) 

where erfc 15 the c0mp1ementary err0r funct10n. 7he 
erfc term5 can ea511y 6e ca1cu1ated u51n9 the accurate 
5er1e5 appr0x1mat10n5 0f van 6enuchten (1985). 

We def1ne the p051t10n 0f the wett1n9 fr0nt t0 
c0rre5p0nd t0 the 5011-water c0ntent where 

0 - 00 1 
- ( 1 0 )  

05-00 2 

F19ure 3 5h0w5 the pred1cted [e4uat10n5 (9) and (10)] 
and mea5ured wett1n9 fr0nt advance 1n the f0ur 50115. 
1t 15 5een that the mea5ured and pred1cted curve5 
c0mpare we11. H0wever, 1n d15a9reement w1th the 
5hape 0f the pred1cted curve f0r 1nf11trat10n 1nt0 the 
P0u15trup 5011, an a1m05t 11near re1at10n5h1p 6etween 
the mea5ured d15tance t0 the wett1n9 fr0nt and t1me 
wa5 065erved (F19. 3). 7h15 15 pr06a61y due t0 the 
extreme water repe11ency 0f the P0u15trup 5011 
(WDP7 > 3600 5ec, 7a61e 1). 

A 11near re1at10n5h1p 6etween accumu1ated 
1nf11trat10n and t1me and, a150, a reduct10n 1n the rate 
0f water 1nf11trat10n can 6e expected f0r extreme 
water repe11ent 50115 (WDP7 > 3600 5) due t0 the 
hydr0ph061c pr0pert1e5 exh161ted when the 50115 are 
dry (Wa1115 et a1., 1990). 80th phen0mena are ev1dent 
f0r the P0u15trup 5011, F19. 3, a5 the 1nf11trat10n curve 
15 m0re 11near and 1t take5 m0re t1me f0r the 5ame 
am0unt 0f water t0 1nf11trate 1nt0 the P0u15trup 5011 
c0mpared t0 the 0ther three c0ar5e-textured 50115. A5 
the R1chard5 e4uat10n (and theref0re the 3-parameter 
m0de1) d0e5 n0t take 1nt0 acc0unt hydr0ph061c 
1nteract10n5, th15 exp1a1n5 the dev1at10n5 6etween the 
5hape5 0f the pred1cted and mea5ured curve5 f0r the 
P0u15trup 5011. 

N0rma11y, f0re5t 50115 are m0re water repe11ent 
c0mpared t0 a9r1cu1tura1 50115 6ecau5e 0f the am0unt, 
c0mp051t10n and nature 0f the 0r9an1c matter 0f the 
50115 (Wa1115 and H0rne, 1992). 7h15 a9ree5 w1th the 
WDP7 mea5urement5 1n 7a61e 1. F0r the three 1e55 
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0r9an1c and 1e55 water repe11ent a9r1cu1tura1 50115 
(Jyndevad, H0rnum, and pre5um1n91y a150 F0u1um) 
the a9reement 6etween mea5ured and pred1cted 
wett1n9 fr0nt advance 15 exce11ent. 7hu5, the 51mp1e 
ana1yt1ca1 501ut10n t0 the 3-parameter f10w m0de1 
[e4uat10n5 (9) and (10)] 5eem5 t0 pr0v1de a rap1d and 
fa1r1y accurate pred1ct10n 0f wett1n9 fr0nt advance 1n 
c0ar5e-textured 50115, the5e 5011 type5 6e1n9 typ1ca1 0f 
m05t 1nf11trat10n and wa5tewater 1and treatment 
5y5tem5 (A5an0, 1985). 
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7h15 te5t 15 f0r the c1a551ca1 examp1e 0f 1nf11trat10n 
1nt0 Y010 119ht c1ay (e.9. M00re, 1939; Ph111p, 1957; 
Haverkamp et  a1., 1977; M01drup et  aL, 1989), 91ven 
the 1n1t1a1 and 60undary c0nd1t10n5 0f e4uat10n (8). 
7he 5011 texture data (7a61e 1) and the 5011-water 
character15t1c curve were taken fr0m M00re (1939). 
5011-water character15t1c data f0r 0 > ~ > -- 350 cm 
H20 were u5ed. A5 n0 5harp dr0p 1n the 5011-water 
character15t1c curve wa5 065erved f0r the Y010 5011, 
we ch05e - 3 5 0 c m  a5 m1n1mum va1ue 0f 7 ~ c0rre- 
5p0nd1n9 t0 the def1n1t10n 0f m0611e 5011-water 
5u99e5ted 6y Add15c0tt and Wh1tm0re (1991). F1tt1n9 
e4uat10n (5) t0 the 5011-water character15t1c curve t0 
06ta1n the parameter5 C~ and C2, and the c0mpar150n 
6etween the 3-parameter m0de1 [e4uat10n5 (9) and 
(10)] and the 5em1-ana1yt1ca1 501ut10n t0 e4uat10n (1) 
6y Ph111p (1957) f0r pred1ct1n9 wett1n9 fr0nt advance 
15 5h0wn 1n F19. 4. A 900d a9reement 6etween the 
3-parameter m0de1 and the 5em1-ana1yt1ca1 501ut10n 15 
5een (F19. 4). 7he 5em1-ana1yt1ca1 501ut10n 15 a 7ay10r 
5er1e5 c0nta1n1n9 1nte9ra15 that are mathemat1ca11y 
1nv01ved t0 501ve and thu5 the 51mp1e 3-parameter 
501ut10n [e4uat10n (9)] pr0v1de5 a u5efu1 a1ternat1ve. 

