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[1] The effects of gravity on flow through variably saturated soil layers are investigated
quantitatively using two new analytical solutions and a numerical model. In all cases,
steady state flow occurs laterally through a tilted, rectangular layer of soil with a constant
hydraulic head on either end. The first solution is for gravity-driven flow through a
tilted layer with sublayering parallel to the slope. As intuitively suggested by earlier
investigators, flow occurs parallel to the floor of the layer and the pressure head is a simple
function of the normal distance from the floor of the layer. The second analytical
solution is for a tilted soil layer described by a Gardner soil model with both gravity
and pressure head gradients. Flow velocities remain parallel to the layer floor, which
is confirmed by numerical simulations. This is in contrast with chosen non-Gardner
examples for which the flow does not necessarily remain parallel to the floor.
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1. Introduction

[2] The importance of soil layers on water movement is
widely recognized. Weyman [1973], as a part of his inter-
pretation of a complex field experiment, concluded ‘‘that,
in general, either distinct soil horizons or impermeable
bedrock are essential for the initiation of lateral flow.’’
Zaslavsky and Sinai [1981], as a part of a series of papers,
performed a rigorous analysis that addresses the causes for
lateral flow; but their emphasis was primarily on the
effects of the interfaces between parallel, sloping beds
on vertical flow. Those effects are of considerable interest
from the standpoint of capillary diversion with respect to
diverting flow around buried objects or wastes [e.g.,
Selker, 1997; Philip, 1998; Warrick, 2003].
[3] This study examines lateral flow through variably

saturated inclined soil beds under steady state flow. In all
cases considered, an impermeable sloping layer underlies a
finite depth of soil, with flow occurring as a result of gravity
and/or pressure gradients in the direction of the slope. The
initial motivating factor was an examination of the effects of
gravity on horizontal flow through shallow soil slabs in the
laboratory to determine for what conditions, if any, the
analysis of the system could be simplified by neglecting
gravity. The results presented here are also applicable for
field conditions (e.g., hill slope flow). The objective of this
study is to develop a more complete description of flow
through a rectangular soil layer as a function of slope. We
first present an existing solution for flow due to an overall

pressure gradient through a horizontal homogeneous layer.
We then examine flow parallel to a sloping bed due only to
gravity, presenting a new solution and numerical compar-
isons using Gardner [1958] and Van Genuchten [1980] soil
hydraulic models. Finally, we develop a new solution for
sloping layers experiencing both gravity and pressure head
gradients in the down slope direction and present a numer-
ical example for two soils using the Van Genuchten [1980]
soil hydraulic model.
[4] It is our experience that accurate numerical solutions

for flow in long thin slabs can be difficult. Recently Tracy
[2006, 2007] gave various analytical solutions for flow in
a Gardner soil in two- and three-dimensional horizontal
slabs, and suggested that they could be used for testing
numerical solvers. Our simple analytical solutions for flow in
horizontal and tilted slabs can also be used for this purpose.

2. Theory

[5] Three analytical solutions to flow though unsaturated
soil layers are presented. The first two apply for all hydraulic
conductivity relationships; the third assumes a Gardner soil.
All assume an isotropic soil experiencing steady state flow
conditions bounded on the top and bottom by zero flux
boundaries; this can include impermeable media and the soil
surface in the absence of infiltration and evaporation.

2.1. Solution for a Homogeneous Horizontal Layer
When Gravity is Ignored

[6] One-dimensional steady flow through an unsaturated
layer of uniform soil is well known and easily described
when gravity is ignored. To show this, we use Darcy’s law
giving the flux Jx [LT

