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Soil Water Movement in a Uniform Hillslope Layered with Traffic Pan

( )

1. INTRODUCTION

Tracked and wheeled vehicles used during extensive tillage in Tsumagoi (Gunma Prefecture, Japan)
hillslope agricultural fields resulted traffic pan in unsaturated soils. Since densely-packed traffic pan may
create conditions that restrict water percolation during the rainfall, hydraulic conductivity contrast between
the top and traffic pan layers may lead to the development of the perched saturated zone, and downslope
saturated flow ensues above traffic pan. The most baffling observation of Tsumagoi hillslope fields is that
gullies and rills are developed mostly by extending their upper end uphill. This upward advance of erosion
channels is often caused by undermining, which seems to be due to soil water coming out of the soil.
Despite of decades of repeatedly focuses only on hillslope runoff mechanisms (summarized by Anderson
and Burt, 1990), the potential for the Tsumagoi hillslope saturation and erosion seems a perched water table
(hereinafter, referred to as PWT) intersected attribute Return Flow Generating Point (hereinafter RFGP) on
the slope topography, which is defined as location of the intersection of the PWT and the slope topography
attributed to the return of infiltrated rainwater. The unique character of RFGP has been hypothesized (Fig.
1a) analytically proposed such that it would explain erosion phenomena in hillslope saturation processes.
The hypothesis offers a fresh look at soil water movement in a uniform hillslope layered with traffic pan in
order to the hillslope saturation formation and occurrence of RFGP attributed to erosion initiation on the
variably saturated hillslope surface. The objectives of the study are to identify the mechanism of the
hillslope saturation formation by observing experimentally and numerically soil water movement in



uniform hillslope layered with traffic pan, and to understand the possible starting location of erosion on the
variably saturated hillslope surface by observing experimentally and numerically RFGP.

2. CHARACTERIZATION OF TRAFFIC PAN IN A HILLSLOPE FIELD

Agricultural hillslope field located near the Alpine Crops Research Center, Tsumagoi was chosen for
characterizing the presence of traffic pan based on the measurements of bulk density, saturated hydraulic
conductivity, soil resistance, and particle size distribution in the soil profiles. Acute increments in bulk
density and decrease in saturated hydraulic conductivity at 20 cm depth confirmed the presence of traffic
pan. Soil resistance values across the upslope, midslope, and downslope transect of a sub-plot suggested
that traffic pan layer was uniformly distributed at 20 cm depth. However, particle size analysis did not
reveal any significant changes in fraction distributions versus the soil depth. Preliminary assessment by
applying white paint tracer and entrenching tracer distributions on the soil vertical profile suggested that
water movement was stopped at traffic pan depth 20 cm.

3. THEORETICAL CONSIDERATIONS

To derive the two dimensional flow region of interest for Tsumagoi hillsllope, the vertical cross-section of
a sloping rectangular region ABCD illustrated in Fig.1 is considered. The saturated hydraulic conductivity
of the top (Ks) is much greater than that of the subjacent pan layer (Ks;). Boundary AB allows rainfall
infiltration. CD is no flux boundary because of the subjacent natural hard brown layers. DA is no flux
boundary since it corresponds to the upslope divide of the hillslope. BC is no flux boundary since there is
no incised stream channel at the bottom, and the hillslope opposing the hillslope is identical in character so
that BC becomes a line of symmetry. It was assumed that runoff removes from this flow region and drains
sporadically at the bottom of the hillslope.When the percolating rainwater reaches the interface
between the highly permeable top and very low permeable traffic pan layers, the PWT tends
to be developed at the downslope above traffic pan layer (Fig.1b). During the prolonged
rainfall, the PWT may then intersect the hillslope surface as RFGP, producing surface seepage
as return flow, and also preventing the entry of further rainfall onto the saturated area, which

runs off directly as saturation overland flow. With reference to Fig.1b, the intersection of the PWT
must coincide with RFGP along the hillslope surface that mass balance at RFGP cross-section (A'D") under
steady state can then be expressed as,

