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Parameter equivalence for the Brooks-Corey
and van Genuchten soil characteristics:
Preserving the effective capillary drive

Hubert J. Morel-Seytoux,! Philip D. Meyer,2 Mahmood N'achabf:,3 Jaoudat
Touma,* M. T. van Genuchten,’ and Robert J. Lenhard? C

Abstract. This paper provides a simple way to convert Brooks-Corey-(BC) parameters to
van Genuchten (vG) parameters and vice versa, for use primarily in situations where
saturated conditions are likely to be encountered. Essential in this conversion is the
preservation of the maximum value of a physical characteristic, the “effective capillary
drive” H.,, [Morel-Seytoux and Khanji, 1974}, defined with a good approximation.for a soil
water and air system as H,,, = [§ k., dh., where k,,, is relative permeability (or
conductivity) to water and A, is capillary pressure (head), a positive quantity. With this
conversion, infiltration calculations are essentially insensitive to the model used to
represent the soil hydraulic properties. It is strictly a matter of convenience for the user-
which expression is used. On the other hand, the paper shows that other equivalences may
lead to great variations in predictions of infiltration capacity. Consequently, the choice of
the proper equivalence to use in calculations for rainfall-runoff modeling or for low-level

radioactive waste disposal design is a serious matter.

Introduction

Depending on circumstances, it is convenient for analytical
derivations or for numerical work to favor one type of expres-
sion for the hydraulic conductivity and water retention prop-
erties over another. However, the question can be legitimately
raised as to the influence of that choice on the results. To
answer this question conclusively, one would need to carry out
the computations twice, once with each expression. However, it
is sometimes not possible to perform the analytical derivations
for both. For analytical derivations the Brooks and Corey {1964]
(BC) formulae tend to be easier to use. On the other hand,
some codes for numerical solution of the unsaturated flow
equation use the van Genuchten {1980] (vG) expressions.ex-
clusively. If codes provide both options, it still remains to
define the values of the parameters for both sets of expres-
sions. Even if the data, on which one set of expressions was
calibrared, and the critarion used for calibration were readily
available, the criterion for goodness of fit of the other expres-
sion is, as always in calibration, somewhat arbitrary and fur-
thermore need not be the same. As in statistical analysis, whea
different probability density functions with a small number of
parameters (say two) are fitted to the same data, one must
decide which density characteristic is to be preserved. That
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same decision must be made to define “equivéient" parame-
ters for the Brooks-Corey and van Genuchten expressions. In
what sense are they to be equivalent? Curve fitting different
analytical expressions to the same set of data, by the classical
unconstrained least squares technique, will not inherendly pre-
serve an “important” characteristic contained but somewhat
hidden in the data. This naturally begs the question: What is an
important characteristic to be preserved? -

Surprisingly, few formal attempts le.g., Lenhard et al., 1989;
Russo et al., 1991] at defining an equivdlence have been re-
ported in the literature, because, clearly, it is an issue that must
have confronted many code users and modelers.

Objective ‘ .

The main objective of this pager is to provide a simple way
to convert Brooks-Corey (BC) parameters to van Genuchten
(vG) parameters and vice versa for use primarily in situations
where saturated conditions are likely to be encountered. There
are applications where the proper description of the soil prop-
erties at high water contedts is crucial. Watershed rainfall-
runoff modeling is one, and capillary barrier design is another.
Esseatial in this conversion is the preservation of the maximum
value of a well-defined physical characteristic, the effective
capillary drive H.,, [Morel-Seytoux dnd Kharji; 1974, 1975},
given with a good approximation for a soil water and z.xif system
as . .

