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ABSTRACT

Gully erosion occurs by the combined action of splash, sheetwash and rill-
wash (interrill and rill erosion). These erosion processes have a great capacity
for both sediment production and sediment transport. The objectives of this
experiment were to evaluate hydrological and sediment transport in a degraded
area, severely dissected by gullies; to assess the hydraulic flow characteristics
and their aggregate transport capacity; and to measure the initial splash
erosion rate. In the study area in Guarapuava, State of Parana, Brazil (lat 25°
24’ S; long 51°24° W; 1034 m asl), the soil was classified as Cambissolo Hamico
aluminico, with the following particle-size composition: sand 0.116 kg kg1; silt
0.180 kg kg1; and clay 0.704 kg kg'l. The approach of this research was based on
microcatchments formed in the ground, to study the hydrological response and
sediment transport. A total of eight rill systems were simulated with dry and
wet soil. An average rainfall of 33.7 + 4.0 mm was produced for 35 to 54 min by a
rainfall simulator. The equipment was installed, and a trough was placed at the
end of the rill to collect sediments and water. During the simulation, the following
variables were measured: time to runoff, time to ponding, time of recession, flow
velocity, depth, ratio of the initial splash and grain size. The rainsplash of dry
topsoil was more than twice as high as under moist conditions (5 g m2 min! and
2 g m2 min’l, respectively). The characteristics of the flow hydraulics indicate
transition from laminar to turbulent flow [Re (Reynolds number) 1000-2000]. In
addition, it was observed that a flow velocity of 0.12 m s! was the threshold for
turbulent flow (Re > 2000), especially at the end of the rainfall simulation. The
rill flow tended to be subcritical [Fr (Froude Number) < 1.0]. The variation in
hydrological attributes (infiltration and runoff) was lower, while the sediment
yield was variable. The erosion in the rill systems was characterized as limited
transport, although the degraded area generated an average of 394 g m2 of
sediment in each simulation.

Index terms: field measurement, water erosion, simulated rain, rainsplash, runoff.
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RESUMO: ESCOAMENTO E TRANSPORTE DE SEDIMENTO EM UMA

AREA DEGRADADA

O processo erosivo em ravina ocorre pela agdo combinada do salpico, fluxo difuso e
fluxo concentrado (erosdo entre sulcos e em sulcos). Esses processos erosivos possuem grande
capacidade de produgdo e transporte de sedimento. Os objetivos deste estudo foram: avaliar
0 escoamento e o transporte de sedimento em uma drea degradada severamente dissecada por
ravinas, avaliar as caracteristicas hidrdulicas do escoamento e a capacidade de transporte
de agregado; e mensurar a taxa inicial de salpico. A drea de estudo localiza-se no municipio
de Guarapuava, no Estado do Parand, Brasil (coordenadas: 25°24° S e 51°24° W e altitude
de 1.034 m). O solo é classificado como Cambissolo Hiimico Aluminico, tendo a seguinte
composi¢do granulométrica: areia, 0,116 kg kgL, silte, 0,180 kg kgL, e argila, 0,704 kg kg™.
Foram utilizadas ravinas para o estudo da resposta hidrologica e transporte de sedimento
(ou seja, parcela ndo fechada). A simulagdo de chuva foi feita em oito ravinas, com solo seco
e umido. A chuva aplicada teve duragdo de 85 a 54 min, com intensidade de 33,7+ 4,0 mm.
Foi instalado o simulador, e posicionou-se uma calha na saida da ravina, para coletar
sedimento e dgua. Durante a simulag¢do, as seguintes varidveis foram medidas: tempo de
concentragdo, tempo de empogamento, tempo de recessdo, velocidade do fluxo e profundidade
do fluxo. A taxa de salpico com o solo seco foi mais de duas vezes superior em comparag¢do a
do solo umido: 5 e 2 g m2 min'l, respectivamente. O fluxo apresentou condi¢do hidrdulica
transicional entre laminar e turbulento (Re 1.000 to 2.000). Observou-se que a velocidade
do fluxo de 0,12 m s foi o limiar para ele tornar-se turbulento (Re > 2000), sobretudo
no final da simulag¢do. O fluxo na ravina tendeu a subcritico (Fr < 1,0). Os pardmetros
hidrolégicos (infiltragdo e escoamento) tiveram menor variagdo, enquanto a produg¢do de
sedimento foi varidvel. A erosdo nas ravinas foi caracterizada como transporte limitado,
embora a perda de solo registrada na drea degradada tenha sido, em média, de 394 g m™2
em cada simulagdo.

