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Effect of soil stratification on the development and migration of
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[1] Experiments were conducted to examine the effect of vertical stratification in soil
erodibility on the development and migration of steady state headcut scour holes in upland
concentrated flows typical of agricultural fields. Packed soil beds with a preformed step
were subjected to identical simulated rainstorms and clear-water overland flow rates,
which resulted in predictable, actively migrating headcut scour holes with nearly
identical characteristics. When an erosion-resistant layer was incorporated into the packed
soil bed at a depth that exceeded this expected plunge pool scour depth, the erosion and
hydraulic processes of the migrating headcuts remained unchanged. When the
erosion-resistant layer was placed so as to intersect this potential headcut scour depth, the
erosivity of the reattached wall jet was unable to erode this layer, and the depth of
scour, the nappe entry angle, and sediment efflux all were reduced inversely proportional
to the relative depth of the resistant layer. These data were successfully predicted using
modified jet impingement theory for headcut scour holes and demonstrate further the
effects of soil management and tillage practices on total soil losses from agricultural fields.

Citation: Gordon, L. M., S. J. Bennett, R. R. Wells, and C. V. Alonso (2007), Effect of soil stratification on the development and
migration of headcuts in upland concentrated flows, Water Resour. Res., 43, W07412, doi:10.1029/2006 WR005659.

1. Introduction

[2] Headcuts and knickpoints are step changes in bed-
surface elevation where intense, localized erosion takes place
[Brush and Wolman, 1960; Gardner, 1983]. In upland
concentrated flows such as rills, crop furrows, and ephemeral
gullies, the formation of headcuts and their upstream migra-
tion have been linked to the concentration of overland flow,
rill and gully development, and significant increases in
sediment yield (see reviews and discussions in Bennett et
al. [2000], Bennett and Casali [2001]). For overland flows on
packed soil beds, Romkens et al. [1997] observed no soil
erosion until the surface seal was breached, which was
immediately followed by headcut formation, bed incision,
and rill development. Slattery and Bryan [1992] observed rill
incision and high rates of soil erosion as a direct result of
headcut development in their laboratory experiments. Studies
such as those by Bryan [1990], Bryan and Oostwoud
Wijdenes [1992], and Bryan and Rockwell [1998] have
examined qualitatively the migration of headcuts in experi-
mental channels and plots, noting the size, shape, and migra-
tory habits of these erosional phenomena, whereas studies
such as those by Stein and Julien [1993, 1994], Stein et al.
[1993], Robinson and Hanson [1995,1996a, 1996b], and Stein
and LaTray [2002] investigated scour processes using pre-
formed steps in cohesive, non-cohesive, and vertically strati-
fied materials under a variety of hydraulic conditions.
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(3] Bennett et al. [2000] utilized a specially designed
experimental facility to examine actively migrating head-
cuts in soils at length scales similar to rills and crop furrows
and at timescales and overland flow rates similar to indi-
vidual storm events. The key result from these studies were
the observation of steady state soil erosion: After a period
of initial bed adjustment, a headcut migrated upstream
continuously at a constant rate, and the shape and form of
the headcut and total sediment efflux remained unchanged
during this procession [Bennett et al., 2000]. These migrat-
ing headcuts displayed systematic behavior across a range
of flow rates [Bennett et al., 2000], bed slopes [Bennett,
1999], and initial step heights [Bennett and Casali, 2001].
Moreover, the flow structure within steady state headcut
scour holes was shown to be analogous to reattached wall
jets [Bennett and Alonso, 2005, 2006]. Because of this
systematic behavior and these hydrodynamic characteris-
tics, new predictive equations were formulated for the
magnitude of headcut scour depth and the rate of headcut
migration on the basis of jet impingement theory [Alonso et
al., 2002].

[4] On natural landscapes, however, and especially where
ephemeral gullies are prevalent, soils display a clear strati-
fication with depth. First, freshly tilled or cultivated layers
on agricultural fields, whose depth may be 0.15 to 0.40 m,
typically have significantly lower values of critical shear
stress for sediment entrainment, as much as 20 times lower,
as compared to the underlying, nontilled layers [Foster and
Lane, 1983; Watson et al., 1986; Merkel et al., 1988; US
Department of Agriculture (USDA), 1992; Franti et al.,
1999]. Second, a fragipan or a more resistant layer often can
be found at depth, here defined as a naturally occurring,
dense, brittle when moist, and root-restrictive soil layer with
low permeability [Soil Survey Staff, 1992; Lindbo et al.,
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1994]. Smith [1993] noted a strong correlation between
the formation of ephemeral gullies in Mississippi and the
presence of a fragipan, which occurred at a depth of 0.35 m,
and Nachtergaele and Poesen [2002] showed that the erod-
ibility of soils associated with ephemeral gullies can vary in
time and space because of moisture content and tillage
practice.