Hcsz j:rwdh: ) (1)
o .- . .o

where &, is relative permeai:ility {or conductivity) to wates
and A_ is capillary pressure (head), dr suction, a positive quan-
tity, the negative of the matric head. H_,, has received other

names in the literature, such as “macroscopic capiilary length”
[Prilip, 1985; White'and Sully, 1987].
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Physical Significance of H,,,

There are an infinite number of ways to define an equiva-
lence between the two sets of parameters. Thus there must be
a physical justification for the one proposed here. It is known
{e.g., Morel-Seytoux and Khanji, 1974] that the effective capil-
lary drive plays a significant role in determining the infiltration
rate into a vertical soil column under a ponded condition at the
surface. Under such conditions one can show [Morel-Seytowx
and Khanji, 1974] that the “infiltration capacity” (which is the
infiltration rate when infiltration takes place at capacity), thus
miore precisely defined as the capacity infiltration rate, is given
by the expression

i =K[(8 - 0)He + TVBI (2)

where K is hydraulic conductivity at natural saturation (or field
saturation, that is, porosity minus trapped air content), 6 is
(volumetric) water content at natural satiration, 8; is uniform
initial water content, / is cumulative infiltration depth up to
time t; and 3, the viscous correction factor, is a dimensionless
parameter which theory [Morel-Seytoux, 1969] and numerical
experiments [Morel-Seytoux and Billica, 1985] indicate is essen:
tially a constant for a given soil and varies little from soil to
soil. From sand to clay, Morel-Seytoux and Khanji (1974] found
arange in B of 1.1 to 1.7 and estimated an average value of 1.3.
In the case B = 1, (2) has precisely the functional form of the
Green-Ampt formula [e.g., Morel-Seytoux and Khanji, 1974).
The parameter 8 deviates from 1 for two reasons. First, the
real wetting front profile does not have a saturated rectangular
shape. Second, in the wetted region, water and air flow simul-
taneously, and the overall viscous resistance of the complex
mixture exceeds that of water alone.

From (2) an expression for the two-phase sorptivity (Morel-
Seytoux and Khanji, 1974, 1975] can be defined as the constant
S, in the expression for infiltration rate at early times, namely,

1.1 1 2(8 - 6) HoK 1
PRI T2 B N

Equation (3) defires S, in terms of the primary parameters
H_,, and K. It has also been shown {e.g., Warrick and Broad-
ridge, 1992], but from the single-phase flow point of view, that

C Ra-e)HLK -
Si= T3 i

The only difference between S and S is in the estimation of
B and 2b. White and Sully {1987] recommended for b avalue
of 0.55, regardless of soil, thus 26 = 1.10. Giver the fact that
B = 1.30 includes the viscous resistance of the air phase (ne-
glected in Richards equation) in addition to the deviation of
the water content profile from a rectangular shape, one would
expect B to be somewhat largerthan 2b. The numbers are
remarkably close. For a value of 26 = 1.1 the early infiltration
rate is 95% that given by the Green-Ampt forthula, and with B
= 1.3 the early infiltration rate is 88% of it. Given thie relative
constancy of B or 2b, the value of H, can be obtained with
good accuracy by an infiltration test. The steady state value
reached by the infiltration test yields K. The éarly part of the
infiltration test yields H_,,. (Naturally, the entire observed
curve can be used to perform the calibration, for example, by
using a least squares fit.) The value of 8 is measured at the end
of the experiment; that of §; is measured at the beginning of
the experiment.

(3)

(4)
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Brooks-Corey and van Genuchten Expressions

Soil Hydrologic Characteristics

Normalized water content is defined as

9* = (86— 0)/(6—6,) (3)

‘where 8 is (volumetric) water content and 6, is residual water

content. The BC expressions are

h: = hf.'tei-‘w hd 2 th (6)
k, =6  h.=h, (72)
k=1 h <k, (7t)

No physical significance is hereby attached to the parameter
k.. (also denoted k,,) even though it is called herein entry (or
bubble) pressure. In the application for infiltration problems
these must be the curves corresponding to wetting conditions.
To reduce the number of parameters to two, a relation devel-
oped by Corey [1977] is used:

p=3+2M (82)
or
M= (p-3)2 (8b)
The vG expressions are
1 ,
hc - ; [9:—(!.:-"). — 1]1/n (9)

where a~! is a parameter with dimension of length. In the case
when the following relation between m and n holds:

m=1-(1/n) (IOa)
or )
n=1/(1- m). (10b)

then
k, = 6*W{] — [1 — gm]m}? (11)

To reduce the vG expressions to two parameters, (10) is always
implied throughout this article.