Termos de indexagdo: mensuragdo em campo, erosdo hidrica, chuva simulada, salpico,

escoamento.

INTRODUCTION

Water erosion is one of the major geomorphological
processes on hillslopes. Erosion consists of three
phases: particle detachment, transport and
deposition. The onset of erosion occurs as raindrops
hit the soil surface, resulting in the detachment
of soil particles (Ellison, 1950). Subsequently,
particle transportation occurs through overland
flow (selective transport). This stage is recognized
as interrill erosion (first phase) (Emmett, 1970).
This erosion process (interrill) is one of the most-
studied of the Brazilian territory and worldwide,
described mainly for hillslopes used for agricultural
systems (Silva et al., 1986; Agassi & Bradford, 1999;
Montgomery, 2007; Hartemink, 2008; Nunes &
Cassol, 2011).

A literature survey on soil erosion research
in Brazil indicates that the main focus of erosion
studies is the agricultural perspective (Barreto et
al., 2008), most commonly comparing agricultural
managements with regard to soil loss (Barreto et
al., 2009). Erosion studies are important in view of
the economic and environmental costs this process
entails. In Brazil, the total cost of soil erosion in the
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state of Parand is estimated at 242 million dollars
a year (Telles et al., 2011).

In Brazil, numerous studies are related to
interrill erosion, e.g.: the effects of sugarcane residue
cover on soil loss reduction (Bezerra & Cantalice,
2006); methods of native pasture improvement and
their influences on runoff and soil loss (Cassol et al.,
1999); assessment of soil loss and runoff on forest
ecosystems (Martins et al., 2003); determining the
interrill erodibility factor (Ki) for use in the soil
erosion prediction model (WEPP) (Cassol & Lima,
2003); and nutrient loss due to water erosion (Bertol
et al., 2003).

Other studies on a larger scale tried to assess
soil erosion in large geomorphological systems
(hillslopes and catchments) as land use effects on
runoff and erosion from the field/plot to catchment
scales (Castro et al., 1999). The Cesium-137 method
has been used to estimate erosion processes on the
catchment scale (Andrello et al., 2004).

Rill erosion (concentrated flow) is studied far less
than interrill erosion. During this second erosion
stage, transport occurs as concentrated flow (non-
selective transport). Rills are formed and induce
profound changes in hydraulic flow conditions, the
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geometric arrangement of channels and sediment
transport (Merz & Bryan, 1993, Cantalice et al.,
2005, Govers, et al., 2007).

The first study of rill initiation indicated the role
of overland flow velocity and depth (Horton, 1945).
Subsequent studies suggested that rill initiation
was not clearly defined by any specific hydraulic
threshold (Slattery & Bryan, 1992); additionally,
the effects of dynamics related to soil properties are
of utmost importance (Bryan, 2000).

The transport of sediment carried by runoff into
gullies (i.e., degraded areas) is extremely powerful
and results in 50-90 % of sediment removal from
the hillslope (Knighton, 1998); Govers & Poesen
(1988) reported that 54—78 % of the sediments were
produced by rill erosion, while Morgan et al. (1986)
found that in England, rill erosion accounted for
only 20-50 % of the total erosion.

Severely eroded and degraded areas are important
sediment sources because they contain completely
bare soil (Thomaz & Antoneli, 2008; Thomaz &Luiz,
2012). Additionally, rill structure increases the
efficiency of runoff and sediment transport due to
the arrangement of the drainage network, which
links interrill sectors with main and secondary
rills. Even if erosion is limited to small patches in
the landscape (restricted areas), the sediment yield
is higher than in the adjacent areas. In addition,
there has been little quantification of sediment
production, hydraulic runoff characteristics and
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sediment transport in entire rill systems of degraded
areas, compared with agricultural land.