[s] The experimental program of Bennett et al. [2000]
employed homogenous soil materials to examine the pro-
cesses of headcut erosion due to clear-water, concentrated
flows. That is, the soil’s bulk density, texture, and moisture
content, hence the soil’s intrinsic erodibility, did not vary
spatially during the migration of the headcut. These invari-
ant boundary conditions under steady, uniform flows
resulted in the systemic headcut erosion observed, which
was fully exploited by the analysis of Alonso et al. [2002].
Should these material-specific soil parameters vary in time
or space, particularly because of vertical layering, the size,
migration rate, and sediment efflux of the headcut would
vary accordingly. Yet it is precisely the practices of mech-
anized agriculture that are conducive to headcut erosion and
gully development [Van Qost et al., 2006). The goal of the
present research sought to extend this experimental database
to consider the effects of stratified soils on flow hydrody-
namics and soil-erosion processes. The objectives of the
current study were: (1) to quantify the effect of a non-
erodible or nontilled soil layer placed at various depths
within a soil profile on headcut development and migration;
and (2) to assess the effects of this nonerodible layer on
analytic formulations for headcut erosion on the basis of jet
impingement theory. It should be noted that studies such as
those by Robinson and Hanson [1994] and Stein and
LaTray [2002] considered the migration of headcuts in
cohesive, nonerodible materials underlain by a highly
erodible sand bed. In both cases, headcut erosion occurred
by the hydraulic removal of this highly erodible sublayer
and the cantilever mass-failure of the overlying material.
The current research sought to address the exact opposite
situation, an erodible layer underlain by a relatively non-
erodible layer, which is more typical of agricultural areas
and hillslopes impacted by ephemeral gullies.

2. Experimental Equipment and Procedure
2.1. Flume and Rainfall Simulator

[6] A tilting, nonrecirculating flume 5.5 m long and
0.165 m wide was used [see Figure 1 in Bennett, 1999, or
Bennett et al., 2000]. Water discharge was controlled by two
intake valves and released to an inlet tank at the upstream end
of the flume. This tank dampened pump turbulence and
delivered overland flow to a raised floor | m long, located
immediately upstream of a soil cavity 2 m long, 0.165 m
wide, and 0.25 m deep. All flow and detached sediment
exited a discharge pipe at the flume outlet where samples
were collected.

[7] A multiple-intensity rainfall simulator consisting of
two oscillating nozzles spaced 1.64 m apart was suspended
approximately 4 m above the flume [Meyer and Harmon,
1979]. Rainfall intensity (mm h™') was governed by the
oscillation frequency of the nozzles, operated by an elec-
tronic controller to within +1.3% and calibrated for the bed
area under investigation.

2.2. Soil Material and Bed Preparation

[8] The soil material was obtained from a borrow pit in
Philadelphia, MS at a depth of approximately 3 m (Ruston
Series, fine loamy, siliceous, thermic, Typic Paleudult;
Rombkens et al. [1997]). The soil is a sandy clay to sandy
clay loam, composed of 28% clay, 15% silt, and 57% sand on
average. All soil used during the experiments was non-
recycled material.

[o] All soil material was air-dried, mechanically crushed,
and passed through a 2-mm sieve to minimize the variation
in initial aggregate size between test runs. A subsurface
drainage system was installed along the base of the soil
cavity and provided escape routes for both air and water
during rainfall application, which comprised perforated
piping covered by porous fabric and 0.1-mm diameter sand.
Soil was packed incrementally into the flume in layers of
0.02 m. Each increment was spread evenly within the soil
cavity and packed methodically using a 7-kg aluminum block
mounted to an aluminum frame 0.40 m long and 0.16 m wide.

[10] After much experimentation, a reproducible method
was designed to create a relatively nonerodible (or erosion-
resistant ER) soil layer at any prescribed depth Dy within
the packed soil profile. During bed preparation, when the
target depth for the nonerodible layer was reached, the
soil surface was subjected to 300 s of simulated rain at
21 mm hr™'. After this application, bed packing continued.
This rainfall application and limited infiltration allowed for
some aggregate dispersion on the soil surface and increased
the moisture content of a discrete soil layer (ca. 0.04 m
thick), which, when subjected to mechanical tamping from
above, produced a more resistant soil layer [Hanson and
Robinson, 1993], and which did not erode during headcut
development, as evidenced below. Moreover, there were no
observable effects of this nonerodible layer on the progres-
sion of the wetting front during rainfall application or in the
postexperiment soil moisture content with depth.

[11] Once the soil cavity was filled to within 0.03 m of
the upstream spillway, a vertical aluminum plate was
installed 1.6 m downstream from the soil cavity entrance.
The remaining 0.03 m of soil then was packed behind this
plate creating a preformed vertical step 0.03 m high. The
uppermost 0.02 m of the entire soil bed was treated with
0.75 emol of Ca(OH), per 100 g of soil (~0.74 gper 1 kg of
soil) to promote a physico-chemically favorable condition
for seal development during the second application of
simulated rain.