Applicability of the BC Expressions Near or at Saturation

It is sometime stated that the BC function does not apply to
the saturated portion of 6 (h.). Whereas it is correct that (6)
does not apply for h; < h.., k., is nevertheless a continuous
function of A, keeping the value 1 in the capillary fringe (0 =
h, =< h..). Ath, = h. there is a discontinuity in slope of
k,.(h.), but the integral given by (1) is perfectly regular and
integrable at that point. Note that the variable of integration is
h. not 6 or 6*. Specifically, consider the integral defined by (1)
and carry out the integration Step by step as indicated pres-
ently: .

= hee =
H“=J k.,,dhc=J k,,,dh,+j k.. dh.
0o ) 0 her
(ke o fn)
HcM:' j dhc + J k —-‘-;dﬂ' = hn.
.70 1

~do*
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+ l k ahe de*
~\ ~dg) 49
’ (12)
AQ' l
Hou= hc! + A, J k,,ﬂ[e*"”*" ds* =h,,
0
l .
+ Mh‘éJ otpet-(.m»l) de‘
0
‘ M
H‘M = hCl + hez B‘P-M = hc: -+ Y hct
p - o p—M
__ P
- p- M he

This derivation demonstrates the need in numerical work to
deal with a pressure-based formulation or better yet with a
mixed pressure-water content formulation as demonstrated
previously [Morel-Seytoux and Billica, 1985}.

Effective Capillary Drive

In the case of the BC expressions the integral in (1) can be
expressed as

Hey = hepl(p — M) (13)
which, when combined with (8), yields ‘
 Ha=ha2plp +3) (142)
or - |
h,.=H,(p+3)/2p (14b)

If the physical quantity of interest to be preserved is H_p the
calibration of the parameters k., and p must be subject to the
constraint imposed by (14). In the case of the vG expressions,
the integral of definition for H.,, is complex. However, it can
be done numerically (see appendix) and can be approximated
accurately by the expression,

(1) (0.046m +£2.07m? + 19.5m°

. He= 1+ 4.7m + 16m? ) (15)

«
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Figure 1. Dimensionless ratio (1/a)/%., as a function of the
parameter p, exponent of normalized water content for the
power law expression of relative permeability.
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Figure 2. Relative permeability as a function of dimension-
less capillary pressure head, h /A, for the case p = 4.

Parameter Equivalence
Definition .

The equivalence between the BC and vG parameters is de-
fined based on two criteria. Primarily, the effective capillar;
drive must be preserved. Secondarily, the asymptotic behavio:
of capillary pressure versus water content should be preservec '
at low water conteats or in other words the functional depen-
dence on 6* as §* approaches zero should be the same. Thi:
second condition, that the slope of the logarithm of the A,
curves defined by (6) and (9) should be the same, requires, as
shown readily by simple asymptotic expansion, that the param-

eters p and m be related by the formula,
m=2/{p—1) (16a)

or

p=1+(2/m) (160)

Usage

If the vG parameters @ and m are known, then p can be
calculated from (16b) and then k., can be calculated from the
formula, . '

= (1) (p+3) (147.8+8.1p+ o.o9zp=)
«" \ef 2p(p—1) 55.6 + 1.4p + p*
The value of H_ is then deduced from (14a).

Vice versa, if the BC parameters are known, then /n can be

calculated from (162), and @™* can be calculated from the
formula,

(7

55.6 + 7.4p + p?

Ve = het 1478+ 8.1p + 0.092;;2) 18

[2p(p - 1] (
p+3

Figure 1 gives a visual display of (18). It shows that as p
increases and soil texture and structure depart more and more
from a sand and from a uniform particle size distribution
[Rawls and Brakensiek, 1989}, o~* can easily be 5 to 20 times
greater than &, and even more for a clay (p of the order of 20
to 25), of the order of 50. - - - e =
Numerical illustration—BC parameters known.” Say p =
4, which is a value appropriate for a sand. Since what is given
by the formulae is really a~*/h,,, which is dimensionless, the
value of &, can be taken as unity. One then calculates easily
H.,, from (14a), yielding H 5, = 1.143 X 1 orin other words
H_ .y lh., = 1.143. From (16a) it follows that m = 0.667.
Application of (18) yields a~* = 1.91k,, or ah.. = 0.52.
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Figure 3. Relative permeability as a function of dimension-
less capillary pressure head, ah,, for the case m = 0.2 thus
p = 11

The reader should note that ™! is quite different from A..., in
fact, about twice as large. Figure 2 shows plots of k,, versus &,
expressed in units of k_, or in other words versus the dimen-
sionless variable kA /h_,. The curves are quite different, but
because H,, was preserved, the areas under the two curves are
equal as can be assessed visually.

