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ABSTRACT

The objective of this study was to calibrate and validate the CONCEPTS model for simulating gully
expansion and for evaluating the effects of protection measures on gullies in the sub-humid Debre Mawi
watershed near Lake Tana, Ethiopia. The watershed drains an area of 608 ha, and its elevation ranges
from 2194 to 2362 m above sea level, receiving annual average total rainfall of 1240 mm. We collected
data on boundary material stratigraphy (four layers) and its associated grain-size distributions, bulk
density, and shear strength. The model was calibrated and validated against the observed changes in
width and bed elevation of a 389 m long, 23 m wide, and 4.7 m deep gully during the 2013 (calibration-
period) and 2014 (validation-period) rainy seasons. The average values for calibrated erosion-resistance
parameters for the four layers were: cohesion 12.6 kPa, which is about half of that of the measured,;
internal friction angle 20.8°, which increased by 30% from that of the measured; soil critical shear stress
0.67 Pa; soil erodibility 1.22x107 m3(N-s)%; and suction angle 10°. The simulation results showed that the
model predicted the sidewall erosion more accurately (R? = 0.99, NSE = 0.99) and fairly predicted the
change in bed elevation (R* = 0.88, NSE = 0.98). Based on the calibrated values, we used the model to
evaluate the effect of gully erosion control measures. Considering the bank on one of the 35 cross
sections of the gully, reshaping the sidewall slope to a slope of 45° reduced the bed erosion by 25% and
sediment yield by 33%. Targeted bed and bank toe protection reduced sediment yield by 90% and
sidewall erosion by 100%. When the groundwater table is lowered from 0.1 m to 0.7 m below the
ground surface, the sidewall erosion reduced by 83%. that the results suggest that CONCEPTS can
successfully simulate gully erosion based on the calibrated values, which fall within the typical range
expected for the soils surrounding the gully.
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INTRODUCTION

Gully erosion is one of the most damaging forms of soil erosion, which can be expressed in



has major benefits in designing cost effective erosion control measures (Langendoen et al.
2014).

The physically-based computer model CONCEPTS is used to simulate the evolution of incised or
incising streams and to evaluate the long-term impact of rehabilitation measures to stabilize
stream systems and reduce sediment yield (Langendoen & Simon 2008; Langendoen et al.
2009). The model simulates the three main processes that shape incised streams: hydraulics,
sediment transport and bed adjustment, and streambank erosion, which, in turn, comprises the
two processes responsible for the retreat of cohesive streambanks: hydraulic erosion and
gravitational mass failure (Langendoen and Alonso 2008). The validation studies against
laboratory and field experiments demonstrated that CONCEPTS is able to simulate the long-
term retreat of stream banks (Langendoen & Simon 2008). Stream bank failure occurs when
gravitational forces that tend to move soil downslope exceed the forces of friction and cohesion
that resist movement. Banks may fail by four distinct types of failure mechanisms: (1) planar
failures; (2) rotational failures; (3) cantilever failures; and (4) piping and sapping failures of
which CONCEPTS performs stability analyses of planar and cantilever failures (Langendoen and
Alonso 2008), which are most widely observed in the Ethiopian highlands (Zegeye et al. 2016).
Bank material may be cohesive or non-cohesive and may comprise numerous soil layers. The
detachment of cohesive soils is calculated following an excess shear-stress approach. An
average shear stress on each soil layer is computed. If the critical shear stress of the material is
exceeded, entrainment occurs. CONCEPTS is able to simulate the development of overhanging
banks. The risk of stream bank failure in CONCEPTS model can be expressed by a factor of safety
(Fs) representing the ratio of resisting-to-driving forces or moments based on Equation 1.
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(Equation 1)

where j is index of a vertical slice in a failure block, N is normal force acting on the base of a
slice, Fwis horizontal component of the hydrostatic pressure acting on the bank face, ¢’ is
effective cohesion, L is length of a slice base along the failure plane, W is soil weight, S is
failure-plane angle, U is pore-water force, and @' is angle of internal friction.