2.3. Data Acquisition and Error Analysis

[12] The simulated rainfall and overland flow portions of
each experimental run were recorded to video using a track-
mounted camera focused orthogonally onto a Plexiglas
sidewall that had a grid superimposed onto it. From these
videos, the progression of the wetting front during rainfall,
position and morphology of the headcut, overland flow
depth, and angle of the overfall nappe were measured (see
below). A point-gauge attached to a movable carriage and
suspended above the flume was used to measure overland
flow depths and longitudinal bed profiles. During simulated
rainfall, surface runoff was monitored continuously. During
overland flow, water and sediment samples were taken from
the outlet pipe at 10-s intervals for a total of 120 s, then at
30-s intervals thereafter, during which time the headcut
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Table 1. Summary of Experimental Parameters®
Experimental Run
Parameter 1 2 3 4 5 6 7 8 9

Initial Experimental Parameters

Frosion Resistant Layer Depth Dg, m n.a. 0.095 0.085 0.070 0.070 0.055 0.050 0.050 0.040
Initial Headcut Height, m 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030
Soil Bulk Density pe, kg m 1559 1496 1558 1552 1542 1591 1522 1447 1576
Rainfall Rate, mm hr ™' 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0
Rainfall Duration, hr 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Total Rainfall on Nonerodible Layer, mm n.a. 1.75 1.75 1.75 175 L5 1.75 1.75 1.75
Total Rainfall on Surface Layer, mm 105 105 105 105 105 105 105 105 105
Bed Slope During Rainfall, % 5 5 5 5 5 5 5 5 5
Time of Runoff Initiation, hr 2.00 1.60 1.84 1.75 1.70 1.70 1.74 1.88 1.68
Runoff Rate at Conclusion of Rainfall, mm hr! 20.0 18.4 17.0 19.0 19.0 15.7 7.0 17.4 18.0
Bed Slope During Overland Flow, % 1 1 1 1 1 1 1 1 1
Overland Flow Run Time, s 420 330 360 450 450 420 480 480 390
Flow Discharge Q, L min ™' 71.0 71.0 71.0 71.0 71.0 71.0 71.0 71.0 71.0
Mean Flow Depth Upstream of Headcut d, m 0.016 0.014 0.014 0.014 0.015 0.014 0.014 0.013 0.014
Mean Flow Velocity Upstream of Headcut U, m s! 0.448 0.512 0.512 0.512 0.478 0.512 0.512 0.551 0:512
Froude Number Upstream of Headcut Fr 113 1.38 1.38 1.38 1.24 1.38 1.38 1.54 1.38
Average Steady State Parameters

Overfall Entry Angle 6, Degree 55 55 52 55 53 52 52 51 32
Scour Hole Tailwater Height 2, m 0.022 0.015 0.018 0.014 0.012 0.014 0.012 0.008 0.002
Headcut Migration Rate M, mm s ! 29 2.4 2.8 2:5 2.1 2.6 24 1.8 2.4
Maximum Scour Depth Sp, m 0.076 0.080 0.075 0.070 0.070 0.055 0.050 0.050 0.040
Length to Deposited Material Lg, m 0.083 0.097 0.085 0.113 0.108 0.111 0.118 0.114 0.097
Length to Maximum Deposition Lp, m 0.178 0.207 0.184 0.216 0.199 0.200 0.184 0.188 0.176
Deposit Thickness dr, m 0.040 0.043 0.038 0.028 0.028 0.021 0.017 0.016 0.014
Sediment Discharge g, kg s 0.027 0.027 0.026 0.023 0.021 0.022 0.018 0.016 0.016
Deposit Bulk Density pg, kg m’ 1408 1443 1444 1485 1427 1439 1482 1418 1463
Slope of Self-Made Bed S, % 1.98 2.13 1.98 L.73 2.28 2.13 2.13 2.44 1.23

“n.a., not applicable.

typically had stabilized in form and migration rate. Each
water and sediment sample filled a 0.5-L container, into
which 1 mL of 0.09 M solution of Al,(SO,); was added as a
settling agent. After 24 hr, the clear water from each sample
was decanted, the remaining sediment was oven dried, and
total dry sediment mass was determined.

[13] During overland flow, images were captured from the
video recordings whenever sediment samples were collected
(10-s or 30-s intervals). These images were spatially cali-
brated and used to measure morphologic and hydraulic
parameters in the vicinity of the headcut. Measurement
resolution of the video images ranged from 0.6 to 0.8 mm
per pixel. Comparing known distances from the center and
edges of video frames indicated that the curvature of the
video camera lens distorted the images slightly, and operator
variance was determined by repeating measurements of two
experimental runs on two different occasions. These assess-
ments indicate maximum measurement errors were less than
10%, consistent with earlier studies [Bennett and Casall,
2001]. At the end of the test run, the bed surface was
disturbed slightly by the termination of overland flow, which
may have modified the surface bed profile measured along
the flume. Sediment trapped between the soil cavity and the
outlet pipe, spillage or overfilling of sampling containers, and
incomplete settling before decanting may have led to minor
errors in sediment sampling.

3. Results

[14] Because the experimental results presented below
are, by design, similar in form to previous work, these will

be discussed only briefly. Table 1 summarizes all experi-
mental and steady state parameters, and Figure 1 schemat-
ically illustrates water surface and profiles for the headcuts
discussed herein and defines key morphologic and hydraulic
variables.