rLycosa = gA (1)
where r is the steady rainfall flux; L, is RFGP from the upslope; q is subsurface flux passing through RFGP
cross-section; and A is the saturation depth at RFGP section (D;+D;). The saturated zone is fed by water

moving out of the unsaturated soils during the prolonged rainfall. Assuming that soil is isotropic, flux q at
any depth of unsaturated soils, governed by Darcy’s law, is decomposed into gy and g,

ay = —K(a\g;n —sinaj (2)
a7 =— (6\;:] —COS(X] 3

where gy the flux component in the direction of x axis; g, is the component in the direction of z axis; K is
the unsaturated hydraulic conductivity and a function of matric head ¥y, of the soil water; and « is the
slope angle. The K is described by combining the van Genuchten’s soil water retention model with the
pore-size distribution model of Mualem as VGM model (van Genuchten et al., 1991). Assuming that the
PWT is always almost parallel with the slope bed so that the hydraulic gradient is equal to the hillslope
surface at RFGP, lateral subsurface flow passing through RFGP section is given by,

qyx = Kgsina
(4) where Kj is the saturated hydraulic conductivity. Hence, RFGP at steady state can be predicted from the
Eq. (1),
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Substituting the Eq. (4) into the Eq. (5) yields REGP from the upslope predictive equation,
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Fig.1. Definition illustrations of (a) RFGP hypothesis, and (b) the flow domain used for model hillslope
experiments and numerical simulations.

4. MODEL HILLSLOPE EXPERIMENT

Volcanic ash soils (Andisol) collected from Tsumagoi hillslope plot were used for the experiments.
Average values of the saturated hydraulic conductivities and bulk densities for the model hillslope top soils
were 0.0225 cm s and 0.3 Mg m™, respectively. These values for traffic pan were 0.00011 cm s™ and 0.7
Mg m?, respectively. Soil water retention behaviors for the soils were measured. The laboratory
experimental setup was composed of a rectangular soil packing Plexiglas box, a slope adjustable support, a
rainfall simulator, tensiometer assemblages for soil water pressure measurements system, and outflow
measurements system. All boundaries of the packing box were impermeable except for the hillslope surface
boundary. Field soils sieved to pass 2 mm screen were packed for the top 15 cm and traffic pan 5 cm layers
into the box. The 24 experimental runs were performed and the experimental runs were designated as 1, 2,
3, and so forth, up to 24 in the order given. For runs 1-20, rainfall rates 50, 80, 100, 125, and 150 mm ht
were applied for the 8, 12, 16, and 20° model hillslopes, respectively. The 15 cm top and 5 cm traffic pan
were packed at a 60~70% (mass basis) water content. For runs 21 and 22, 50 mm h™ was applied for the 8
and 20° hillslopes with shallow soils, respectively. The 10 cm top and 10 cm traffic pan were packed at a
63~70% water content. For runs 23 and 24, 50 mm h™ was applied for the 8 and 20° hillslopes with
relatively dry initial conditions, respectively. The 15 cm top and 5 cm traffic pan were packed at a 10~15%
water content. Each experimental run was carried out until steady state condition of the outflow prevailed.
The outflows were observed at 30 minutes interval. Soil water pressures were observed continuously at 30
minutes interval. Soil water pressures of tensiometric grids were used to assess the PWT and RFGPs.
RFGP was visually inspected to identify the location on the hillslope surface at which erosion was
considered most likely to initiate.

5. NUMERICAL SIMULATION

Modified HYDRUS-2D® (Simunek et al., 1999), a two-dimensional variably saturated flow model solving
Richards’ equation with Galerkin finite element method, was used to simulate soil water movement and
RFGP against the corresponding model hillslope experiments. The governing water flow equation and
associated initial and boundary conditions is given by the following modified form of the Richards'
equation,