The objectives of this study were: to evaluate the
hydrological and sediment transport in a degraded
area severely dissected by a complex rill system;
to assess the hydraulic flow characteristics and its
aggregate transport capacity in the rill system; and
to measure the initial rate of splash erosion.

MATERIALS AND METHODS

Field characteristics

The study area is located in the municipality
Guarapuava in the state of Paran4, Brazil (Figure 1).
(25°24’ S; 51°24’ W; 1034 m). The degraded area is
approximately 0.5 ha, and the severely degraded
area 1s approximately 1300 m? (nucleus with a
complex rill system). The soil in the study area
was classified as Cambissolo Himico aluminico
(Embrapa, 2006). The soil originated from basalt
rock, is very clayey (sand 0.116 kg kg'!; silt
0.180 kg kg'1; clay 0.704 kg kg'1), with a mean depth
of approximately 1 m; the surface bulk density
is 1.24 + 0.05 g cm™3, total porosity 53.1 = 0.02 %
and the C content 1.54 g dm3. The slope degree
is 8 %, and the hillslope form is convex-concave.
According to Koppen (1948), the climate was
classified as Cfa (mesothermic, subtropical humid),

r_; _ Eguator

BRAZIL

[T —

Guabiroba Watershed

o } i oy
FEEFY / \'\?E’S' J r

-

£ -

Mote: E S - Exparimental Site
Source: AR, 1980 (SG.ER-V-D-1ik3)

adfg
rw g > __Sdo Paulo arw
Capricofn Tropic i }
PARANA  +
Y Guarapuava e B .
. .,-" IF Santa Catarina acw
."f §1° 26' 00" W - GMT
i d
GUARAPUAVA
g e - 280250078

a3 W W mm

Figure 1. Study area (ES: Experimental Site).
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with average temperatures in the hottest and coldest
months of 20.8 °C (January) and 12.7 °C (July),
respectively, and an average annual temperature
of approximately 17 °C. The average annual
precipitation is 1914.9 + 361.7 mm, distributed
throughout the year (long-term 1976-2008) (IAPAR,
2008).

Rainfall simulation characteristics and expe-
rimental design

Erosion measurements are fraught with
difficulties due to errors and technical problems
regarding measurements and the variety of
conditions under which erosion occurs. Measurement
plots have some limitations with regard to the plot
size and the boundary effect; this technique might
be considered a closed system. The approach used
was based on a study of Bryan (1994), because the
author used previously formed microcatchments
to study the hydrological response and sediment
transport. Rill systems are common in degraded
areas and pre-existed in the study area. In this case,
it is not necessary to use galvanized sheets to mark
off the contribution area (bounded plot) because
the boundaries are defined by the rills (drainage
system).

The simulation areas ranged from 4 to 9.9 m?Z;
the average length of the main rill ranged from 4.8
to 7.2 m (average of 5.5 m), while the secondary
rills had an average length of 3.5 m (rill density
1.5+ 0.2 m m?) (Table 1).

In a natural rainstorm, the raindrops have
diameters ranging from approximately 0.5 to 6 mm.
Thus, if the objective of field measurements is to
simulate natural rainfall, a multi-drop rainulator
is an adequate device (Agassi & Bradford, 1999).
The multi-drop simulator consisted of a framework
of iron pipes (%4”), a 5-m-tall nozzle (SPRACO) and
water was supplied by a 2.5-HP gasoline water
pump. The simulated rainfall was dripped from a
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height of 5 m for a period of 35—-54 min (Table 1).
The drop diameter varied from 0.35 to 6.35 mm,
with a mean of 2.40 mm. The device produces rain
with 90 % of the kinetic energy of natural rainfall
and similar intensity (Bryan, 1994).