3.1. Rainfall Simulation and Surface-Seal Formation

[15] After soil bed preparation, 5 hr of simulated rainfall at
21 mm hr~ ! was applied to the material at a bed slope of 5%,
which ensured no water ponding and aided in the removal of
dispersed soil material. Surface runoff typically began after
~1.8 hr and reached a maximum of ~18 mm hr ' (85% of
the applied rate) after 4 hr (Table 1). At 2.5 hr, rainfall was
temporarily suspended and 30 g of Ca(OH),-treated soil, less
than 105 pm in diameter, was sprinkled evenly over the soil
surface, thus providing additional fine particulate material
for surface-seal formation. At the conclusion of the rain-
storm, a thin pliable seal a few millimeters thick was
observable, which was instrumental in stabilizing the bed
upstream of the migrating headcut. In preliminary tests, the
same soil material was subjected to a much shorter duration
of simulated rainfall (ca. 21 mm hr! for 2.0 hr) and was
immediately eroded by an overland flow with a boundary
shear stress 7o of 0.82 N m 2, where 7o = p gdS, p is fluid
density, g is gravitational acceleration, d is flow depth
upstream of the headcut, and S is bed slope, indicating the
critical shear stress 7., for the soil was less than 0.82 N m 2Tt
may be infeired that the surface seal was not fully developed
in these earlier trials. For the experiments reported here, 7 ~
1.37 N'm ™2 (Table 1), and Bennett [1999] observed values of
To as high as 7.34 N m 2 using similar soil materials and
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Figure 1. Definition diagrams of water and bed surface profiles of steady state headcuts digitized
directly from video images of (a) run 1 with no ER layer and (b) run 6 with an ER layer (Dg = 0.055 m)
below upstream soil datum. Primary and secondary flow patterns are shown, and key morphologic

parameters of the headcuts are defined.

experimental procedures. In these cases, the bed surfaces
upstream of the migrating headcuts did not experience any
soil detachment, thus 7. of the surface seal would be greater
than 1.37 and 7.34 N m 2, respectively. Thus a fully
developed surface seal increased the critical shear stress of
the soil surface an order of magnitude or more, thereby
significantly protecting the bed surface from erosion by
upstream runoff.

3.2. Initial Scour and Headcut Development

[16] At the conclusion of the 5-hr simulated rainstorm, the
headcut-forming plate was removed, the slope of the flume
was adjusted to 1%, and an overland flow rate of 71.0 L
min~' was immediately released onto the soil material. This
flow rate was chosen to produce sufficiently large headcuts
(Sp > 0.07 m, where S, is the vertical distance from the
headcut brinkpoint to the maximum scour depth; Figure 1a)
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to facilitate the study of stratified soils. These conditions
produced upstream flow depths d of 14 to 16 mm, mean flow
velocities U 0f 0.45t0 0.55 ms ™' (U= Q/dw where w is flow
width), and Froude numbers Fr of 1.1 to 1.5 (Fr = U /\/gd;
Table 1).

[17] As flow passed over the preformed step, a two-
dimensional plane jet impinged the bed downstream causing
surface-seal failure within 10 to 20 s. Once seal failure
occurred, a scour hole began to enlarge that was modulated
by the presence of the ER layer. As the scour hole enlarged,
the entry angle of the nappe ¢ increased, the location of
maximum scour moved toward the headcut face, two
recirculation eddies formed within the plunge pool on either
side of the jet, and headcut migration began after about 30 s.

3.3. Steady State Erosion

[18] During this period of bed adjustment, the scour hole
enlarged and the time variation of the scour depth Sp, shows
an increase with time toward an asymptote (Figure 2).
Because no sediment erosion took place upstream of the
evolving headcut, sediment discharge g, from the flume
coincided with this evolving headcut (Figure 3). Concom-
itant sediment deposition also took place as the headcut
actively migrated upstream. The peak in sediment discharge
gs occurred at ~50 s, just before deposition began and
before the scour hole reached its maximum depth. As the
bed eroded and the scour hole enlarged, the headcut itself
began to migrate upstream (Figure 4), typically after 25 to

50 s. Once moving, the headcut migrated upstream in a
linear fashion whose migration rate M can be defined as M =
Ax/At where x is distance and ¢ is time.

[19] As shown in the time series plots of headcut scour
depth S;, (Figure 2), sediment discharge g (Figure 3), and
headcut brinkpoint position (Figure 4), there is a time period
when steady state erosion is achieved. That is, a point in
time is reached when an actively migrating headcut of
similar form and sediment discharge translates upstream at
a constant rate. Since little time variation in migration rate is
observed in the data (Figure 4), the key morphodynamic
indices of steady state soil erosion are Sp and g,. By
assuming asymptotic growth toward a maximum for Sp
and an asymptotic decay toward a minimum for ¢ and by
considering 10% variation from this asymptote, fitted
curves for the Sp and g time series in Figures 2 and 3
define the steady state values for these parameters for each
run (Table 1) and the time- and length-scales to achieve
these conditions. In test runs 4 to 9, where the ER layer is
relatively shallow, scour depth was limited by this layer. As
such, when the scour hole eroded to the depth of the ER
layer, scour depth remained constant with time and Sp = Dg
(Figure 2). The peak in sediment efflux was less pro-
nounced as the ER layer became shallower since less
sediment was evacuated from the scour hole region. When
using Sp as the principle index, headcuts underlain by
shallow ER layers reached steady state conditions in a
significantly shorter amount of time (Figure 5a) over a
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Figure 4. Time variation in headcut brinkpoint position.

significantly shorter distance (Figure 5b) than headcuts
developed in nonstratified soils. The time and distance
needed to reach steady state erosion conditions were entirely
controlled by that point in time and space when the bottom
of the scour hole encounters the ER layer. When using g
as the principle index, there is no correlation between the
time or distance to reach steady state conditions and the
location of the ER layer (Figure 5).