7he 5011-water character15t1c curve 0f a c1ayey 5011 
15 typ1ca11y m0re n0n-11near 1n the h19h 5011-water 
c0ntent 1nterva1 c0mpared t0 a 5andy 5011 
(Haverkamp et  a1., 1977). 7h15 15 the ma1n rea50n f0r 
the 10wer re9re5510n 06ta1ned when f1tt1n9 e4uat10n 
(5) t0 the Y010 5011-water character15t1c curve 
(R 2 = 0.82, F19. 4) c0mpared t0 the f0ur 10amy and 
5andy 50115 (R2= 0.89-0.99, F19. 2). We n0te that 
0m1tt1n9 the data p01nt at ~u = - 3 5 0  cm H20 f0r the 
Y010 5011 w0u1d n0t chan9e the C~, (72 0r R 2 va1ue5 
519n1f1cant1y, 1.e. 1nc1ud1n9 th15 add1t10na1 data p01nt 
c0mpared t0 the f0ur 5andy 50115 d0e5 n0t c0ntr16ute 
the 10wer R 2 va1ue. 1n 5p1te 0f the 10w R 2 va1ue, the 
3-parameter m0de1 pred1ct10n 0f the wett1n9 fr0nt 
advance 15 5t111 5uff1c1ent f0r m05t purp05e5 (F19. 4). 

70 eva1uate n0t 0n1y the wett1n9 fr0nt advance 6ut 
a150 the 5011-water c0ntent pr0f11e5 06ta1ned 6y the 
3-parameter m0de1, we te5ted the 3-parameter m0de1 
a9a1n5t a numer1ca1 501ut10n t0 the R1chard•5 
e4uat10n [e4uat10n (1)] 1n the a60ve ca5e 0f 1nf11tra- 
t10n 1nt0 Y010 119ht c1ay. 7he numer1ca1 c0mpar150n 
501ut10n wa5 the accurate M0v1n9 Mean 510pe 
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F19. 4. 5011 water character15t1c curve f0r Y010 119ht c1ay 
f1tted t0 4/= Ct + C 21n 0, and c0mpar150n 6etween the 
3-parameter f10w m0de1 and the 5em1-ana1yt1ca1 501ut10n 0f 
Ph111p (1957) f0r pred1ct1n9 wett1n9 fr0nt advance 1nt0 Y010 

119ht c1ay. 

(MM5) m0de1 0f M01drup et a1. (1989, 1993) u51n9 
the expre5510n5 f0r the mea5ured hydrau11c curve5 
(5011-water character15t1c and un5aturated hydrau11c 
c0nduct1v1ty curve5) 91ven 1n Haverkamp et  a1. 

(1977). 7he 5011-water c0ntent pr0f11e5 at tw0 d1ffer- 
ent t1me5 dur1n9 1nf11trat10n 1nt0 Y010 119ht c1ay 
pred1cted 6y the 3-parameter and the MM5 m0de15, 
re5pect1ve1y, are 5h0wn 1n F19. 5. 