The equipment was installed and a trough was
placed at the end of the rill outlet to collect sediment
and water. The following variables were measured
during simulation: time to runoff, time to ponding,
time of recession, flow velocity and depth. After
runoff initiation, the flow was measured every
2 min; additionally, the water was assessed in
the laboratory for sediment concentration (oven
evaporation). The rain intensity was measured with
six manual rain gauges installed in the simulation
area. The water for the rain simulation came from a
stream located near the experimental site (turbidity
< 7.6 NTU).

The splash rate was measured in a splash cup
designed by Morgan (1981). Before the rainfall
began, five splash cups were installed in the
simulation area, and the rainfall was maintained
for 5 to 8 min. After this time, the splash cups
were removed to quantify the detachment rate
(g m? min!) and analyze grain size. The period for
splash rate measurement was similar to that used
by Wainwright (1996) because after rainfall, an
interaction between the raindrops and the water
on the surface occurs and causes a reduction in the
splash rate (Bryan, 2000).

Metal rings that (volume 95.5 cm™) were used
to collect surface soil (0—5 cm) to assess water-
stable aggregates (WSA) > 0.5 mm (Bryan, 1968).
The samples (50 g) were shaken in tap water
(temperature 20 °C and 39.0 uS) for 20 min at
30 rpm (Kemper & Rosenau, 1986). The weight
of the water-stable aggregates (WSA) > 0.5 mm
was expressed as percentage of the original soil
weight. The dry aggregate stability of the surface
soil (0—5 c¢m) in both the interrill and micro- fan
deposits at the rill outlet were determined using

Table 1. Rill system and rainfall simulation characteristics

Rill Antecedent Rainfall Rill Rill Water
system moisture Duration Intensity density area characteristics
% min mm h-! m m? m2 Temp. °C/uS

R1 9.7+1.2 54 33.9 nr 8.6 nr

R2 5.8+ 0.9 35 39.4 nr 4.0 nr

R3 27.2 + 2.7 50 33.2 1.5 8.9 17.1/61
R4 27.2 + 2.7 50 31.1 1.3 9.9 20.5/60.8
R5 27.2 + 2.7 50 30.2 1.4 8.4 nr

R6 27.2 + 2.7 50 28.7 1.7 6.8 21.1/58.8
R7 13.6 + 2.1 39 33.9 nr 8.6 nr

R8 10.0 + 0.6 44 39.4 nr 4.0 nr

Note: nr (not recorded). uS: electrical conductivity.
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a set of sieves (mesh size 2.0, 1.0, 0.5, 0.25, 0.125,
and <0.125 mm). The samples (50 g) were agitated
for one minute (Diaz-Zorita et al., 2002). The total
material retained in the trough during each rainfall
simulation was separated with the same set of
sieves. The grain size distribution was analyzed
(mean and standard deviation) through descriptive
statistics.

The flow width and depth were measured by
a thin ruler, and the flow velocity was measured
using blue methylene (dye tracing) (Govers, 1992).
The average of these parameters was obtained from
3-5 replications, and the flow velocity corrected
by multiplying the conversion factor (0.7) by the
shallow flow (Dunne & Dietrich, 1980; Slattery
& Bryan, 1992). The flow velocity and flow depth
were measured at approximately 1.5 m above the
trough (rill outlet). Certain hydraulic parameters
were measured and are described in the following
equation (Reynolds number (Re), Froude Number
(Fr), Darcy-Weisbach friction factor (ff), shear stress
and stream power. The hydraulic parameters were
measured only in the rill systems R3, R4, R5 and
R6 because the simulation time and antecedent
moisture conditions were similar.

Re=VR/v (1)
were, Re = Reynolds number; V = flow velocity
(m s'1); R = hydraulic radius (m); v = fluid viscosity
(m2 s1).

Fr=VI(gR)"> (@)

were, Fr = Froude number; g = acceleration due to
gravity (m s2).

ff=8gRS/IV? (3)

were, ff = Darcy-Weisbach friction factor; S = slope
(m m).