[20] Steady state length scales of downstream deposition
also may be defined using this approach. The length from
the brinkpoint to the start of sediment deposition Lg, the
maximum (average) thickness of the downstream deposition
dr, and the length from the brinkpoint to this maximum
deposit thickness Ly, can all be determined for each test run
on the basis of steady state criteria (Table 1). The time series
for L and Ly, for each experiment also display invariance
once steady state erosion conditions are achieved (not
shown here).

3.4. Sediment Sorting and Downstream Deposition
[21] Textural analyses were performed on the original

- sediment, the deposited sediment, and the sediment efflux

for each experimental run. The packed soil bed had a bulk
density p. ranging from 1496 to 1591 kg m >, averaging
about 1538 kg m > (Table 1), and was composed of 57%
sand, 15% silt, and 28% clay. Time series of the sediment
discharge shows that during the initial stages of headcut
growth and scour hole development, the textural composi-

tion of this material was close to the original soil bed
(Figure 6). As the scour hole enlarges, the majority of
detached sediment is transported out of the flume, sediment
discharge is initially high, and the flow regime is capacity-
limited (Figure 3). As deposition is initiated and sediment
discharge approached a steady state condition, the flow
transformed into a transport-limited regime. This transition
is reflected in the textural composition of the sediment
discharge, which shows that, in general, the amount of sand
exiting the flume decreased with time whereas the amount
of silt and clay increased with time (Figure 6). In general,
the sediment discharge for the steady state condition was
depleted in sand and enriched in silt and clay as compared
to the original soil material (Figure 7).

[22] The sediment deposit downstream of the migrating
headcut represents a self-made bed, one constructed because
of the transport-limited flow regime. At the end of each
experiment, the thickness of the deposited material d, was
greater near the scour hole than at the flume outlet. A linear
regression of elevation of this deposited material against
flume distance is the slope of the self-made bed. The bulk
density of the sediment deposit py ranged from 1408 to
1485 kg m> , with an average value of 1446 kg m> , and the
slope of this deposit varied from 1.23 to 2.44% (Table 1).
However, in test run 9, where Sp, = D = 0.04 m, the slope
of this self-made bed was markedly less than the other
experiments, all of which averaged about 2.10%. This
lower bed slope coincides with a reduced jet entry angle
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in run 9 (32°, Table 1). Because of the very shallow ER
layer, the impinging jet directs a significant portion of its
energy in the downstream direction, thereby reducing the
amount of deposition and hence, the thickness d; and slope
S; of the self-made bed. The textural composition of this
deposit also was in accord with the above observations. The
sediment deposit is enriched in sand and depleted in slit and
clay as compared to the original soil bed (Figure 7). A
portion of the silt and clay eroded at the headcut face, along
with sand, was deposited within this self-made bed, pre-
sumably as aggregates. Interestingly, the most sand-rich and
silt- and clay-depleted deposit was observed for test run 9,
which had the lowest self-made bed slope.

3.5. Effect of Erosion-Resistant Layer Depth on Steady
State Parameters

[23] Average steady state parameters were plotted as a
function of Sp, for all experiments, noting that Sp = Dy for
test runs 4 to 9 (Figure 8). As the depth of scour increased,
or as the depth to the erosion-resistant layer increased, both
sediment discharge ¢, (Figure 8a) and the thickness of the
downstream deposit dr (Figure 8c) increased significantly.
Yet these deeper and more erosive headcut scour holes did
not migrate at a different rate M (Figure 8b), the length
scales from the brinkpoint to the sediment deposition Lg
(Figure 8d) and to the maximum thickness Lp (Figure 8e)
did not change appreciably, and the slopes of the sediment
deposits downstream of the migrating headcut S¢ (Figure 8¢)
also were invariant. Thus the higher sediment effluxes from
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the migrating headcuts were primarily due to the increased
scour hole depth, as modulated by thicker sediment deposits
downstream. Shallow headcuts, limited in depth by the ER
layer, produced similarly migrating headcuts with lower
sediment discharges. The nappe entry angle, as defined in
Figure 1, also did not change appreciably as the ER layer
became shallower, having an average value of about 53°
(Table 1). When Dy = 0.04 m, the steady state jet entry
angle decreased markedly, averaging about 32° for this test
run.