�1] in the form

Jx ¼ �K
dh

dx
¼ � df

dx
ð1Þ

with K [LT�1] the unsaturated hydraulic conductivity
function, h [L] the pressure head, x [L] the horizontal
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direction and f [L2T�1]the Kirchhoff (matric flux) potential
defined by

f hð Þ ¼
Zh

�1

K uð Þdu ð2Þ

[7] From (1), f varies linearly with x and is

f xð Þ ¼ f1 þ
f2 � f1ð Þ

L
x ð3Þ

[Note that throughout we follow the commonly used
convention that if spatial coordinates are used for the
Kirchhoff flux potential, then f is for h evaluated at that
position]. This assumes constant pressure heads at each of
the two boundaries corresponding to f = f1 at x = 0 and
f = f2 at x = L. The Darcian flux is

Jx ¼
f1 � f2ð Þ

L
ð4Þ

and the volumetric flow rate Qh [L2T�1] per unit width
[L] through a horizontal layer of height d [L] is

Qh ¼ Jxd ¼ f1 � f2ð Þd
L

ð5Þ

Note that the above results apply for all forms of the
hydraulic conductivity function.

2.2. Tilted Layer With Flow Due Only to Gravity With
Heterogeneity Perpendicular to the Slope

[8] We now consider a tilted layer as in Figure 1B, but
with h1 = h2 where h1 and h2 are the pressure heads defined
at bases of the inflow and outflow boundaries. Furthermore,
each of these boundaries has a constant hydraulic head

equal to h1 plus the elevation at the base of the boundary.
The pressure head h1can be positive in which case at least a
part of the layer will be saturated. The layer of thickness
d[L] is tilted at an angle g between 0 and 90 degrees with
respect to the horizontal. We allow heterogeneity perpen-
dicular to the slope (i.e., layers parallel to the base). It is
convenient to define new coordinates x* and z* that are
respectively parallel to and at right angles to the layer, in a
manner similar to those by Philip and Knight [1997]. The
new coordinates are related to x and z by

x* ¼ x cos g � z sin g

z* ¼ x sin g þ z cos g
ð6Þ

[9] For the imposed constant hydraulic head boundaries,
the corresponding pressure head h at either end is

h ¼ h1 � cos gð Þz* ð7Þ

[10] We hypothesize that (7) is true for all x*. A conse-
quence is that the Darcian flow in the Jx*–direction
(parallel to the sloping bed) is

Jx*
¼ �K z*; h

� � @h

@x*
� sin g

� �
¼ K z*; h

� �
sin g ð8Þ

[11] Use is made of a double argument for the unsaturated
hydraulic conductivity in K(z*, h) to reflect the possibility
of a functional dependence on the perpendicular distance z*
as well as the pressure head. Therefore flow is solely a result
of the ‘‘sin g’’ term, which describes the component of
gravity in the x* direction. The constant hydraulic head
inflow and outflow boundaries impose zero flux in the Jz*–
direction (perpendicular to the sloping bed) at the bound-
aries. More generally, the Darcian flow in the Jz*–direction
throughout the layer is

Jz*
¼ �K z*; h

� � @h

@z*
þ cos g

� �
¼ 0 ð9Þ

[12] For steady state flow, the divergence of the Darcian
flux must be 0

@Jx*
@x*

þ
@Jz*
@z*

¼ 0 ð10Þ

[13] A comparison of (8) and (9) reveals that (10) is
indeed satisfied. Also, the boundary conditions at x* = 0 and
L are satisfied and hence we have verified that h given by
(7) is indeed the true and unique solution. As a result, the
pressure head h is given by (7) at all positions within the
layer and the flow direction is everywhere parallel to
the base of the bed.
[14] The stream function is independent of x* and found

by integrating Jx* from z* = 0 with the result

y z*
� �

¼ sin g
Zz*
0

K u; h1 � u cos gð Þdu ð11Þ

(with u a dummy integration variable). The total flow
through a unit thickness of the layer of height d is Q = y (d)

Figure 1. (A) Horizontal and (B) tilted slab.
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[L2T�1]. The ratio of flow through a tilted layer (Q) to flow
in the same layer, oriented vertically (Qv), is