Numerical illustration—VG parameters known. Saym =
0.2 (thus p = 11) and &~! = 1. Equation (17) gives k., =
0.061 X 1 ork,, = 0.061a~"*. Now k., is only a very small
fraction of a™!. Vice versa, if h., is taken as unity, «~* has
value 16.35 X 1 (or «~! = 16.35h.,), the value that one
would read from Figure 1 for p = 11. Quite clearly, one
cannot assume that ¢~ ! and 4, have the same value. Figure 3
displays the curves of relative permeability as a function of
capillary pressure, expressed in units of & or in other words
as a function of the dimensionless capillary pressure variable
ah . Again, the curves are quite different, but because H
was preserved, the areas under the two curves are equal.

Numerical Verification

We stated earlier that H_,,, the maximum effective capillary
drive, was the important characteristic to preserve and that, if
preserved, prediction of infiltration would hardly be affected by
the choice of representation of the soil hydrologic properties.
Several numerical codes were used to predict the infiltration
capacity of a soil column for p = 4, 11, and 20. The value of
H_,, was taken in the three cases to have value 40 cm. Hy-
draulic conductivity at natural saturation had value 1 mm per
hour. The value of 8 was taken as 0.3, that of 6, was taken as
0.05. For the unjform initial water content 6; a value of 0.1 was
selected. Table 1 shows the corresponding values of the pa-
rameters. The boundary condition at the soil surface was one
of zero capillary pressure. The soil column is assumed semi-
infinite.

Figures 4 and 5 display the comparison of infiltration rates

Table 1. Table of Cb&espondéﬁce for the BC and vG
Parameters and Relation to Effective Capillary Drive for
Three Hypothetical Soils -

. H:M) hen ' a_l' a-l/
Soil p M <m cm m n em Har
1 4 05 40 35 0.667 3 67 1.67
g 11 4 40 254 0200 125 416 10.4
2

20 85 40 23 0.105 112 1323 331

20

Soil 2
— Brooks-Corey, TOUMA
"~ Brooks-Corey, - CHEMFLO
— van Genuchten, TOUMA
-=— van Genuchten, CHEMFLO

Infiitration rate, mm per hour

S
I
) e
0
0 2 4 6 8 10
Time, hour

Figure 4. Infiltration rate as a function of time for soil num-
ber 2 in Table 1 using the Brooks-Corey (BC) or van Genu-
chten (vG) expressions according to the proposed equivalence
and as calculated with the two numerical codes, CHEMFLO
and Touma's [1984].

and cumulative infiltration depth, respectively, versus time for
soil 2 using the BC and vG expressions and two numerical
codes [Nofziger et al., 1989; Touma, 1984]. It is clear that the
results are essentially unaffected by the choice of the expres-
sions or the choice of the numerical code utilized. However, it
is interesting to note that the differences between codes, espe-
cially with the vG expressions, are almost of the same order of
magnitude as that resulting from the choice of expressions for
the soil properties using a given code. On the other hand,
Figure 6 displays the same comparison for soil 2 for the same
m = 0.2 and ™! = 416 cm but using Lenhard et al.’s {1989]
equivalence, which in this case yields p = 11.26 and k., =
345 cm thus H,,, = 545 cm. This latter value of 545 cm is
clearly vastly different from 40 cm given in Table 1. From the
dependence of infiltration rate at early time on the square root
of H_,, in (3) one would expect the early infiltration rates to be

