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A bstract Ourobjective was to develop a method
of infiltration simulation that could be applied in crop
models which use simplified soil water transport models.
Infiltration into layered soil profiles topped with a deposi-
tional crust is considered in this paper. The proposed
method, based on the Green-Ampt equation, uses har-
monic mean hydraulic conductivity in the wetting zone,
assumes the pressure head in the wetting zone to be close
to pressure head under the seal, and treats the wetting front
pressure head as a value which provides for conservation
of the integral mean hydraulic conductivity of the wetting
front. The method was validated against results of numeri-
cal solution of Richards’ equation for infiltration into a
three layered soil profile and two homogeneous soil
profiles with constant and transient seal conductance. Dif-
ferences of 2-5 % were found between cumulative infiltra-
tion and infiltration rate values calculated by the proposed
method and by the finite difference solution of the Ri-
chards’ equation. Largest differences arose during the
period when the wetting front passed the interface be-
tween layers. When the conductivity of the lower layer
was greater than the conductivity of the upper layer the
differences between the finite difference solution and the
proposed method was 10 to 15 % after 360 min.

K ey wo rd s: infiltration, Gren-Ampt aproach, hy-
draulic conductivity

INTRODUCTION

Solutions of the infiltration problem under
a range of conditions are particularly import-
ant for crop modeling. These conditions in-
clude layered soil profiles and soil sealing.

Sealing of the soil surface was gradually rec-
ognised as an important phenomena that can
influence both infiltration and surface runoff
[9,16]. Different management practices may
result in soil sealing, such as (a) precipitation
and sprinkler irrigation, (b) formation of de-
positional seals due to surface irrigation, and
(c) artificial soil sealing resulting from appli-
cation of polymeric substances.

A well known equation to predict infiltra-
tion into homogeneous soils without a seal is
the Green-Ampt equation [12]. The parameters
of the Green-Ampt equation were originally
claimed to be purely empirical. However
Philip [22], Morel-Setoux and Khanji [19], and
Neuman [21] have shown that these parame-
ters, in fact, have a clear physical meaning.

Several approximate methods have been
developed to extend the Green-Ampt equation
to cases of infiltration into a homogeneous soil
layer covered by a crust. These methods in-
clude a derivation and analytical solution of
the modified Green-Ampt equation [11,13] a
piece-wise approximate solution of the modi-
fied Green-Ampt equation [12,18], and the use
of the original Green-Ampt equation with par-
ameter values altered to take into account the
effect of the seal [5,23,24]. The use of latter
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approximations was limited to homogeneous
soil topped with a crust. Later Chu er al. [8]
and Wolfe et al. [30] expanded this technique
to the three-layer systems ’crust-soil-subsoil’.
Their methods also required estimation of ’ef-
fective’ [8] or 'wetted’ [30] hydraulic conduc-
tivities of the soil layers under crust directly
from infiltration experiments.

When Richards’ eqation is used to simu-
late infiltration, one can use conventional data
on hydraulic conductivity and water retention
dependencies on soil matric potential. No ef-
fective conductivities are required. Numerical
solutions of the Richards’ equation have been
used extensively to study the effects of sealing
on infiltration and runoff in layered soils. Fi-
nite difference and later finite element ap-
proximations of Richards’ equation have been
successfully applied to analyze infiltration into
sealed soil [1,28,29]. The development of this
methodology continues today [3.,25,27].

Numerically intensive solutions for infil-
tration, however, are not always needed in
crop models. Crop models generally require
short execution times to allow multiple runs
with varying scenarios. As a result, most crop
models contain rather simplistic repre-
sentations of infiltration. The IBSNAT [14]
models, which include CERES-MAIZE [15], for
example, use a capacity based infiltration
model where each layer of soil can hold a set
amount of water (defined by field capacity)
and any excess water is instantly moved to the
layer below. If crop models are to calculate
more realistic nutrient budgets and water avai-
lability to root systems, however, better infil-
tration subroutines need to be implemented. A
reasonable compromise between the capacity
based models and numerically intensive solu-
tions of the Richards’ equation would be an
approximate method based on the Green-Ampt
equation that can be used in layered soils with
and without a crust.

The aim of this work was to propose and
test the extention of the Green-Ampt methodo-
logy to quantify infiltration into layered soil
with a depositional crust using dependencies
of water retention and hydraulic conductivity

on soil matric potential for each layer. We
considered a depositional crust which re-
sults from surface irrigation and has both
variable and constant hydraulic conduct-
ance. We also considered both constant
and variable pressure head on the soil sur-
face above crust.