Q

Qv

¼
sin g

Rd
0

K u; h1 � u cos gð Þdu

Rd
0

K u; h1ð Þdu
ð12Þ

[15] Each integral is an arithmetic average of the hydrau-
lic conductivity, Kavg, in the z* direction taken over the
range of the pressure head in the z* direction with

Kavg d; h1; gð Þ ¼

Rd
0

K u; h1 � u cos gð Þdu

d
ð13Þ

[16] Combining (12) and (13) gives an alternative form:

Q

Qv

¼ sin gð ÞKavg d; h1; gð Þ
Kavg d; h1; 0:5pð Þ ð14Þ

[17] For a homogeneous soil, the denominator is simply
the hydraulic conductivity evaluated at a pressure head of
h1, consistent with the case for a unit vertical hydraulic
gradient.
[18] Note that the above results apply for all forms of the

hydraulic conductivity function including cases where K
varies with z*.

2.3. Solution Using a Gardner Soil for h1 Not
Necessarily Equal to h2 for a Homogeneous Layer

[19] Consider the two dimensional layer of height d and
length L as shown in Figure 1B but now allow h1 and h2
to differ. Assume a Gardner soil [Gardner, 1958] that has
an unsaturated hydraulic conductivity function defined as
K(h) = Ks exp(ah) with Ks [LT

�1] and a [L�1] appropriately
chosen soil-specific constants. In this case, the Kirchhoff
flux potential from (2) is simply f = K/a.
[20] In the x* � z* coordinates, the steady state Richards

equation is

@2f
@x2

*

þ @2f
@z2
*

� a sin g
@f
@x*

þ a cos g
@f
@z*

¼ 0 ð15Þ

[21] Appropriate boundary conditions for f at x* = 0 and
x* = L are

f 0; z*
� �

¼ f1 exp � a cos gð Þz*
� �

ð16Þ

f L; z*
� �

¼ f2 exp � a cos gð Þz*
� �

ð17Þ

with f1 and f2 the Kirchhoff flux potentials at the inflow
and outflow ends of the layer, respectively. (These boundary
conditions follow from keeping H1 and H2 constant on each
x* boundary.)
[22] We assume a separable solution of the form

f x*; z*
� �

¼ f x*
� �

exp �a cos gð Þz*
� �

ð18Þ

[23] Substitution of the right side of (18) appropriately in
(15) leads to

d2f

dx2
*

� a sin gð Þ df

dx*
¼ 0 ð19Þ

[24] Integration and substitution into (18) lead to the
general solution

f x*; z*
� �

¼ A exp a sin gð Þx*
� �

þ B
	 


exp �a cos gð Þz*
� �

ð20Þ

with A and B constants. Use of boundary conditions (16)
and (17) leads to the eventual result of

A ¼ f2 � f1

exp a sin gð ÞL½ � � 1
ð21Þ

B ¼ f1 � A ð22Þ

f x*; z*
� �

¼
f2 � f1ð Þ exp a sin gð Þx*

� �
� 1

� �
exp a sin gð ÞL½ � � 1

þ f1

� �

	 exp � a cos gð Þz*
� �

ð23Þ

[25] The flow in the x* direction (along the layer) is

Jx*
¼ � @f

@x*
þ a sin gð Þf ð24Þ

or

Jx*
¼ Ba sin g exp � a cos gð Þz*

� �
ð25Þ

[26] Setting the stream function along z* = 0 to zero and
integrating (25) with respect to z* gives the stream function
y

y z*
� �

¼ B tan g 1� exp �az* cos g
� �� �

ð26Þ

Note that both Jx* and y are independent of x*.
[27] For small values of g

exp a sin gð Þx*
� �

� 1

exp a sin gð ÞL½ � � 1



x*
L

ð27Þ

with an error of the order of sin g. Use of (27) in (23) gives
a simplified expression for f that is linear with respect to x:

f x; zð Þ 
 f2 � f1ð Þ x=Lð Þ þ f1½ � exp �az½ � ð28Þ

where x and z have been substituted for x* and z*,
respectively. For the Gardner soil model, f = K/a and the
hydraulic head corresponding to (28) is:

H 
 h1 þ
1

a
ln 1� x

L
þ exp a h2 � h1ð Þ½ � x

L

n o
ð29Þ

[28] Because Ba sing approaches (f1 � f2)/L for small
slopes, (25) reduces to a simplified expression for the flow
velocity in the x direction

Jx 

f1 � f2

L

� �
exp �azð Þ ð30Þ

W08438 WARRICK ET AL.: STEADY STATE WATER FLOW THROUGH SOIL

3 of 8

W08438



and the stream function from (26) becomes

y zð Þ 
 f1 � f2

aL

� �
1� exp �azð Þ½ � ð31Þ

[29] For the tilted case and flow due only to gravity, h1 is
equal to h2 and (23) simplifies to a function of z* only:

f z*
� �

¼ f1 exp � a cos gð Þz*
� �

ð32Þ

[30] This is consistent with h given by (7) and hence
the stream function (11) applies. For the Gardner soil,
the ratio of the total flow through a layer tilted at an
angle g to that for the same layer oriented vertically, is
found using (12) and the conductivity function K(h) = Ks

exp(ah)

Q

Qv

¼ tan g
ad

1� exp �ad cos gð Þ½ � ð33Þ

[31] Note that this ratio is independent of h1 and h2.

3. Examples and Calculations

[32] Uses of the presented analytical solutions are illus-
trated in five examples. The emphasis of these examples
is to show how gravity and soil hydraulic models affect
flow through a layer or layers of soil, both for the
horizontal case and for a sloping case. First, the impact
of gravity on the flow through a horizontal layer is
examined. Second, the differences due to soil models
[e.g., Gardner, 1958; Van Genuchten, 1980] are illustrated
for a horizontal layer. Third, for gravity driven flow
(without an overall pressure head gradient in the direction

of the slope) we examine the effect of the slope of the
layer on flow, comparing the flow rates though inclined
soil layers to the vertical flow rate under unit gradient flow
conditions. Fourth, the hydraulic head distribution in an
inclined, layered system described using both Gardner and
van Genuchten soil models is presented to illustrate that
for flow through an inclined layer the flow is parallel to
the lower boundary for the Gardner soil, but generally not
for the van Genuchten soil.

3.1. Example 1. Gravity Effects on Flow Volume
Through a Horizontal Layer

[33] We compare the contributions of gravity and capil-
larity to flow through a horizontal layer (Figure 1A) using
the Gardner soil model. The total flow per unit width, Q,
follows from (31) with z* set equal to the thickness d:

Q ¼ f1 � f2

aL

� �
1� exp �adð Þ½ � ð34Þ

[34] As both capillarity and gravity are included in Q, the
effect of gravity can be expressed as the ratio:

Q

Qh

¼ 1� exp �adð Þ
ad

ð35Þ

where Qh is given by (5). For small values of ad, the
effect of including gravity in the analysis is very small
(see Figure 2A). Specifically, if ad is less than 0.1, the
ratio will be greater than 0.95 or the ‘‘error’’ of neglecting
gravity when estimating the flux will be less than 5%. A
reasonable range of a values is 0.2 to 5 m�1 [Philip,
1983], with finer textured soils having the smaller values
and coarser textured soils having larger values. Larger
values are given by Warrick [2003] and, in fact, the values
corresponding to the two soils used in the following
examples exceed Philip’s range. Thus to keep the error
smaller than 5%, a fine-textured material with a = 0.2 m�1

might be as thick as d = 0.1/0.2 = 0.5 m; a corresponding
number for an intermediate texture with a = 1 would be
d = 0.1/1 = 0.1 m. For a still coarser soil, it may not be
appropriate to ignore gravity for even very thin layers.
[35] The drop in hydraulic head from the inlet to outlet

will necessarily be nonlinear for unsaturated conditions as
the hydraulic conductivity decreases with decreasing pres-
sure head. However, for small a or for small changes in the
total hydraulic head, this effect will be minor because
the changes in hydraulic conductivity are very small over
the flow length. Figure 2B is a plot of the normalized
hydraulic head (H � H2)/(H1 � H2) for three values of
a(H1 � H2) based on (29). For the smallest value of
a(H1 � H2) = 0.01, which represents a minor change in the
hydraulic head gradient from the wetter end to the drier end