80 ,
i
. L
€ I ' o
E -
g 40 =
E
g
£ i
- i
2 i i
= P . Seillz |
3 20 : ) .
E 4 i — Brooks-Corey, TOUMA
© | i — Brooks-Corey, CHEMFLO
7 | { —— van Genuchten, TOUMA
k’,” i ;— van Genuchten, CHEMFLO
0
0 2 4 & 8 10
Time, hour

Figure 5. Cumulative infiltration depth as a function of time
for soil number 2 in Table 1, using the BC or vG expressions
according to the proposed equivalence and as calculated with
the two numerical codes, CHEMFLO and Touma’s [1984].
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20
\‘ Soil 2
A .
1 =N —— Brooks-Corey, M.-S., TOUMA
. -—- Brooks-Corey, L. etal., TOUMA

-
N

0

Inliltration rate, mm per hour

F-N

10
Time, hour *

Figure 6. Infiliration rate as a function of time for soil num-

ber 2 in Table 1, using the BC expressions according to the

proposed equivalence, M-S (this study), and that of Lenhard et

al, [1989}, and calculated with Touma’s [1984] numerical code.

roughly in the ratio V545/40 = 3.7. Indeed, the curves look
quite different, and the values are roughly in that ratio: On the
other hand, with the proposed equivalence the normalized
infiltration rate curves with either the BC or the vG expressions
are very similar between soils 1, 2, and 3.

In Figure 7, using a van Genuchten code for the same
boundary conditions and parameters and soils 1, 2, and 3 of
Table 1, with the same values of H,,,, K, 8, 6,, and 6;, the

only difference in results is due to the difference in the p orm

values, or in other words in the shape of the water content
profiles. Clearly, from Figure 7 such a shape has little influence
on the infiltration rates, which confirms the fact that the pa-
rameters 3 and b are practically constant regardless of soil
texture or structure. This follows from the fact that the differ-
ence in sorptivity as given in (4) or (3), and consequently, the
difference in infiltration rate is due to the parameter & or B,
and since the infiltration rates are essentially the same, regard-
less of the value of parameter p, this implies that & or B are
practically constant for all soils. .

To further test the importance of the equivalence procedure
on the results of infiltration calculations, three of the soils used
by Lenhard et al. [1989] to.illustrate their procedure were

20 -
~ . e Soi-vG
g 3 a A Soil-2vG
= . M Soil-3VG
o 18 . A Soil-2BC
g i n C  Soil-3.8C
s u

L.

E_ 12 %
8] - n
]
x gl
=
2 5
o
]
kel
= 4}
=
£ i

0 i 1 t ! 1

o 2 4 6 8 10
Time, hour

Figure 7. Infiltration rate as a function of time for soil num-

bers 1, 2, and 3 in Table 1, using the BC and vG expressions
according to the proposed equivalence and calculated with van
Genuchten’s [1980] numerical code.

studied. For given known vG parameters one determines the
corresponding BC curves by the two procedures, labeled M-S
(this study) and L. et al. (Lenhard et al. [1989}]), respectively,
and one compares them with the vG procedure. Figures 8a, 8b,
and 8¢ show saturation versus tension for the three soils using
the two equivalences. It is clear that the Lenhard et al. proce-
dure does a better job at matching the vG curve for each soii.
Intuitively, one might think that because the k. curves look
more alike with the Lenhard et al. procedure that it would lead
to better infiltration predictions. This is a case where unsup-
ported intuition fails. Figures 9a, 9b, and 9c show relative
permeability versus tension for the three soils. The M-S pro-
cedure gives a closer comparison, and it is very ciear that the
Lenhard et al. procedure does not preserve the area under the
curve. For both soils 1 and 4 the areas are quite different. As
expected, Figures 10a, 10b, and 10c show greatly different
curves of infiltration rates and cumulative infiltration with the
Lenhard et al. procedure. The better performance of the pro-
posed procedure is understandable because p,gH ., Where
p,. is density of water and g is acceleration of gravity, is the
energy per unit volume expanded by the capillary forces during
the flow of water from a region of a high given saturation (or
low capillary pressure) to a region of a different (low) satura-