1= pgRS (4)

were, T = shear stress (Pa); p = density of water
(kg m3).

o = pqgS 5)

were, ® = stream power (W m2); g = discharge
(m3 s1).

RESULTS AND DISCUSSION

Rainsplash

A large amount of particles was removed in two
simulations (R1 and R2) from the dry topsoil. The
particle detachment rate under these conditions
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was more than twice as high as on surface with
higher moisture content (Table 2). Additionally,
the rain intensity was slightly higher in these two
simulations.

Particles between 0.063—0.250 mm are the most
detachable by raindrop impact (Morgan, 2005). The
particle sizes detached by splash were distributed
as follows: 42.3 £ 7.8 % of the macroaggregates were
>0.250 mm, while 57.7 + 4.5 % of the microaggregates
were < 0.250 mm. The measurements show that
rainsplash mobilized approximately 45.3 % of the
total material transported through the rill system.
However, of the total amount of particles > 0.250 mm
detached by splash, only 70 % reached the rill outlet.
An even lower percentage (40 %) of particles <
0.250 mm reached the rill outlet. Material that
was previously deposited on the rill bottom and
subsequently transported by the concentrated flow
should be considered in this evaluation.

Splash rates increased at the beginning of the
rain event and then decreased (Mermut et al., 1997).
When the soil is dry, soil loss is greater, and much
energy is expended in breaking particles; when
the soil water increases, the shear strength of the
drop decreases because the soil becomes fluid and
increasingly vulnerable to water inflow. Finally,
during the rainfall event, the water on the surface
increased and the drops consequently began to
interact with the shallow flow that reduced soil
particle detachment by drop impact (Bryan, 2000).

In addition, the surface in the degraded areas is
exposed to a constant drying cycle, causing weakness
in the aggregate structure (mechanical breakdown)
and increasing the splash rate. According to Kuhn &
Bryan (2004), this dynamic is important to aggregate
breakdown during interstorm periods.

Hydrological response and soil loss

The time to ponding at scattered points within
the plot was approximately 10 min. The recession

Table 2. Total amount of particles detached by

rainsplash
Detached Total detached
Measurement(l) . R
particle particle
g m2 min! g m2
R1 4.5 22.4
R2 5.6 27.8
R3 2.4 11.8
R4 1.1 8.8
R5 1.4 11.3
R6 3.4 27.5

@M R1 and R2 (dry soil); R3 to R6 (moist soil). @ Average of 5
splash cups.
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time was only 1.1 min because the soil had a high
infiltration capacity (27.8 mm h'!) in the end of
the simulation. Infiltration was higher at the
beginning of simulation, and gradually decreased
throughout the experiment. Infiltration increased
during the simulation in only one rill system (R4).
This increase occurred due to the presence of
bioturbation (ant holes), which intercepted the rill
flow for approximately 5 min. As a result, at this
time, the infiltration increased from 24.0 mm h! to
28.0 mm h-l.

Even in the simulation with high antecedent
moisture (R3, 4, 5 and 6), high soil infiltration
capacity was recorded (20.7-27.7 mm h1) (Table 3);
infiltration rates from 15 to 30 mm h! are considered
high (Reichardt, 1990).

During the simulation, ponding began in
the sectors of the interrill and then expanded
gradually down the rill; subsequently, some ponding
occurred in the main rill. The average time for the
contribution to the runoff of the whole rill system
was 21 min. This delay between the diffuse flow
contribution from the interrill and concentrated
flow in the rill was due to the flow being completely
absorbed by the sediments that had been previously
deposited at the rill bottom. The concentrated flow
in the rills that had a large amount of sediment
at the bottom occurred due to the coalescence of
small ponds. Thus, the dynamic flow within the
rill consisted of a sequence of rilles and a pool; in
addition, scouring deposits were formed within the
rill, particularly near the trough.