Langendoen et al. (2014) tested the BSTEM and CONCEPTS models in the Debre Mawi
watershed for their ability to simulate gully-forming processes, and carried out preliminary
simulations to develop effective gully stabilizing measures in Vertisols, which was the
predominant soil type in the study area. According to the preliminary test results of the two
models by Langendoen et al. (2014), BSTEM predicted stable bank slopes between 75 degrees
for a bank height of 3 m to 47 degrees for a bank height of 6 m; and CONCEPTS predicted flow



velocities up to 8 m s and shear stresses as large as 400 Pa on the upstream end of the
regraded gully head. However, both models were not calibrated and validated for Ethiopian
climatic and hydrologic conditions. Model calibration and validation are necessary and critical
steps in any model application (Love & Donigian 2002; Arnold et al. 2012). Love and Donigian
(2002) also explained “For most watershed models, calibration is an iterative procedure of
parameter evaluation and refinement, as a result of comparing simulated and observed values
of interest”. Model validation, an extension of the calibration process, is conducted to assure
that the calibrated model properly assesses all the variables and conditions. Therefore, the
objectives of our study were to calibrate and validate the CONCEPTS computer model, and to
evaluate gully controlling techniques based on the validated model in (sub) humid Ethiopian
conditions.

MATERIALS AND METHODS

Description of the Study Area

The study was conducted in the sub-humid Debre Mawi watershed, located about 30 km south
of Lake Tana at 11°20'13" to 11°21'58" N and 37°24'07" to 37°25'55" E. The watershed drains an
area of 608 ha, and its elevation ranges from 2194 to 2362 m above sea level. The slope in the
watershed ranges from 1 to 2% for flat bottom lands and from 8 to 30% elsewhere. Rainfall is
unimodal and its annual average is 1240 mm. More than 70% of the annual rainfall occurs
during June, July, and August. The average maximum annual temperatures range from 22 to
29.4°C while the minimum range from 5.4 to 12.1°C.

The watershed is underlain by shallow, highly weathered and fractured basalt. In the watershed,
the basalt is covered with a black clay layer becoming thicker down slope. The black clay is
generally underlain by brown silt loam that can be highly compacted, followed by a saprolithic
layer (Tebebu et al. 2010). The soils consist mainly of Nitisols, Vertisols, and Regosols (Amare
et al. 2014). Nitisols dominate the upper landscape positions of the watershed and are suitable
for crop production, while Regosols occur on steep and highly degraded slopes. In foot slope
positions, fine-textured soils are found with undifferentiated Vertisols and is suitable to
cultivate Tef (Eragrostis abyssinica), chickpea (Cicer arietinum) and grass pea (Lathyrus sativus).

While the watershed is located in the most productive region of the country, the land is being
devastated by networks of gullies (Figures 1 and 2) and to a lesser degree by sheet and rill
erosion on the cultivated slopes (Zegeye et al. 2010; Langendoen et al. 2013; Amare et al.
2014; Langendoen et al. 2014). The gully networks are mainly found in the periodically
saturated bottom lands (Tebebu et al. 2010; Zegeye et al. 2016) and in some upland areas



where lava dykes in the watershed affect the hydrology, forcing subsurface flow to the surface
and causing saturated source areas (Tebebu et al. 2010).
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Figure 1. Gully networks digitized from aerial imagery in 2013 in the Debre Mawi watershed (Zegeye et
al. 2016). (a) Location of Debre Mawi watershed. (b) Map illustrating the relationship between location
of gully formation and change in topographic wetness index (TWI). (c) The cross-sectional lines drawn in
the study gully indicate the approximate locations of a sub-set of cross sections, (d) Plot of bed elevation
at all 35 cross-sectional points versus gully length.

Characteristics of the Test Gully

The CONCEPTS model was employed to simulate the evolution of one selected gully, hereafter
called G6, located at the Vertisols areas of periodically saturated bottom lands of the watershed
with elevation ranging from 2215 to 2227 m and a channel slope of 0.03 m m™. The upstream
catchment of the gully is about 17.4 ha. The surface area of G6 at the start of the study (in 2013)
was 9110 m? and the average depth was about 5 m. The modeling study reach gully extends
from cross section number 1 to 35 with a total length of 389 meter (Figure 1) and contains 35
surveyed cross sections. The gully had two rectangular weirs at its inlet and outlet to measure
discharge and sediment concentration.