0TS 1.0 == 1.0 :
1IN {a) Soil 1 3 S ] i (c) Sail 5
c 3 4 1 -l ]
S 0.6——2\ S o —ee | S 06
8 1 \ ® ] i ]
2 0.4 Jod— D 2 0.4 2 0.4-]
. ; g 0. & 0.
@ ] \ \\ @ 3 |[— van Genuchten @ g
] 1]---- BC: M-S ’ '
0.2 S 024 7" BO: L et al. ; 0.2 -
e ] . 3
. 0.0 TErT T T VI T T ooes 0.0 TTT T T I vy ryry 0.0 TTT T T T r T T s ey
0 200 400 0 200 400 0 5 10 15 20

Tension {cm]

Tension [cm]

Tension [cm}

Figure 8. Saturation as a function of tension (centimeters) for soil numbers (a) 1, (b) 4, and (c) 5 used in
Lenhard et al.’s {1989] paper, using the vG expressions and the BC expressions according to the proposed M-S

equivalence and the Lenhard et al. equivalence.
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1.0 3~ 1.0 5 1.0 3 7
i (a) Soil 1 3 3 " (c) Sail 5
R | O S R > E 2 S WO
;). 0’8 L g O.BE 3 0.8 3 -
g 3\t i |—— van Genuchten g E Q 3
2 083 hii]---- BC: M-S, 3 065 B 065 i
3 =R - BC:L.etal. | 3 3 3 3
.g 0'4_‘.5 et . am et ome we e aas o g 0.4 g g 0_4 g !
g 3 3 3 s 3 5
£ 0.2 - e g 024 & 025 o]
. |-||x||||l[.r-||nll.| 0.0 ‘ll[llfl[ll’rl‘llr| 0'0 Flllllli(liurllnllu
0 200 400 ] 200 400 0 5 10 15 20
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Figure 9. Relative permeability as a function of tension (centimeters).for soil numbers (a) 1, (b) 4, and (c)
5 used in Lenhard et al.’s [1989] paper, using the vG expressions and the BC expressions according to the
proposed M-S equivalence and the Lenhard et al. equivalence.

tion. A, is a dynamic capillary concept, whereas the 6* (4,)
curve is a static one. H,,, is a potential in the traditional fluid
mechanics sense as shown by Morel-Seytoux and Khanji [1974].
The value of H,,, between the maximum and the minimum

- : o
> R [~
3 3o—T (@) Sail 1 -
g 3 —— van Genuchten s
KA i ---- BC: M.-S. : - z
_g 20— “ «-- BC:Loetal, ] L 29 2
Ve =]
o« 4\ e R =
N I AN PP =
o L VS 2 | =
0] Soes g
% b I i N LS o =
=0 ¥ T T T T —0 2
0.0 05 10 15 2.0 25 3.0
Time (days)
— ; = e}
F~ : (b) Soil 4 §
B 30 c
€ H o -
s 1 =
o] 20— .‘ g
- . =
S - . 2
g 10 L 5
E e g
00 05 10 15 20 25 3.0
. Time (days)
— (9]
D o =4
g 30 - (c) Soil 5 — 16 g
E .5
S - . -~ 12 g
D - - L
c =
S - I =
3 10 - L4 §
g F 3
0 T T T T =7 0 =
00 05 10 1.5 2.0 2.5 3.0
Time (days)

Figure 10. Infiltration rate and cumulative infiltration depth
as a function of time for soil numbers (a) 1, (b) 4, and (c) 5
used in Lenhard er al.’s [1989] paper, using the vG expressions
and the BC expressions according to the proposed M-S equiv-
alence and the Lenhard et al. equivalence and calculated with
the numerical code STOMP.

values of saturation is independent of the shape of the satura-
tion profile between these two values. Figures 11a, 11b, and
11c show profiles of water contents at time 1 day for the three
soils. The profiles match well with the M-S procedure and are
very different with the Lenhard et al. [1989] procedure. The
numerical calculations for these three examples were carried
out with the code STOMP {White et al., 1992].