0 0 0
oS K kA kA -5 (7)

ot ox; U ax ;-

where 0 is the volumetric water content; v is the matric potential, S is a sink term which was not
considered; x; (i=1, 2) are the spatial coordinates (i.e., X; = X, and x, = z); tis time; and KijA are components
of a dimensionless anisotropy tensor K*, which was assumed to be isotropic. Three different analytical



models Brooks-Corey (BC), van Genuchten-Mualem (VGM), and modified VGM for the hydraulic
properties were incorporated in modified HYDRUS-2D. The 100 cm x 20 cm two-dimensional hillslope
domain was discretized into 1 cm x 1 cm square finite element grids. As shown in Fig.1b, boundary AB
was specified as atmospheric and dynamic boundary condition switching between seepage and atmospheric.
The BC, CD, and DA were no flux boundaries. The length of surface saturation (Ls) was unknown a priori
for numerical simulation. Soil water returned or rain (r) falling directly on Ls was removed from surface
and accounted for in the mass balance. Initial conditions were specified as the soil water pressures of each
experimental run prior to rainfall. HYDRUS-2D was calibrated for Kg;, and soil water retention model
fitting parameters. To reach a steady state solution, the model was run for a long time until no changes were
detected in the solution by monitoring observation nodes. The 24 simulation runs were performed against
the corresponding experimental runs, and were also designated as simulation runs 1, 2, 3, and so forth, up
to 24 in the similar order of the model hillslope experimental runs were given.

6. RESULTS

Although results of the 24 experimental and simulation runs have been obtained, it is appropriate to provide
a demonstrative description of the flow field conditions for the experimental run 1 of the 8° model hillslope
under 50 mm h™. Fig.2 will be referred to in this qualitative description.

6.1 Soil Water Movement

6.1.1Evolution of Matric Potentials and the PWT

Matric potential profiles of the experimental and simulation runs 1 at steady state are shown in Fig.2,
indicating that the PWT above traffic pan rises in turn to an increasing depth of saturation downslope and
eventually intersects the surface as RFGP. Steady state condition is attained at t = 750 and t = 420 minutes
for experimental and simulation runs, respectively. Nearly the entire flow region is saturated and the PWT
intersects the surface. Even at steady state, matric potential patterns indicate the infiltration zone at the
upper end of the upslope. Traffic pan eventually undergoes positive pressures, being caused by the weight
of the column of the PWT above this layer and slow percolation into pan layer during the prolonged rainfall.
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Fig.2 Illustrations of matric potential profiles in cm and flux distributions in cm h™ for the 8° model
hillslope and simulations at steady state applying 50 mm h™ rainfall: (a) matric potentials at
experimental run 1, t = 750 minutes; and (b) matric potentials at simulation run 1 applying 50 mm h’
!t = 420 minutes; zero contour levels represents the positions of the PWT and thus RFGP, (c) flux
distributions for the experimental run 1, t = 750 minutes; (d) flux distributions for the simulation run
1, t =420 minutes.

6.1.2 Flux Distributions

Corresponding to Fig.2 (a, b), flux distributions of the representing experimental and simulation runs 1 at
steady state are illustrated in Fig.2 (c, d). Simulated profiles show relatively higher fluxes, attributing to the
optimized relatively higher Kg. The infiltrating water is split into two regions with one region at the



unsaturated upslope indicating nearly vertical flow, and the other a saturated region at the downslope above
traffic pan indicating lateral subsurface flow at the saturated zone. Lateral unsaturated subsurface flow is
observed at the midslope right above the PWT. Flux distributions indicate that saturated conditions extend
up only so far as it necessary to accommodate fluxes from the upslope. Maximum flux is observed at RFGP
section.

6. 2 Observed and Simulated RFGPs

The Observed and simulated RFGPs for the 8° model hillslope runs are demonstratively shown in Fig.3.
RFGPs were assessed from the matric potentials at hillslope surface along the distance from upslope, and
zero ordinates in Fig.3 indicate the occurrence of RFGP. Simulated RFGPs show agreement with the
observed. Observed and simulated RFGPs of the 8 and 20° hillslope with shallow top soils under 50 mm h*
are shown in Fig.4 for the experimental and simulation runs 21 and 22. Observed and simulated RFGPs of
the 8 and 20° hillslope with relatively dry initial conditions under 50 mm h™* are shown in Fig.5 for the
experimental and simulation runs 23 and 24.