There was significant runoff and sediment
transport from the secondary rills to the main rill.
Microchannels were formed in the interrill sectors;
however, they were not detectable before the rainfall
simulation (tertiary protochannel). It was verified
that these channels carried a significant quantity
of sediment particles by shallow flow into the main
rill. The saturation condition in the interrill area
occasionally caused small amounts of “mudflow”
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transport in some of the microchannels (fluidized
flow sediment). Bank collapse and scouring
deposition were observed in the main rill.

During the measurements, the sediment
concentration ranged from 0.1 to 35.5 g L', with
an average of 7.8 g Ll (all rill systems were
considered); however, the sediment yield pattern
was irregular. Rill systems R3 and R4 showed
higher concentrations at the beginning of the
experiment (15.3 g Li'1) and then decreased gradually
at the end of the measurement (2.1 g L'}). In
contrast, in rill systems R5 and R6, the sediment
concentration was lower at the beginning of the
experiment (2.9 g L'1) and increased progressively
at the end (21.8 g L'!). Finally, in rill systems R7
and R8, the sediment concentration was irregular
with pulses of increase and decrease in the sediment
concentration throughout the experiment. Despite
the variability in the sediment concentration, the
soil loss and the sediment yield were less variable
in the rill systems (Table 3).

Hydraulic flow characteristics and sediment
transport

The hydraulic flow conditions were highly
variable in the rill systems. At least three interrill,
rill and rill outlet flow patterns were identified. The
interrill sectors were dominated by diffuse flow with
a depth of approximately 1 mm; thus, there was an
important interaction between the raindrop impact
and the shallow overland flow because the water
layer was not thick enough to protect the laminar
flow against the raindrop impact. Past studies
have indicated that the increase in the turbulence
of overland flow due to the raindrop impact modifies
the hydraulic conditions of the overland flow and
the transport capacity (Emmett, 1970). In this
case, sediment transport from the interrill into the
rill occurred through fine particle drag. However,
concentrated flow occurred in the main and
secondary rills; this will be discussed in detail in a

Table 3. Summary of sediment production and hydrological response in the rill systems

Rill system Mean sed. conc. Soil loss Sed.lment Infiltration Rur.lo.ff
yield Coefficient

g L1 g m2 mm h-! %

R1 33.9

R2 - - - 39.4 -

R3 22.7 41.3 43.9 27.7 19.7

R4 81.3 10.3 18.5 25.7 21.0

R5 205.2 15.1 39.5 23.0 31.6

R6 20.7 20.5 23.5 20.7 38.1

R7 9.5 20.5 21.6 26.9 20.7

R8 207.2 39.8 91.6 25.2 36.2
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later section. Finally, the flow near the trough was
wider (37.2+ 8.0 cm) and shallower (< 2.0 mm). These
hydraulic geometry changes resulted in conditions
for material deposition, micro-fans and scouring
formation at the rill outlet (near the trough).

The rill flow increased in depth, width and velocity
from the headwaters downstream. The flow depth
varied from 2.3 to 5.3 mm (average 3.5+ 0.9 mm), the
flow width from 4.9 to 15.6 cm (average 8.5+ 4.0 cm)
and the flow velocity from 0.06 m s'! to 0.21 m s'!
(average 0.12 + 0.04 m s'!). The discharge ranged
from 1.5 to 17.0 cm3 s! (average 11.5 + 4.7 cm? s1)
and tended to increase at the end of the experiment.
The depth, flow velocity and discharge are essential
for sediment transport. During the simulations, a
change in these parameters was observed, affecting
the hydraulic flow characteristics and sediment
transport rate. The sediment concentration and
hydraulic parameters were measured during the
experiment in each rill system (Table 4).