7he pred1ct10n 0f the mean p051t10n 0f the wett1n9 
fr0nt (def1ned a5 the 1ntercept w1th the d0tted 11ne 1n 
F19. 5) 6y the 3-parameter m0de1 15 fa1r1y accurate. 
H0wever, 1t 15 06v10u5 that the a55umpt10n 0f 11near- 
1ty 1n the hydrau11c curve5 [e4uat10n5 (4) and (5)] 
1nherent 1n the 3-parameter m0de1 re5u1t5 1n an 
appr0x1mate1y 11near 5011-water c0ntent pr0f11e, 1.e. 
cau5e5 an err0ne0u51y 1ar9e 5pread1n9 0f the 
c0mputed 5011-water c0ntent curve (F19. 5). 7h15 15 1n 
a9reement w1th the ana1y5e5 0f the 11near12ed f10w 
e4uat10n [e4uat10n (3)] 6y Ph111p (1973). 7hu5, the 
3-parameter f10w m0de1 5h0u1d 6e u5ed 0n1y f0r 
pred1ct10n 0f wett1n9 fr0nt advance and mean 
1each1n9 t1me 6ut n0t f0r pred1ct1n9 the actua1 
5011-water dynam1c5 w1th1n the 5011 5uch a5 the 
5pread1n9 0f the 5011-water c0ntent 0r 5011-water 
p0tent1a1 curve5. 

70 5h0w the 5en51t1v1ty 0f the 3-parameter m0de1 
t0 the parameter5 D and V, ca1cu1at10n5 0f wett1n9 
fr0nt advance 1n Y010 119ht c1ay u51n9 d1fferent 
c0m61nat10n5 0f D and V va1ue5 are 5h0wn 1n F19. 6. 
U51n9 the 5ame va1ue 0f D a5 1n F19. 4 6ut w1th V 
va1ue5 ran91n9 6etween 0.01 and 2.0 t1me5 the va1ue 
u5ed 1n F19. 4, 0n1y 5ma11 d1fference5 1n the pred1cted 
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F19. 5. C0mpar150n 6etween the 3-parameter f10w m0de1 
and the numer1ca1 M0v1n9 Mean 510pe (MM5) m0de1 f0r 
pred1ct1n9 5011-water c0ntent pr0f11e5 dur1n91nf11trat10n 1nt0 

Y010 119ht c1ay. 

wett1n9 fr0nt advance are 5een. H0wever, 1ar9e 
d1fference5 0ccur when varY1n9 the D va1ue5 1n a 
51m11ar way (F19. 6). 7h15 15 due t0 the re1at10n5h1p 
D = C2" V [cf. e4uat10n (7)], 1.e. the pr0n0unced 
1nf1uence 0f the 510pe (C2) 0f the ~u ver5u5 1n(0) curve 
0n the pred1ct10n 6y the 3-parameter f10w m0de1 15 
06v10u5. 

7he 1ar9e m0de1 5en51t1v1ty t0 the C 2 va1ue [ e4ua1 
t0 the 5011-water d15per51v1ty, 2w, cf. e4uat10n (7)] 
make5 1t 1mp0rtant t0 accurate1y e5t1mate the 510pe 0f 
the 5011-water character15t1c curve w1th1n the 
5011-water p0tent1a1 1nterva1 c0n51dered, 1.e. t0 have 
5uff1c1ent mea5urement p01nt5 w1th1n the h19h water- 
c0ntent ran9e. 5u65e4uent1y, the h19her the R 2 va1ue 
06ta1ned when f1tt1n9 e4uat10n (5) t0 the 5011-water 
character15t1c curve, the 6etter the a55umpt10n5 0f the 
3-parameter m0de1 are fu1f111ed, and the m0re prec15e 
the pred1ct10n 0f the wett1n9 fr0nt a5 funct10n 0f t1me. 