THEORY

We consider the physical system shown in
Fig. 1 which consists of a layered soil profile
with a surface seal. A layer of water present
above the seal infiltrates into the soil. The air
is assumed to flow freely in the profile, con-
centrations of solutes in the soil water are as-
sumed to be negligible, and therefore pressure
head of the soil water is equal to capillary
pressure head. The air entry pressure of the
seal is assumed to be a large ncgative number
so that the seal remains saturated.
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Fig. 1. The physical system under consideration.
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We consider movement of soil water as
obeying the Richards’ equation:
96 __dg (D

Jt dz

where coordinate z increases downwards, ¢q is
the downward flux of water expressed as:

dh
q——kaz+k

2)

h is capillary pressure head, k is soil hydraulic
conductivity, and 6 is volumetric soil water
content.

Integration of Eq. (1) over z from the soil-
seal interface z=0 to the depth z; below the

wetting front gives:

dvVv
W=‘I()“I,' 3
where:
y
v=] ©-0,)d:
0
dh
(]()=[_k$+k]z=0; 4)
dh
qi:[_k—a—z—+k]z=zl.

Here V is the total volume of water infil-
trated between the interface and the wetting
front, g, is the flux through the interface be-
tween seal and bulk soil, g; is a flux below the
wetting front, and z; is a vertical coordinate of
the wetting front.

We assume that:

a) q depends only on time and is equal to g (1)
everywhere between the interface ’seal-bulk

soil’ and the wetting front; below the wetting
front, g; is constant over the each layer since

the initial pressure head is constant over layers
but g; may vary for different layers;

b) differences between pressure head values at
opposite borders of any layer within the
wetted zone are small enough to allow the use

of the same pressure head value A in calcula-
tions of soil hydraulic conductivity in each
layer, where hy is a pressure head at the inter-
face ‘seal-bulk soil’.

We now derive expressions that define ¢,
and g;. If the wetting front is in the nth layer,
then after integrating q expressed by Eq. (2)

over each layer above the wetting front, we
have:

Az
—kl (hy) qo=hy—h, +Az
A22 N A
—(qn= -h,+Az
k2(h0)q0 1 2 2
Az, —1
k(hO) qozhn—2_hn—l+Azn—l
ki (5)
m‘qo—h"_l~hf+A2f D

Here the subscripted h’s are pressure
heads at the interfaces between the layers be-
ginning from beneath the seal (hy) to the layer
just above the wetting front (h, _,); hy is a
pressure head at the wetting front; Azj is a
thickness of the layer j, j=1.2...., n-1, Azf is a
distance between wetting front and upper bor-
der of the nth layer (the layer that contains the
wetting front); k; (hg) is a soil hydraulic con-
ductivity in the jth layer at pressure head Ay,
Jj=12,.., n.

Following Bouwer [4], we define har-
monic mean hydraulic conductivity as:

n—1

Z; Azj-+A:f
kel B A

+
£ ki) "k, (ho)

and make a summation of all equations in Eq.
(5). As a result, we obtain the expression for
the flux g,:
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z (7

which is essentially the same as in the Green
Ampt equation with wetting front depth Z
equalto z +A Zf.

Finally, g; is equal to:

q;=k, (h, ) ()
where h,, ; is the initial pressure head value in
the nth layer.

To define the wetting front pressure head
hs we use the fact that, in this model, the con-
tinuous hydraulic conductivity dependence on
pressure head k,(h) is replaced by piece-wise
constant dependence near the wetting front:

k, (ho) . h>hy

ky (hy ) o h<hy .

We sclect the value of hy which allows us
to preserve the average capillary conductivity
of the soil at the wetting front after replace-
ment of the continuous conductivity by the
piece wise one. Such a value of hy requires:

h0

(o= hp) by (he) + (= h, )k, (h, =] kalh.
h

ni

kny= ©)

n, i

(10)

In the right hand side of the equality in
Eq. (10) we have the integral average conduc-
tivity of the wetting front calculated for the
continuous hydraulic conductivity function,
and in the left hand side of Eq. (10) we have
the integral average hydraulic conductivity
calculated for the piece-wise hydraulic con-
ductivity function. The explicit expression of
hf follows from Eq. (10):

k_ (hy)

[ hak
k (h)

1

"= g — k() (1)

This method of calculating the wetting
front capillary pressure head was proposed by
Mein and Larson [17] and later used by Morin
et al. [20].