Figure 2. (A) The effect of gravity on flow in a layer of
Gardner soil presented as the ratio of flow considering and
ignoring gravity as a function of dimensionless ad. (B)
Normalized head drop as a function of position for a
horizontal layer. Results are shown for a(H1 � H2) = 0.01,
0.1 and 1.

Table 1. Soil Model Parameter Values

Ks(mm s�1) qs (�) qr (�)

Van Genuchten Gardner

avG (m�1) m (�) aG(m
�1)

Berino loamy fine sand [Hills et al., 1991]) 31.3 0.321 0.083 5.50 0.337 24.3a

Shontik sandy loam [Hussen and Warrick, 1993] 14.9 0.411 0.090 2.49 0.419 7.92a

aCalculated from Van Genuchten model using (36).
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of the system, the decrease in the relative head is nearly
linear. For the largest a(H1 � H2) = 1, there is an increase in
the normalized head above the 1:1 line as x/L increases and
then a return back to the 1:1 line at the outflow end of the
system (x/L = 1).

3.2. Example 2. Comparison of Different Hydraulic
Conductivity Functions for a Horizontal Layer

[36] Simulated flow through a horizontal homogeneous
slab depends on the soil model. Here we demonstrate
the differences between flow fields computed using either

the Gardner soil model or the van Genuchten soil model. The
flow fields are simulated by solving the steady state Richards
equation in the FEMLAB finite element modeling envi-
ronment (Comsol, New Birmingham, MA, USA). The
model domain is shown in Figure 1A with L = 1 m and
d = 0.25 m. The upper and lower boundaries are zero flux;
h1 is 0 m, and h2 is �0.2 m, respectively. Soil model
parameters for the Berino loamy fine sand and are given in
Table 1. The van Genuchten model parameters are from
Hills et al. [1991] and the equivalent Gardner alpha
parameter was computed by numerical integration of the

Figure 3. Flow though a horizontal layer of Berino loamy fine sand. (A) uses the Gardner soil model,
and (B) uses the Van Genuchten soil model. The blue lines are hydraulic head, the green lines are
pressure head, and the red lines are stream lines.

Figure 4. Effect of slope on gravity-driven flow through a layer, shown as the ratio of the flow at a
given angle (Q) to that for the same column and boundary conditions oriented vertically (Qv). Results are
shown for (A and B) the Berino loamy fine sand and (C and D) the Shontik sandy loam. The layer
thicknesses are d = 0.1 and 0.25 m and four values of the upper hydraulic head H1 = 0, �0.01, �0.05 and
�0.1 m are used.
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van Genuchten hydraulic conductivity function between
h = 0 and h = �1 m:

a ¼ K�1
s

Z0

�1

K hð Þdh

0
@

1
A

�1

ð36Þ

[37] The numerical model was validated against the
analytical solution using the Gardner soil by comparing
both the head distribution and the total flow through the soil
layer. The total flow computed using the numerical model
matched the flow from (34) to three significant figures.
[38] Flow nets for both soil functions are presented in