C 0 N C L U 5 1 0 N 5  

A5 e4uat10n (9) 111u5trate5, many we11-kn0wn 
ana1yt1ca1 501ut10n5 t0 the c0nvect10n-d15per510n 
e4uat10n f0r 501ute tran5p0rt 1n 5tream5 0r 50115 can 
ea511y 6e rephra5ed t0 91ve the wett1n9 fr0nt 
m0vement. H0wever, f0r var1a61e 60undary c0n- 
d1t10n5 the new, fu11y 11near12ed f10w m0de1 [e4uat10n 
(6)] need5 t0 6e 501ved 6y c0nvent10na1 numer1ca1 
meth0d5 [w1th the except10n 0f 1nput expre55ed a5 
5tep funct10n5 cf. Warr1ck (1975)]. C0rrect10n term5 
t0 rem0ve numer1ca1 d15per510n and cr1ter1a f0r 

av01d1n9 numer1ca1 1n5ta6111ty when u51n9 an 0rd1- 
nary f1n1te-d1fference 5cheme t0 501ve th15 type 0f 
11near tran5p0rt e4uat10n were 91ven 6y M01drup et  

a1. (19946). 
60v1ndaraju et  a1. (1992) f0und that 501v1n9 the 

11near f10w m0de1 [e4uat10n (3)] c0mpared t0 501v1n9 
the R1chard5 e4uat10n typ1ca11y 9ave dev1at10n5 1n 
pred1cted, un5aturated hydrau11c c0nduct1v1ty 0f 
0-20% f0r c0n5tant head and c0n5tant f1ux 1nf11tra- 
t10n and 0f 0-50% f0r red15tr16ut10n (dra1na9e). 
Hence, we 5u99e5t the 11near m0de1 c0ncept 6e u5ed 
0n1y f0r water and 5ewa9e 1nf11trat10n and n0t f0r 
dra1na9e ca1cu1at10n5. 1n ca5e 0f 5ewa9e 1nf11trat10n, 
the 50met1me5 h19h 50d1um c0ntent and the 0r9an1c 
part1c1e5 can cau5e deter10rat10n 0f 5011 5tructure and 
c10991n9 0f 5011 p0re5, and there6y reduced K 5 and 
1nf11tra6111ty w1th t1me (A5an0, 1991). 7hu5, K5 and 
5011-water character15t1c mea5urement5 fr0m the t1me 
a 5011-a4u1fer treatment p1ant wa5 e5ta6115hed 15 n0t 
nece55ar11y repre5entat1ve f0r the actua1 51tuat10n. 

7he 3-parameter m0de1 5eem5 a61e t0 91ve a 51mp1e, 
appr0x1mate e5t1mate 0f wett1n9 fr0nt advance 1n 
un5aturated 50115 f0r wh1ch 0n1y ~u(0) and K 5 need 6e 
kn0wn a pr10r1. A1th0u9h the mean p051t10n 0f the 
wett1n9 fr0nt 15 fa1r1y accurate1y pred1cted (e.9. 
F19. 3), the 5tr1ct a55umpt10n5 [e4uat10n5 (4) and (5)] 
1nherent 1n the 3-parameter f10w m0de1 w111 
typ1ca11y cau5e err0ne0u51y 1ar9e 5pread1n9 0f the 
c0mputed 5011-water c0ntent pr0f11e5.7heref0re, the 
3-parameter m0de1 5h0u1d 6e u5ed 0n1y f0r pred1ct10n 
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F19. 6. 5en51t1v1ty 0f the 3-parameter f10w m0de1 
[e4uat10n5 (9) and (10)] t0 the parameter5 V and D. Ca5e: 
Y010 119ht c1ay, 1.0D=0.849cm2m1n -~ and 1.0V= 

0.00168 cm m1n -t. 
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0f  the mean  1eaCh1n9 t1me and  the p051t10n 0 f  the 
wett1n9 fr0nt.  

7he  pre5ented der1vat10n pr0cedure  a55um1n9 
11near water  f10w and  2er0 hydrau11c c0nduct1v1ty 
at  2er0 5011-water c0nten t  5eem5 pr0m151n9 f0r 06- 
ta1n1n9 51mp1e, appr0x1mate ana1yt1ca1 501ut10n5 f0r 
var10u5 water  and  wa5tewater 1nf11trat10n pr061em5. 

Ackn0w1ed9ement5--A trave1 9rant fr0m the Japane5e 
M1n15try 0f Educat10n (M0n6u5h0 1nternat10na1 5c1ent1f1c 
Re5earch Pr09ram: J01nt Re5earch, N0. 06044158) ha5 
9reat1y enhanced the w0rk and c00perat10n 0f the auth0r5 
and 15 here6y 9ratefu11y ackn0w1ed9ed. 7h15 pr0ject wa5 
5upp0rted 6y the Dan15h Center f0r R00t 20ne Pr0ce55e5 
under 7he Dan15h Env1r0nmenta1 Re5earch Pr09ramme. 
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