Earlier, we made the assumption that the

soil hydraulic conductivity above the weitting
front is equal to the soil hydraulic conductivity
at the pressure head h=h, in any layer. Now
we add the assumption that soil water contents
above the wetting front are equal to the soil
water content at pressure head Ay in any layer.
In this case, the value of the total mass of the
infiltrated water above the wetting front will
be equal to:

n—1

467) =z{ (8 () = 6, (h; )] Az;+
J=

[en (hO) - en (hn‘i)] A zf (12)

where A zj are the same as in Eq. (5), the wet-

ting front is assumed to be in the nth layer, and
ej (h) is the dependence of soil water content

on pressure head in the jth layer, index i means
initial value.

In addition to the equations of soil water
movement, we have the equation of infiltration
through the scal:

hj—ho
q(): S

13)

where h_ is the pressure head on the surface of
the seal, and § is the hydraulic conductance of
the seal. We assume that the value of § may
explicitly depend on time but not on the pres-
sure head under the seal, h, (because the seal
is always saturated). The value of A, also may
depend on time. Eliminating ¢, from Eq. (13)
and Eq. (7) results in the following relation-
ship between k) and z:

hy—hg s (14)

y H
AS A.f

ho— hf+ z

where k;; depends on A according to Eq. (6)
and hf depends on k) according to Eq. (11).
Now we have all the equations necessary
to calculate infiltration through the seal. The
calculations for the case of constant s and §
are presented here. Modifications can be readily
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done for the case of h decreasing during infil-
tration.

We consider a set of sequential depths of
the wetting front: z;)=0, 2}, Z75...., Zrp. As-
sume that we know the values of V,hy 1, g
q; » and time 7, for the moment when wetting
front has reached the depth z;;. We calculate
new values Vi 7. hgypr Qogerr digsrr aNd
time 1, for the wetting front arrival to the
next depth z,,. First, we find the layer n
corresponding to depth z;, ,. Second, we
compute Ay ., from Eq. (14) solving this non-
linear equation with known n and z=z; ;.
Third, we find ¢q,,,, from Eq. (13/)_ with
known hy=h, . ;. Fourth, we calculate g;,,
from Eq. (8). Fifth, we obtain V,_; from Eq.
(12). Finally, to obtain t;, ;, we will use an ap-
proximation of Eq. (3):

Verr =V Lo
=1, 2 k1T o™ G ™

(15)

Up to this time, all values in Eq. (15) are
known except 1, ;. Finding ;, completes a
step of calculations. Now all values with sub-
script k+/ are known, and we can find the
values for the wetting front depth z,, ,. To begin
calculations, we put V=0, 1,=0, hy=h;, and
determine g, , from Eq. (13) and g; , from Eq. (8).

Model testing

We tested the model using the results of
numerical simulations of infiltration into
sealed soils published by Eisenhauer et al.
[10]. In their paper, a broad variety of infiltra-
tion events was simulated using a finite dif-
ference numerical solution of the Richards’
equation. We selected data on infiltration into
five soil profiles; three had two layers and two
were homogeneous. Both time-dependent and
constant seal conductance was simulated. Data
on soil properties are in the Table 1. This table
also contains parameters of the equations used
to describe soil hydraulic properties:

W
0= 10,=6)5) A, I<h,
66 h2h,,

"

)2+37\, h,hw

h
‘o k, (7‘" (16)
X h2h,,,

w

Here 0 is a volumetric water content, 6, is a
saturated water content, 6, is the curve-fitting

parameter, 4 is a capillary pressure head, 4,, is
the water entry capillary pressure head, A is
the Brooks-Corey’s pore size distribution
index, k is a hydraulic conductivity, k,, is the
saturated soil hydraulic conductivity.

The soils, which were layered, were sandy
loam, loam and silty clay loam textures and
had marked differences in clay and silt content
(Table 1). The properties in the tillage layer
were assumed to represent uniform sandy loam
and silty clay loam profiles. Initial pressure head
was 4000 mm, -7000 mm, and -10000 mm in
sandy loam, loam, and clay loam, respectively,
in all layers. The pressure head at the seal sur-
face was 30 mm.

To simulate seal conductance dependence
on time, Eisenhauer et al. [10] fitted their ex-
perimental data on crust resistances with non-
linear equations. In our notations, these
equations are:

§=3.45[1+(t/82)>%],  S=15.6/(1-1/420.),
and S$=3.73 exp(1/103) for sandy loam, loam,
and silty clay loam. respectively; both § and ¢
are expressed in minutes here.