6. 3 Observed and Simulated Outflows

Surface runoff was not occurred since saturation as the PWT was always moved upward from the below,
and time lag of the onset of outflows for the experimental and simulation runs assured saturation overland
flow. The discharge hydrographs, demonstratively shown in Fig.6 for the 8° model hillslope experimental
and simulation runs. Time lags to onset of indicate that runoff does not occur for the model hillslope show
saturation overland flows, suggesting return flow and saturation-excess overland flow that may accelerate
erosion. Visual inspections were performed to identify the breakout location of the PWT on the slope
surface at which erosion was likely to initiate. For a demonstrative purpose, Fig.7 depicts that RFGP is
visualized on the slope surface at 82 cm distance from the upslope for the experimental run 1.
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Fig.3 Comparisons of matric potential at hillslope
surface along the distance from the upslope at steady
state between the observed and simulated profiles for
the 8° model hillslope runs 1, 2, 3, 4, and 5 at steady
state. Top and pan layers are 15 cm and 5 cm,
respectively, and soil was packed at 60~70% (mass
basis) water content. Ordinate zero potential
represents the occurrence of RFGP at surface from the

Fig.4 Comparisons of matric potential at
hillslope surface along the distance from the
upslope between the observed and simulated
profiles for the 8 and 20° model hillslope with
shallow soils steady state, i.e., observed and
simulated runs 21 and 22 applying 50 mm h™.
Top and pan layers are 10 and 10 cm,
respectively, and soil was packed at 63~70%
water content. Zero potential represents RFGP

upslope. at surface from the upslope.

7. ANALYSIS AND DISCUSSION

7.1 The Observed, simulated and analytically-estimated RFGP

It is more likely that all the terms in the Eq. (6) have the same proportional effect on RFGP (L;) at steady
state. Since K;, A, and o are known parameters for model hillslope, L, could also be predicted.
Subsequently, a qualitative comparison among the observed, simulated and the predicted (L) is
demonstratively made for the 8° model hillslope runs under the rainfalls of 50, 80, 100, 125, and 150 mm h



! (Fig.8). The analytically-estimated RFGPs are within the agreed variability of the observed and simulated

RFGPs at steady.
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Fig.5 Comparisons of matric potential at hillslope
surface along the distance from the upslope between
the observed and simulated profiles for the 8 and
20° model hillslope with relatively dry initial
conditions at steady state, i.e., observed and
simulated runs 23 and 24 applying 50 mm h™. Top
and pan layers are 15 cm and 5 cm, respectively, and
soil was packed at 10~15% water content. Zero
potential represents the occurrence of RFGP at
surface from the upslope.
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Fig.6 Discharge hydrograph as saturation

overland flow (return flow coupled with the direct
rainfall onto the saturated areas) for the 8° model
hillslope experimental and simulation runs 1, 2, 3,
4 and 5 under the rainfalls of 50, 80, 100, 125, and
150 mm h*, respectively. Time lags to onset
rainfall are inevitable for outflow initiation.
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Fig.7 Visual inspection of RFGP on the downslope surface for the 8° model hillslope experimental run 1
under 50 mm h™ rainfall at steady state. Picture shows the top view of the downslope. RFGP is measured
at 82 cm (indicated by arrowhead) from the upslope.. Erosion is most likely to start at 82 cm and is
followed up to the outflow end. Erosion mechanism at RFGP is shown in the schematic.

7.2 Factors affecting RFGP
7.2.1 Rainfall Rates and Slope Angles on RFGP

Fig.9 shows that RFGPs decrease because of high rainfall rates, indicating more slope surface saturation.
However, incremental variation for different rainfalls does not emphasize any certain extent, suggesting the
significant nonlinearities in the occurrence of RFGP with respect to the rainfall rates. As shown in Fig.9,
increase in slope angles increases RFGPs. Since each of the experimental and simulation runs approached
downslope subsurface flux ensues at steady state, RFGP could be represented demonstratively as function
of the rainfall rates (r) based on the experimental or simulation runs 1, 2, 3, 4, and 5 by using the Eq. (5).



Subsequently, prediction for RFGPs (L) could be extended theoretically to a range of the rainfall rates.
Fig.10 shows r as a function of L. derived from the experimental runs 1, 2, 3, 4, and 5.