3.6. Statistical Analysis of Experiments

[24] The experimental data were subjected to three sta-
tistical analyses to assess variations among experiments and
to quantify the effect of the ER layer on steady state
headcut parameters. The first analysis sought to determine
the characteristics of the migrating headcut unaffected by
the ER layer. As such, comparisons were made among test
runs 1, 2, and 3 with the null hypothesis that the steady state
headcut parameters were the same statistically. Table 2
summarizes the significance levels of ¢ tests performed on
these populations using Statistical Package for the Social
Sciences (SPSS) software. Assuming a significance thresh-
old a of 0.05, all steady state headcut parameters com-
paring test runs 1 and 3 were statistically similar (calculated
probability p > 0.05); thus mean values from runs 1 and 3
will be considered the baseline values for comparison with
runs 4 through 9 (Table 3). The results for test run 2
proved somewhat problematic; some parameters were
statistically similar to those of test runs 1 and 3, while
others were not, and further relaxing « to 0.01 would
promote only a few of these results. The absolute differ-
ence between these statistically different, steady state
parameters ranged from 7 to 17%. It can be concluded
that the ER layer had no effect on steady state character-
istics when Dy > S}, where Sj is defined as the maximum
potential scour depth achievable given these experimental
boundary conditions. In test runs 1, 2, and 3, it is shown
here that Sp ~ Sp-

[25] The second analysis sought to compare the steady
state headcut parameters with and without the ER layer
present. As such, comparisons were made between average
parameter values for runs 1 and 3 (baseline condition, Dy >
S}%) and those of test runs 4 through 9 (Dg < Sf) with the
null hypothesis that the steady state headcut parameters
were the same statistically. Table 3 summarizes the signif-
icance levels for the  tests performed on these populations.
In general, all steady state parameters with a relatively
shallow ER layer were statistically different to those with
either a relatively deep ER layer or no layer at all. The only
notable exception was the jet entry angle 6, which
remained statistically similar among all experiments until
test run 9 when Dy = 0.04 m or when Dy < 0.5 Sp3. It can
be concluded that when D < §3, all steady state headcut
parameters were statistically different except for 6.

[26] The third analysis sought to compare steady state
headcut parameters for replicate experiments. As such,
comparisons were made between test runs 4 and 5 and
between 7 and 8 with the null hypothesis that the steady
state headcut parameters for replicated experiments were the
same statistically. Table 4 summarizes the significance
levels for ¢ tests performed on these populations. While
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Figure 6. Time series of texture variations in sediment discharge given as percent clay, silt, and sand.

several parameters show statistical invariance, the statisti-
cally different headcut migration rates, which varied from
19 to 25% between replicates, caused statistically different
sediment discharges, which varied from 10 to 11%. These
differences may be due to variations in soil texture, moisture
content, or bulk density (Table 1), all of which could have
affected the erodibility of the soil, and the fact that bed
conditions cannot be identically replicated.

4. Discussion

4.1. Comparison to an Analytic Model of
Headcut Erosion

[27] Using previous experimental results, Alonso et al.
[2002] derived predictive equations for the magnitude of
headcut scour and the rate of headcut migration on the basis
of modified jet impingement theory. The main components
of this formulation are (1) the overfall domain, where the jet
entry angle is determined; (2) the plunge pool domain,
where both the scour depth and rate of headcut migration
are determined; and (3) mass conservation, which relates
headcut erosion rate, deposition rate, and sediment loss
(discharge).

[28] In the overfall domain, flow in the neighborhood of
the brink is treated as a classical overfall where the nappe
is regarded as a free jet where both ventilated and non-
ventilated conditions are considered. By examining the

conservation of linear momentum within the jet section
and realizing that suction can occur within a nonventilated
overfall, Alonso et al. [2002] derived the following
expression for the jet entry angle 6 [units are radians in
equations (1), (3), (5), and (7)]:

h 1/2
0 = tan™! [(1 - a—)fbﬂ}
dy

Oy = (T.)*\/1+ (T.) 2 +1n{(re)<1 +4/1+ (Te)‘zﬂ )

where 4 is the vertical distance from the brink to the
tailwater surface, d,, is the flow depth at the brink point, 7, is
the arctangent of the jet entry angle for gravitational,
ventilated jets, and the coefficient «, which varies from 0 to
2, is a calibrated metric of the suction head and pressure
gradient through the nappe.

[29] Figure 9a compares the jet entry angles observed in
these experiments against those predicted using equations (1)
and (2) with a = 0.2. Alonso et al. [2002] noted that entry
angles and scour depths are consistently greater in the range
0.6 <h/d <2.4 than in the range 0.1 < h/d < 0.6, where / is the
vertical distance from the brinkpoint to the plunge pool
surface. Table 1 shows the reduction in tailwater height as

(1)
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the depth of scour or the depth of the ER layer is reduced,
which further submerges the overfall nappe. Given the
uncertainty of the measurement technique, the jet entry
angles for the overfall nappe are predicted well using the
above equations.