We performed calculations using the in-
crement z; . ;— z;=2 mm. The nonlinear equa-

tion, Eq. (14), was solved by the van
Wijngaarden-Dekker-Brent method [6].

RESULTS AND DISCUSSION

In Figures 2 and 3. and in Table 2 we pre-
sent results of the comparison of two the meth-
ods of infiltration simulation: numerical
solution of Richards’ equation and the ap-
proximate Green-Ampt method of this paper.
After 360 min simulated time, the differences
between the results of the two methods do not
exceed 2 %, 3 %, and 5 % for sandy loam,
loam, and silty clay loam, respectively.

The difference in performance of the two



26 Y.A. PACHEPSKY, D. TIMLIN

T able 1. Properties of soils from Eisenhauer er al. [10]

Sand Silt Clay  Organic Aggregate Bulk 6, 6 h . A kn:
matter __ stability densif (mm min”)
(%) (gem ™) (mm)
Tripp sandy loam
66 22 12 0.9 14 1.29% 0.42 0.13 -429 1.16 1.23
: 1.54** 0.38 0.18 -641 1.42 0.21
Ortello loam
13 45 19 32 54 1.09 0.48 0.00 -106 0.155 0.25
1.29 0.47 0.17 -383 0.656 0.09
Sharpsburg silty clay loam
16 54 + 30 27 29 1.09 0.48 0.18 -23 0.228 0.82
1.29 0.45 0.24 -525 0.720 0.19
*ti].lage layer, “subsoil.
250 T T T 700 T T T
200 + /O ] sor 1
500 4
150 - 400 + 4
100 k- sandy loam | 300 sandy loam-
E layered 200 F uniform 4
Sy profile T 100}k profile 4
g O T T T O T T T
° 150} /O 4 1s0f . ]
= (¢}
c 100 | O/ 4 100} 4
) 5 .
.3 50 | silty clay loam - 50 | silty clay loam4
o layered profile uniform profile
2 0 T T T 0 L L L
g 120 - _o 0 100 200 300 400
O oot o7 -
80 F / i
60 - i loam b
40 - layered
20 - profile 4
0 1 1 i
0 100 200 300 400
time, min

Fig. 2. Calculated dependencies of the cumulative infiltration on time using the modified Green-Ampt method and nu-

merical simulations of the Richards’ equation.

methods may be clearly seen in Fig. 4, where
the infiltration rate dependence on time is
shown. There is little difference while the wet-
ting front is in the upper layer or after the wet-
ting front passes the interface between layers.
The largest differences occur during the pas-

sage of the interface between layers. The nu-
merical solution of the Richards’ equation pro-
vides smooth gradual changes of the infil-
tration rate. The Green-Ampt solution has a
sharp increase of the infiltration rate at the mo-
ment of passage through this interface.
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The increase shown in Fig. 4 can be
understood from data in Fig. 5 which shows
the simulated dynamics of pressure heads
under the seal and at the wetting front. The
seal conductance (S) is kept constant. Both the
pressure heads undergo a sharp decrease im-
mediately after the wetting front passes the in-
terface. This decrease is primarily the
consequence of differences in air entry pres-
sure head values. Eq. (16) shows that the soil

Yolo loght clay

Cumulative infiltration, cm

1000
Time, min

Fig. 3. Simulated cumulative infiltration in layered soil with
transient seal using the modified Green-Ampt method and
numerical simulations of the Richards’ equation.

hydraulic conductivity stays the same for any
pressure head value exceeding the air entry
value. Therefore, according to Eq. (11), the
wetting front pressure head will also be the
same for any pressure head h, greater than A,,,.

10 ¢ T T
b O sandy loam
o loam
——
1L 0T~

/

Infiltration rate, mm min
o

1000

Time, min

Fig. 4. Simulated infiltration rates for layered soils using
the modified Green-Ampt method and numerical simula-
tions of the Richards’ equation.