7.2.2 Hillslope with Shallow Soils and Relatively Dry Initial Conditions

Fig.4 shows that shallow soils provide less profile storage, causing the PWT advanced upward and
decreased RFGP from the upslope, i.e., more hillslope saturation. Such condition occurred when shallow
traffic pan was developed within the plow top soils. Hillslope with relatively unsaturated initial conditions
(Fig.5) provided prolonged experimental and simulation runs, and thereby decreasing RFGPs, i.e., increase
hillslope saturation. However, simulation showed the threshold of drier initial conditions for the flow
domain, indicating that steady state solution for simulating RFGP was more suited for the initial conditions

close to saturation.
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Fig.9 The Observed and simulated RFGPs for the
8, 12, 16 and 20° model hillslope runs 1-20 under
the rainfalls of 50, 80, 100, 125, and 150 mm h™ for
each slope angle, respectively.
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Fig.11 Schematic illustrations of soil water movement in
uniform hillslope layered with traffic pan, which causes
erosion initiated most likely at RFGP on the hillslope
surface.

7.2.3 Key State Variables in modified HYDRUS-2D Configuration
Sensitivity showed that soil water retention models VGM, modified VGM or Brooks-Corey would not
influence significantly on RFGPs. However, Ky was very sensitive to simulate RFGPs. Optimized Ky



(0.04 cm s*) was slightly higher than those typically seen in field (0.014~0.038 cm s™), but were, however,
physically realistic for Tsumagoi hillslope with high infiltration capacity.

7.3 Implications on Hillslope Length

In all the experimental and simulation runs, RFGPs were observed such that L, < L. However, referred to
Fig.1, slope length L (100 cm in this study) does not experience RFGP unless the PWT intersects the
surface. Although a long hillslope increases the available storage profiles (since 20 m long hillslope
simulation shows even hillslope saturation formation due to occurrence of RFGP), RFGP defined in this
study would be observed on the long uniform hillslope wherever the PWT intersects the hillslope surface
during the prolonged rainfall episodes.

7.4 Soil Water Movement and Erosion

Each of the model hillslope experimental and simulation runs, conceptualized for Tsumagoi hillslope,
extends the norm of the generalized soil water movement in uniform hillslope layered with traffic pan
(Fig.11). Build-up of the saturated zone is triggered with the hydraulic conductivity contrast between the
top and traffic pan layers. Traffic pan causes the perching of soil water as the PWT, leading to saturated-
unsaturated subsurface flow. Fig.7, RFGP may explain hillslope field erosion phenomena on the
acceptance of two processes: (i) outcoming water erodes the soil right at RFGP, and (ii) water comes out of
the soil as return flow and contributes to surface runoff. The first interpretation is undoubtedly outward
seepage of water that, by itself, may be an erosive mechanism. The second interpretation is that saturation
overland flow is initiated at RFGP. So RFGP concept extends advances for soil conservation and erosion.

8. COLCLUSIONS

From Experiment
1. Traffic pan causes hillslope saturation because of the PWT fed by infiltration into unsaturated zone,
and by laterally inflowing unsaturated-saturated subsurface flow during the prolonged rainfalls,
resulting RFGP.

2. RFGP extends the potentiality to identify the location at which erosion (e.g., rills or ephemeral
gullies) are most likely to initiate on hillslope.

From Numerical Simulation
1. Modified HYDRUS-2D shows the applicability of reproducing soil water movement phenomena
in hillslope layered with traffic pan and RFGP as well.

From Experiment and Numerical Simulation
1. High rainfall rates decrease RFGPs, i.e., increase hillslope saturation
2. Uniform hillslope with smaller slope angles, shallow top soils, and relatively dry initial conditions
tend to decrease RFGPs, i.e., more hillslope saturation

From Experiment, Numerical, and Analytical Considerations
1. Observed and simulated RFGPs shows agreement with the approached analytically-estimated
steady state RFGPs, generalizing RFGP occurrence
2. For a long uniform hillslope layered with traffic pan, it is envisaged that RFGP defined in this
study must occur wherever the PWT intersects hillslope topography during the prolonged rainfall
episodes
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