[30] As the free-shear jet enters the plunge pool domain,
Alonso et al. [2002] assumed it turns into a turbulent
diffusing jet that impinges the bed. Using an approach on
the basis of the conceptual model of equilibrium depth
presented by Stein et al. [1993] and noting that the jet is
pulled upstream by a reduction of pressure inside the
captive eddy (the Coanda effect; Sawyer [1960], Newman
[1961], Rajaratnam and Subramanya [1968]), Alonso et al.
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[2002] derived the following relationship to predict the
equilibrium depth of a migrating headcut scour hole:

Sp = oVegt>sinf + h 3)

1/5
Cs PV /
o' =

27s/B) )
_ 9w
Ve= dp cos b =}

where g, is unit discharge, s is a wall jet parameter of order
5/16 and independent of whether or not the impingent jet is
ventilated, py, and v are the density and kinematic viscosity
of water, T, is the critical shear stress of the soil, and V¢ is
the average jet velocity at the point of entry to the pool
[Albertson et al., 1950; Rajaratnam, 1976]. The coefficient
3, which varies from 0 to 1, is a calibrating parameter
defined as the ratio of the scour depths attained in
equivalent migrating and stationary headcuts.

[31] Because equation (3) is limited to a homogeneous soil
medium not impacted by shallow soil horizons, only test
runs 1, 2, and 3 were considered. Using 7. = 1.75 N-m
and 3 = 0.70, as used previously by Alonso et al. [2002]
with nearly identical soil materials and procedures, and the
experimental observations for all other parameters (Table 1),
the predicted scour hole depths for test runs 1, 2, and 3 are
0.080, 0.070, and 0.073 m, which deviate from the observed
values by 6, 13, and 3%, respectively. All predictions lie
within the mean range of data uncertainty as defined by
Alonso et al.

[32] As the headcut propagates upstream, scouring soil as
it does so, Alonso et al. [2002] assumed that the impinging
jet provides the energy needed to overcome the resistance
presented by the soil. By applying the conservation of
energy to a plunge-pool control volume and employing an
erodibility coefficient k4 for the soil, the following expres-
sion for headcut migration rate M was derived:

&qw

= — 6

M=V (6)
1 s 7

5—§Pwkd5m 3 (7)

Using the kg = 5.6 x 1077 m® N_'s™", which was adjusted
to fit the data and only slightly different from the value used
previously [Alonso et al., 2002], and the experimental
observations for all other parameters, the predicted migra-
tion rates are compared to the observed values in Figure 9b.
Consistent with previous results, there is much uncertainty
in the prediction of headcut migration rate primarily because
of the uncertainties in the soil erodibility and jet entry angle
determinations.

[33] Finally, since the migrating headcut profile remains
invariant with time within a moving frame of reference and
by invoking the conservation of mass, Alonso et al. [2002]
demonstrated that the rates of erosion by headcut migration
m, and deposition m4 per unit width are independent of the
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shape of the headcut and depend only on the rate of
migration and the heights of the eroding (S)) and depositing
(dt) surfaces, i.e.,

me = peMSD (8)

my = p,Mdr (9)

and that m., mg, and the rate of sediment loss (discharge) g
are related by
me:md+qx/w (10)

[34] To assess equation (10), values of m, [equation (8)]
and mg [equation (9)] were determined using measured data,
and these were compared to the sediment samples collected
and time-averaged at the flume outlet (g,, Table 1).
Figure 9c demonstrates the excellent agreement between
the rates of erosion and deposition predicted by the
above equations and the rate of sediment discharge observed
in the experiment.

[35] An important implication here is the extension and
successful application of the analytic formulation of
Alonso et al. [2002] to stratified soils typical of cultivated
agricultural regions. The original formulations were derived
on the basis of the assumption of steady state headcut
erosion within homogenous soil materials having no
spatial variation in soil erodibility. Yet it is clearly shown
here that the hydrodynamic processes driving headcut
erosion in stratified soils bounded by a nonerodible layer
at depth are identical to those generated in homogenous
soil beds and that modified jet impingement theory can
be used to predict 6, Sp, M, me, my, and gs due to
headcut development and migration. The only caveat is
when Dy < S}, equation (3) is forced to the limiting
condition of S, = Dp. When Dy > Sf, the ER layer has
no effect on steady state headcut development and all
analytical expressions derived previously are applicable
without qualification.

4.2. Headcut Erosion Processes on Agricultural Fields

[36] The cultivation of land through mechanical means
greatly increases the erosion of soil and facilitate the
development of migrating headcuts and ephemeral gullies.
Moldboard or chisel tillage on sloped surfaces causes the
translocation of soil downslope, the destruction of macro-
scale soil structure, an increase in nutrient loss, and the
decrease in soil bulk density [Van Oost et al., 2006], as well
as the concentration of flow along rill, ephemeral gully, and
furrow paths. The depth of tillage typically is decimeter in
scale (ca. 0.2 to 0.3 m), and the erosivity of tillage increases
exponentially with tillage depth.

[37] An important consequence of tillage is the creation
of stratified soils whose upper soil layer can have signifi-
cantly higher erodibility indices (see references above). The
mechanical tillage of agricultural lands creates a stratigra-
phy vulnerable to headcut development and migration.
Early attempts to model soil erosion on agricultural fields
due to ephemeral gully development considered this non-
tilled layer as the limiting condition for gully incision
[USDA, 1992; Woodward, 1999]. This conceptualization
was experimentally verified and further qualified here.
When Dg > S5, Sp = S5. When Dg < S5, Sp = Dy, and
the depth of scour associated with an ephemeral gully
would be limited to this condition.