Influence of Initial Conditions

It may be worthwhile to mention that using H.,,, in (2)
implies that the initial value of water content is low to mod-
erate. Otherwise, one would have to use the more general
definition of the effective capillary drive H,(6,):

hei M
H,(B,-) = J k,w dhc = ch< 1- ;‘ G?P-M) (193)

0

or

M h:x‘ ~(pid)+1
H:(ex') - HCM{ 1- F (h_‘,) ] (19b)
where h, is b for § = 0, p and M being related by (8). One
can verify that the deviation from H_,, is significant enly for
relatively large values of 6. For p = 5 thus M = 1 the
normalized initial water content would have to be 0.84 for it to
have a 10% influence on the value of the effective capillary
drive. Forp = 11 thus M = 4 the value of 8} would have to
be 0.83. For 67 = 0.5 the percentage of decrease in effective
capillary drive would be 1% for p = 5 and 0.3% forp = 11. -
Thus it is clear that in the low to moderate range of water
contents, the initial value of the water content has very little
impact on the effective capillary drive. In that range of initial
values the preservation of the maximum value of the effective
capillary drive will guarantee the insensitivity of the model
used to represent the soil hydraulic properties on the calcula-
tions of infiltration capacity. Of course, the value of the infil-
tration rate will change but practically entirely from the con-
tribution of the square root of (8 — 6,) which appears in the
expression for the infiltration rate in (2) and (3). If, on the
other hand, the initial water contents are very high and given
that at the boundary under ponded conditions saturation
holds, then capillary drive is not a force; sorptivity is essentially
zero and equivalence is not important. Gravity dominates the
flow. The equivalence is important when in some regions water
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Figure 11. a, b and c. Water content profiles at time 1 day for soil numbers 1, 4, and S used in Lenhard et
al.’s [1989] paper, using the vG expressions and the BC expressions according to the proposed M-S equiva-
lence and the Lenhard et al. equivalence and calculated with the numerical code STOMP.
contents are low to moderate and in others they are at or near 0.046m + 2.07m* + 19.5m?
saturation. This is the case that was investigated which is cru- SUM = T d.9m T 16m2 (A2)

cial for watershed rainfall-runoff modeling, where saturation
under rainfall occurs at the soil surface, whereas below the soil
is initially dry, and in capillary barrier design, where saturation
occurs at the interface between the coarse material and the
fine material above it.

Conclusions

An equivalence was defined which provides a simple way to
convert BC parameters into vG parameters and vice versa,
when one set is known and preserves the value of the effective
capillary drive thus making infiltration capacity calculations
insensitive to the model used to represent the soil hydraulic
properties. It is strictly then a matter of corvenience for the
user which expression is used. Naturally, this conclusion ap-
plies only for situations which lead to high water contents in
some part of the domain of concern. Because the second cri-
terion for the equivalence preserves the asymptotic behavior of
capillary pressure at low water contents and thus the hydraulic
gradient, there is at least plausible gtound that the equivalence
will be reasonably satisfactory in that range also. However, this
should be tested for situations involving drainage and evapo-
transpiration. It is recommended that it be done before accep-
tance for use in these situations. Finally, other equivalences
should be developed between other types of expressions, par-
ticularly three-parameter ones.

Appendix

The numerical evaluation of the effective capillary drive
using the van Genuchten furctions for the soil capillary and
hydraulic properties follows. The dimensionless effective cap-
illary drive, defined as -

=

SUM= o f ko (k) dh.
0

was evaluated numerically by Gaussian quadrature using 10,
20, 60, 120, and 256 Gauss poirts. Results for 120 and 256
Gauss points were essentially identical. A rational function was
fitted by least squares to the results of the numerical integra-
tion using 256 Gauss points and the optimized expression is

(A1)

Relative deviation percentages are always less than 0.5% for
m values betweenm = 0.7 (where SUM = 0.64) andm = 0.2
(where SUM = 0.1) and 1.6% for m values between 0.2 and
0.05 (where SUM = 0.0078). The practical range of m is
roughly between 0.67 and 0.05, corresponding to a range of p
between 4 and 40. Thus, within that range the accuracy of the
rational expression is quite sufficient. The differences in the
results for soils 1, 2, and 3 of Table 1 using the vG or BC
expressions are sufficiently small that part of the difference may
have come from these small errors, but from a practical pdint
of view that has essentially no impact on the merit of the .
proposed equivalence. '
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