T able 2. Comparison of infiltration simulation results for the numerical solution of Richards’ equation and the ap-

proximate solution of this paper

Cumulative infiltration after 360 min (mm)

Infiltration rate at 360 min

Soil Seal (mm min'l)
N* A C N A

Sandy loam, Constant 225 225 220 0.365 0.370
layered Transient 232 229 236 0.363 0.367
Loam, Constant 128 128 126 0.202 0.203
layered Transient 133 129 134 0.199 0.202
Silty clay Constant 166 174 170 0.362 0.360
loam, layered Transient 206 198 208 0.327 0.336
Sandy loam, Constant 614 620 560 1.460 1416
uniform

Silty clay Constant 176 175 170 0.477 0.479

loam, uniform

*N - numerical finite difference solution of the Richards’ equation [10], A - Green-Ampt method of this paper, C -
method of this paper with wetting front pressure head calculated as capillary drive.
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Because air entry pressure head values of the
subsoil are much lower than those of the til-
lage layer, the wetting front pressure heads of
the subsoil are also much lower than those of
the tillage layer. That is why the wetting front
speeds up after passing the interface. This ac-
celeration requires an increase of the water
flux through the seal which can be achieved
only by decreasing the potential under seal.
The secondary effect, which moderates the de-
crease of the soil-seal interface potential A, is
the release of water from the tillage layer to
the subsoil due to decrease of the h, value.
This water moves to the subsoil and partially
provides the necessary amount of water to fill
the wetting zone,

The harmonic mean of the conductivities
may be inaccurate when the hydraulic conduc-
tivity increases with depth as when a fine tex-
tured layer overlies a coarse textured layer. In
this case the upper part of the profile is con-
trolling the infiltration rate but the harmonic
mean gives too much weight to the conducti-
vity of the lower part of the profile. We also
simulated this system to see how much error
results. We kept the thickness of upper layer
equal to 10 cm in these simulations. The con-
ductivities are the same as in Table 1 but the
sequence of layers has been inverted.

250 T T T

N

o

o
T

-

(]

o
T

100 -

O sandy loam

& loam J

o silty clay
foam

1 1

200 300

Cumulative infiltration, mm
(44
o

400
Time, min
Fig. 5. Dependencies of the pressure head of the wetting

front(h )and pressure head under a seal(ho)on time simu-
lated by the modified Green-Ampt method.

The results of the simulations are in Fig 6.
The Green-Ampt method predicted greater cu-
mulative infiltration than the numerical simu-
lations did. The differences are larger for the
sandy loam soil than for the loam. This is be-
cause the difference in conductivities between
the surface and subsurface horizons in the
sandy loam is greater than for the case of the
loam. The overall differences are 12.5 % for
the sandy loam and 11.0 % for the loam at 360
min. The differences increase as time in-
creases. Since, during rainfall, most infiltration
periods generally do not last longer than one
to two hours, the error in these cases will not
be large. For longer infiltration periods, as du-
ring irrigation, the error will be greater.

-200 sandy loam 1
-400 } p
€ _eo0} o 4
€
o
o
q) -
<
o :
~
3
®
[72]
) .
o't -200 | silty clay 9
" loam
-400 | 4
-600 | : 4
-800 1 L
10° 10 102 10°
Time, min

Fig. 6. Simulation of a two layer profile where the hy-
draulic conductivity is increasing with depth.

It has been generally accepted that a capil-
lary drive value 4, is a good approximation of
the wetting front pressure head to calculate in-
filtration using Green and Ampt approach
[19,21] for soils without a seal. This value was
calculated as:

0
1
he=1c hj k (h) dh
']

(17

where K is the saturated hydraulic conductiv-
ity. Ahuja [2] generalised the idea of the capil-
lary drive for the case of an unsaturated soil
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surface. He defined the corresponding value
as:

ho
R
=T }{ k (h) dh (18)

When we used the capillary drive value 4,
instead of he from Eq. (11) we found the corre-
spondence with numerical simulation results
to be generally worse (Table 2). For instance,
after 360 min of simulated time, we en-
countered values of 560 mm and 170 mm of
the cumulative infiltration into uniform layer
of sandy loam and of silty clay loam, respec-
tively. These values are 5-10 % less than the
corresponding values resulting from numerical
simulation. However, for layered silty clay
loam, introduction of capillary drive (k) pro-
duced better results than application of the Eq.
(11). While we feel that Eq. (11) is a better al-
ternative for capillary drive, the results of cal-
culations using A, from Eq. (17) will be

acceptable for most practical cases.

SUMMARY AND CONCLUSIONS

We developed an application of the Green-
Ampt infiltration equation for layered soils
topped with a crust. For the case where the hy-
draulic conductivity is decreasing with depth
the results compare favorably with numerical
simulations using the Richards’ equation. When
hydraulic conductivity is increasing with depth,
the method of this paper overpredicts cumula-

tive infiltration by 10 to 15 % after 360 minu- -

tes in a sandy loam soil. The method is an accep-
table substitute for infiltration equations in crop
models where speed of calculations is important.
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