Table 2. Statistical Comparison of Runs 1, 2, and 3 for
Determination of Baseline Values for Steady State Parameters

Probability p at Significance Level

a=0.05
Run 1 Run 2 Run 1
Parameter Versus 2 Versus 3 Versus 3
Overfall Entry Angle ¢ 0.734 0.067 0.131
Headcut Migration Rate M 0.001 0.040 0.526
Maximum Scour Depth Sp, 0.016 0.021 0.092
Length to Deposition Lg 0.000 0.002 0.278
Length to Maximum Deposition L, 0.001 0.014 0.385
Deposit Thickness dr 0.346 0.102 0.257 .
Sediment Discharge ¢ 0.934 0.504 0.606
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Table 3. Statistical Comparison of Runs Affected by the ER
Layer With Baseline Values for Steady State Parameters

Probability p at Significance Level a = 0.05

Parameter Run4 Run5 Run6 Run7 Run8 Run9

Overfall Entry Angle 0 0.162 0.688 0362 0.268 0.113 0.000
Headcut Migration Rate M 0.007 0.000 0.234 0.002 0.000 0.010
Length to Deposition Lg  0.000 0.000 0.000 0.000 0.000 0.000

Length to Maximum 0.000 0.000 0.001 0.000 0.002 0.001
Deposition Lp
Deposit Thickness dr 0.000 0.000 0.000 0.000 0.000 0.000

Sediment Discharge g 0.000 0.000 0.000 0.000 0.000 0.000

[38] With identical flow rates, shallower headcuts, formed
when Dy < S}, migrated at approximately the same rate as
their deeper counterparts formed when Dy > Sp, thereby
causing relatively lower rates of soil loss (up to 40% lower;
Table 1). To further illustrate this point, a total sediment
discharge due to headcut erosion g# can be defined as

1 ="
@ =5 /t=o qs (11)

where #* is the time required to migrate a known distance
along the flume (0.736 m). Figure 10 shows that as the
depth of the scour hole decreased, or as the depth of the ER
layer decreased, the total sediment loss per unit width and
time also decreased by as much as 36%. Thus shallower
headcuts, as limited by the ER layer, caused markedly less
soil loss for an equivalent flow rate and slope length.
However, the thickness of the sediment deposit downstream
of the migrating headcut dr decreased and became more
sand-enriched and clay-depleted as the depth of the ER
layer moved toward the sediment surface (Figure 7). Thus
while shallower headcuts caused less soil loss, soil quality
decreased since the relative proportion of clay removed
from the soil bed was higher, and one could infer that
nutrient losses (C, N, and P) also would be higher in field
applications [Van Oost et al., 2006].

[39] These results demonstrate a further advantage to the
practice of no-till agriculture. This practice reduces soil
losses (up to 80%) and increases aggregate stability (up to
200%) on agricultural fields, yet runoff rates may increase,
decrease, or remain about the same [Meyer et al., 1999;
Rhoton, 2000; Rhoton et al., 2002; Dabney et al., 2004]. By
avoiding mechanical tillage, sediment profiles remain intact,
the soil surface does not have markedly higher indices of
erodibility, and the loss of clay-sized materials and nutrients

Table 4. Statistical Comparison of Average Steady State Para-
meters for Replicated Runs

Probability p at Significance Level

a=0.05
Parameter Run 4 Versus 5 Run 7 Versus 8
Overfall Entry Angle 0 0.227 0.691
Headcut Migration Rate M 0.004 0.000
Length to Deposition Lg 0.139 0.177
Length to Maximum Deposition Lp, 0.007 0.590
Deposit Thickness dr 0.927 0.434
Sediment Discharge g 0.006 0.008
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from such agricultural fields is not facilitated because
headcut development and migration would be suppressed.

5. Conclusions

[40] Headcut development and migration play a signifi-
cant role in rill and gully erosion on hillslopes and agricul-
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Figure 10. Total sediment discharge for an equivalent
slope length g* as a function of headcut scour depth Sp.

tural fields and soil degradation. Mechanized tillage practi-
ces significantly decrease erodibility indices of the surface
soil and arbitrarily create a nonerodible or nontilled layer at
depth. An experimental program was designed to examine
the effects of a nonerodible layer placed at depth on the
growth and development of headcuts at the time and space
scales of rill and ephemeral gullies.

[41] Baseline test runs in a specially designed flume
defined the morphodynamics of actively migrating head-
cuts, their steady state characteristics, and their reproduc-
ibility. These experiments confirmed that when the
nonerodible layer was placed below this potential scour
depth, the resultant headcuts were unaffected in shape and
erosivity by this imposed stratigraphy. However, when the
nonerodible layer was placed at or above this potential scour
depth, the resultant headcuts were limited in depth to this
layer, and while their migration rates remained about the
same, total sediment efflux was markedly reduced. These
experimental observations were successfully compared to
analytic expressions for jet entry angle, scour depth, migra-
tion rate, and sediment mass balance for headcuts in upland
concentrated flows. Finally, these results show that tillage
practices greatly facilitate the erosion of soil and headecut
development and that modified jet impingement theory can
accurately describe soil losses due to headcut development
and migration in such environments.
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