The Reynolds number tended to increase at
the end of each experiment, particularly when the
flow velocity was higher. It was observed that a
flow velocity of 0.12 m s was the threshold for
turbulent flow (Re > 2000). The Reynolds number
(Re) measured during each experiment ranged from
793.7 to 3603.6. The average of the simulations
was 1685.9 + 712.8; thus, this pattern indicates
transitional flow characteristics from laminar to
turbulent flow (Re 1000 to 2000). However, the
flow behavior varied in each rill system. The
flow in rill R4 was transitional (Re 1403.8), while
rills R3 and R6 registered turbulent flows of 2418
and 2487, respectively, only at the end of the
experiment (Re > 2000). Additionally, turbulent and
supercritical flow were observed in rill R5 (Fr > 1.0),
while in the other rills, the flow was subcritical
(Fr < 1.0) (Table 4).
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The data from this study are similar to those
recorded by Cantalice et al. (2005) under simulated
rainfall on preformed rills and without additional
flow (run-on). However, the results of this study
could not be compared directly to other studies
because they were related to interrill (Emmet, 1970;
Cassol & Lima, 2003; Nunes & Cassol, 2011) or rill
Initiation processes (Dunne & Aubry, 1986, Slattery
& Bryan, 1992), or the experiment was performed on
preformed rills (Cantalice et al., 2005). In contrast,
the hydroerosive processes measured in this study
were carried out in a well-established rill system.
Nevertheless, the flow velocity and discharge recorded
in the rill system were similar to the empirical model
proposed by Govers (1992) for bare soil.

It was observed during the simulation that the
surface of the interrill sector was more homogeneous
and smoother than the rill bottom. Also, poorly sorted
sediment was deposited at the rill bottom, increasing
the surface roughness. Despite this roughness
within the rill combined with the shallow flow,
the relationship between the Reynolds number
and the Darcy-Weisbach friction factor indicates
that the roughness was throughout the rainfall
simulation. According to Bryan (2000), when the
relationship between these two parameters results
in a concave line (negative), the flow has covered the
surface roughness.

The hydraulic conditions for flow and sediment
transport did not occur in a linear manner (shear
stress and stream power) (Figure 2). The power
function (axb) was the best relationship between the
hydraulic flow and the sediment transport. However,
the two hydraulic properties were not significantly
different. There was a wide variation that was not
explained by the two properties (approximately
50 %). It is emphasized that adjustments to the
equations were made in this experiment.

Table 4. Summary of the hydraulic attributes and sediment concentration

Rill system

Hydraulic attributes R3 R4 R5 R6
Discharge (cm?s1) 9.8+ 4.5 11.0+2.9 14.0 £ 4.6 11.6 £5.5
Flow velocity (m s'1) 0.11 + 0.02 0.09 + 0.02 0.18 £ 0.03 0.10 + 0.01
Flow depth (mm) 3.36 £ 1.0 4.0 (nr) 3.2 +0.7 3.5 +1.1
Slope (m m'1) 0.044 (nr) 0.075 (nr) 0.09 (nr) 0.06 (nr)
Re (Reynolds Number) 1402 + 587.7 1404 + 381.8 2303 + 810.4 1535 £ 623.5
Fr (Froude Number) 0.61+0.11 0.44 +£0.11 1.00 £ 0.12 0.58 = 0.05
ff (Darcy-Weisbach friction factor) 0.99 £ 0.27 3.85+ 2.3 0.76 £ 0.21 1.49 + 0.34
Shear stress (Pa) 1.45 + 0.44 2.94 + (nr) 2.85 + 0.64 2.06 + 0.65
Stream power (W m-2) 0.47 £ 0.22 0.82 + 0.22 1.47 £ 0.47 1.00 = 0.48
Sediment concentration (g L) 2.7+1.9 12.9 £ 13.1 16.4 + 9.5 2.1+3.0

nr: not recorded.
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Other authors have commented on the difficulties
of predicting sediment transport based on physical
equations. Cantalice et al. (2005) were able to
explain 57 % of the sediment transport using the
stream power property in a field experiment, while
Slattery & Bryan (1992) could explain 77 % of the
sediment transport for the same property in a
laboratory experiment.