Figure 3. The blue contours are hydraulic head, green
contours are pressure head, and red contours are stream
functions. Contour intervals are 0.02 m, 0.05 m and
1 � 10�8 m2s�1 for hydraulic head, pressure head and
stream function, respectively Flow predicted using the
Gardner soil model is horizontal, parallel to the upper

and lower confining layers. Flow is concentrated in the
lower portion of the soil slab, which is the wettest section
of the slab with the highest hydraulic conductivity. For this
example, 90% of the flow occurs in the lower 37% of the
soil slab. Flow predicted using the van Genuchten soil
model is not horizontal. The stream lines trend up and the
flow tubes widen toward the dry end of the soil slab. For
this soil model, 90% of the flow occurs in the lower 58%
of the soil slab at the left (wet) boundary and within the
lowest 73% of the right (dry) boundary. The total flow
per unit width through the van Genuchten soil is higher
than the Gardner soil (7.45 � 10�8 m2s�1 compared to
4.86 � 10�8 m2s�1).

3.3. Example 3. The Effects of Slope

[39] We now examine the effect of the slope, g, on
flow through a homogeneous bed, driven only by gravity
(h1 = h2). A plot of the flow through a sloped layer compared
to the flow through the same layer oriented vertically is
given as a function of the slope angle in Figure 4. Plots are
for the Berino fine sand [Hills et al., 1991] and Shontik

Figure 5. Flow through a layered soil described using the Van Genuchten soil model. Panel A is
Shontik overlying Berino (shaded), and Panel B is Berino (shaded) overlying Shontik. The soil layers are
inclined at 20 degrees from horizontal and h1 = h2 = d/(4 cos g). The blue lines are hydraulic head, the
green lines are pressure head, and the red lines are stream lines.
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sandy loam [Hussen and Warrick, 1993] for d = 0.1 m and
d = 0.25 m. For the thinner slab of fine sand (Figure 4A)
the flow ratios start from 0 and advance monotonically
toward 1 as the slope ranges from 0 to 90 degrees for all
values of H1, as expected. Results are similar for the thicker
slab of fine sand (Figure 4B), but the rate of increase is small
for small slopes and then increases as the slope approaches
90 degrees. As predicted by (13), increasing the layer
thickness results in a lower average hydraulic conductivity
and (14) will always be less than one. The overall responses
are more strongly nonlinear and show a stronger dependence
on H1 for the sandy loam (Figures 4C and 4D).

3.4. Example 4. A Two-Layer Variably-Saturated Soil
With Flow Due Only to Gravity

[40] As shown previously, gravity driven flow within a
layered confined soil is parallel to the dipping bed irre-
spective of the soil hydraulic functions for unsaturated and
partially saturated flow conditions. This is demonstrated
using a two-layer soil composed of layers of Berino loamy
fine sand and Shontik sandy loam using the parameters in

Table 1. Computations were completed using the same
numerical model used for Example 2. The model domain
is constructed as in Figure 1B with parallel soil layers at a
twenty degree slope. Flow is simulated for layered soil beds
composed of Berino soil overlying Shontik soil and vice
versa (referred to as B/S and S/B respectively). The pressure
head at the base of the inflow and outflow boundaries is
h1 = h2 = 0.25dcosg = 0.059 m.
[41] Flownets for both layered soil scenarios are shown in

Figure 5. As in Figure 3, blue contours are hydraulic head,
green contours are pressure head, and red contours are
stream function. However, the contour intervals are 0.1 m,
0.04 m, and 2 � 10�7 m2s�1 for hydraulic head, pressure
head and stream function, respectively, which differ from
those used in Figure 3. The numerical simulations agree
with the theory; in both cases flow is parallel to the soil
layering. For the flow conditions simulated, the greatest
total flow per unit width of the soil slab occurs for Shontik
soil overlying Berino soil (1.19 � 10�06 m2s�1), the
smallest total flow occurs for Berino overlying Shontik