Aggregate transportation in a rill system

In degraded areas, the soil is exposed (B horizon)
and has alow amount of C; in addition, the absence of
vegetation results in difficulties regarding the larger
aggregate’s stability. In the interrill sector, 72.3 %
of the total aggregates were > 0.5 mm (Table 5).
The interrill sector (rill divided) displayed a large
amount of aggregates > 1.0 mm, which are less prone
to transportation in shallow flow (Morgan, 2005). In
contrast, the characteristics of the material collected
at the rill’s outlet (micro-fan deposit) were different.
At this point, the amount of aggregates > 2.0 mm
was very low, and the total amount of aggregates
> 0.5 was only 48.3 %. The amount of aggregates
< 0.250 mm was high (51.7 %) in comparison with
the interrill sector (27.7 %).

Likewise, as the rill materials were deposited, the
material that was retained in the trough after the
rain simulation was poor in aggregates > 2.0 mm,
while the total amount of aggregates > 0.5 mm was
barely 45.1 %. In addition, the material retained
in the trough had a similar amount of aggregates
<0.250 mm (54.9 %).

Under pressure during dry sieving, the aggregates
(particularly > 1.0 mm) remained structured.
However, when subjected to water pressure (wetting
process), large aggregates broke down into smaller
particles. Thus, aggregates > 2.0 mm contribute on
average 28.5 % to the smaller fractions (e.g., deposit
and trough). Aggregates of 1.0 mm are relatively
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Figure 2. Relationship between the hydraulic pa-
rameter and the sediment concentration: (a)
shear stress and (b) stream power.

stable in the presence of water and only 5.9 % of
the increase in the sizes of the other particles comes
from the disruption of these aggregates. The largest
increase in the particle fraction due to the disruption
of larger aggregates occurs in the following sequence:
0.5 mm (10.4 %), 0.250 mm (9.5 %), < 0.125 mm
(7.8 %) and 0.125 mm (6.7 %).

The value registered above indicates that the
hydraulic flow conditions during the rainfall simu-
lation reproduced the transport of aggregate similar
to that of the rill deposit caused by natural events.
The flow probably did not reach the hydraulic con-
ditions to transport aggregates > 1.0 mm, because
only 9.4 % of this aggregate class was collected at

Table 5. Distribution of aggregate fraction according to different sieving conditions (dry or moist) and
rill system positions (interrill, rill deposit and trough)

Rainfall Simulator(® Interrill®

Aggregate size Interrill® Rill deposit outlet® (deposit in trough) WSA> 0.5 mm
mm %
> 2.0 32.0+1.4 3.6 0.3 0.9+0.4
1.0 22.2+0.8 16.3+ 1.4 8.5+2.6
0.5 18.1+0.4 285+ 1.4 35.7+12.6 51.8+4.1
0.25 13.0£0.9 22.5+0.9 29.7+ 2.4
0.125 8.0+0.7 14.7 £ 1.0 13.5 + 6.6
< 0,125 6.7+ 0.6 14.5 + 2.2 11.7+ 7.8
Total 100.0 100.0 100.0

O 7). @m6). ®(n 11). 12 dry aggregate stability and ® water aggregate stability, average = S.D.
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the trough. On the contrary 19.8% of the aggrega-
tes in the rill deposit were > 1.0 mm. Probably, the
material accumulated at the rill’s exit (deposit) was
carried out by several rainfall events with different
physical characteristics (e.g., intensity, duration
and frequency).

CONCLUSIONS

1. Splash erosion was significant, especially
microaggregate detachment < 0.250 mm (57.7%).
From a dry soil surface, particle detachment was
more than twice as high as from moist surface soil.

2. The stability of aggregates in the degraded
area (> 2.0 mm) was low when wetted, which caused
slaking into smaller particles.

3. The transport of particles and aggregates in
the rill system was non-selective, and particles and
aggregates larger than 1.0 mm were carried through
the rill system.

4. The hydraulic flow characteristics indicated
transitional conditions between laminar and
turbulent flow (Re 1000—-2000). Additionally, a flow
velocity of 0.12 m s'! was observed as the threshold
for turbulent flow (Re > 2000), especially at the end
of the rainfall simulation. The rill flow tended to be
subcritical (Fr < 1.0).

5. The power function (axP) was the best
relationship between the hydraulic flow and
sediment transport, despite the low correlation
(< 50%).
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