Figure 6. Flow through Berino soil due to pressure head and gravity gradients using Gardner (panel A)
and Van Genuchten (panel B) soil models. Pressure head at the base of the inflow boundary (left) is 0 m
and pressure head at the outflow boundary (right) is �0.2 m. The blue lines are hydraulic head, the green
lines are pressure head, and the red lines are stream lines.
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(6.89 � 10�07 m2s�1), and the homogeneous soils
(Berino and Shontik) have intermediate total flow rates
(1.08� 10�06 m2s�1 and 7.95� 10�07 m2s�1, respectively).
These results can be explained based on the hydraulic
conductivities of the soils above and below the pressure
head at the boundary between the layers. Specifically, the
Berino soil has a higher average hydraulic conductivity for
the wetter conditions associated with the lower layer,
whereas the Shontik soil has a higher average hydraulic
conductivity for the drier conditions associated with the
upper layer. As a result, the S/B configuration subjects both
soils to conditions that lead to higher hydraulic conductiv-
ities than the B/S configuration. In both layered cases,
approximately 80% of the flow occurs in the lower partially
saturated bed. This is intermediate between the homoge-
neous cases, where 88% of the flow occurs in the lower half
of the Berino soil and 70% of the flow occurs in the lower
half of the Shontik soil.

3.5. Example 5. Comparison of Generalized Flow
Through Soil Layers Using Two Soil Hydraulic Functions

[42] The most general homogeneous flow scenario is for
a dipping soil with flow due to both gravity and pressure
head gradients. Using the numerical model described in
Example 2, flow through dipping beds (g = 20�) of Berino
loamy fine sand are simulated using both Gardner and van
Genuchten soil models. The pressure head at the base of the
inflow boundary (h1) is 0 and the pressure head at the base
of the outflow boundary (h2) is �0.2 m. The hydraulic
head of the inflow boundary is H1 = Lsing and the
hydraulic head of the outflow boundary is H2 = �0.2 m.
As predicted by (26), the stream lines in the Gardner soil
flownet are parallel to the base of the system (Figure 6).
Comparison of the flow per unit width through the sloping
bed matches the analytical solution to three significant
figures. Stream lines using the van Genuchten soil are
parallel only for a vertical system (g = 90�). For the tilted
system shown in Figure 6, there is a slight upward compo-
nent of flow at the outflow end of the column.

4. Discussion and Conclusions

[43] Flow through a single horizontal layer was analyzed
both with and without consideration of gravity effects.
When gravity is not included in the analysis, the flow
results are easily described in terms of the Kirchhoff flux
potential gradient for all types of hydraulic functions.
Therefore at least in a laboratory setting where acceptable
conditions for this simplified analysis can be ensured, the
basic flow process can be studied using simply the Kirchh-
off flux potential. Results with a Gardner soil demonstrated
that the key criteria describing whether gravity becomes
significant is the dimensionless product of the sorptive
number, a, and the layer thickness, d. For small values of
ad (e.g., <0.1), the ratio of flow with and without gravity
considerations is approximately unity and the effect of
gravity on flow is small. These results hold for the Gardner
soil property formulation if the pressure head at the inlet and
outlet are not equal; for these conditions, the Van Genuchten
[1980] relationship predicts a slight upward component of
flux relative to the horizontal soil bed.
[44] For a tilted flow domain with layering parallel to the

base and flow due only to gravity, it was proven that

the flow lines will be parallel to the bedding regardless of
the soil hydraulic function. This is true for any degree of
heterogeneity represented by continuous layers parallel to
the base of the tilted soil system and for both unsaturated
and partially saturated conditions, which confirms earlier
speculations [Weyman, 1973]. Numerical results also dem-
onstrated that for both homogeneous and layered materials,
the streamlines are parallel to the floor of the layer or
layered domain and the volume of flow agreed with that
shown by the theoretical results expressed in terms of the
average conductivity normal to the floor of the domain.
[45] A further example was provided for flow through a

tilted layer of homogeneous soil which had lateral gradients
of pressure head as well as gravity effects due to tilting. In
this case, the choice of soil model defines the simulated
flow system. For Gardner soils, the flow paths are parallel to
the floor of the domain as predicted by the theory. However,
for van Genuchten soils, there is an upward component to
flow at the outflow end of the column.
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