Cantilever failure

Figure 2. Pictures illustrating dominant types of bank failure observed in the Debre Mawi watershed; the
left photo is of the study gully and the right photo is a headcut of a nearby gully located at a distance of
50 m.

Procedures of Calibration and Validation

We calibrated and validated a CONCEPTS model using input data collected in the field. We
calibrated this model for two reasons: (1) CONCEPTS was primarily developed for stream
systems in the mid-continental United States (US), whose climate, soil and hydrology are
different from the (sub) humid Ethiopian highlands; and (2) because it is generally impossible to
characterize all the variability of the model parameters throughout a study reach. The input
parameters for the model are spatially and temporarily averaged values rather than point values
obtained from field measurements. As a consequence of this discrepancy in scales, lack of data,
and measurement errors, the model has to be calibrated.

The modeling process is comprised of three main phases. The first phase in this process includes
data collection, model input preparation and a sensitivity analysis of the input parameters.
Sensitivity analysis is the process of determining the rate of change in model output with
respect to changes in model inputs (parameters). It is necessary to identify key parameters and
the parameter precision required for calibration and validation processes. This is the phase in
which the model is evaluated to assess whether it can reasonably represent the gully erosion
mechanics. The second phase is calibrating and validating the model based on the data
determined in the first phase. Model validation is the next step after calibration process. This is
the phase where the predicted value was compared with the observed data that were not used
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for calibration. We used the 2013 observed values for calibration; once the final parameter
values were developed through calibration, simulation was performed for the period of 2014
observed values and goodness-of-fit between observed and simulated values was reassessed.
The third phase includes the ultimate use of the model, as a decision support tool for gully
management.

Model Setup
Cross section setup

A total of 35 cross sections were surveyed before and after the rainy seasons of 2013 and 2014
using a combination of total station and tape meter measurements. To determine the more
optimal spacing between two consecutive cross-sections, the distance ratio between the two
consecutive cross sections was calculated based on Equation 2 (Langendoen 2000).

Axl-
0.65 <

<15 (Equation 2)
Xit+1
where i is the cross section index, and AX is the distance between two consecutive cross
sections

CONCEPTS supporting software provides a Microsoft Excel macro to interpolate a cross section
to optimize spacing between cross sections. In our model the distance between consecutive
cross sections ranged from 8 tol2 m, and the distance ratio varied between 0.76 and 1.44,
which is in the range of Equation 2. When the cross section spacing is outside this range, the
model may not predict the gully morphology adequately, and could introduce numerical
instabilities.

Bank toe setup

Failed bank material is deposited at the toe of a bank, and consequently removed by fluvial
erosion. Simulated flow depths in the gully were typically fairly small, and insufficiently
submerged the failed material to initiate its removal by the flowing water. We therefore
lowered the elevation of the toe that is flattened the gully bed in a cross section, so that the toe
is submerged and the flow can erode any failed material depending on erosion-resistance of the
bed and the failed material. The tension crack depth was measured in the field and used as
input in the model.

Base flow setup



The measured base flow was as low as 0.0005 m3 s1. Such low value created numerically flow
instability at all cross sections in the reach. By increasing the base flow by an order of
magnitude, it reduced the numerical instability along the reach. This adjustment produced a
reasonably better simulation result, and was still small enough to not erode the gully boundary
materials.

Calibration approach

Conventionally, calibration is performed manually and consists of changing model input
parameter values to produce simulated values that are within a certain range of the measured
data (Tague et al. 2004; McMichael et al. 2006). For this study, an iterative approach was used
for manual calibration based on expert judgment and other guidance within reasonable
parameter value range, and the process was repeated until it was determined that the best
results were obtained. The 2013 and 2014 measured discharge data were used for calibration
and validation, respectively.

Input Parameters Determined from Field and Laboratory Testing
Hydraulic data

The groundwater table depth was measured along both banks of the gully using piezometers at
8 and 15 locations during the 2013 and 2014 rainy seasons, respectively (Zegeye et al. 2014;
Zegeye et al. 2016). The piezometer data was interpolated to each of the 35 cross section to
obtain a time series for both left and right bank. The measured flow discharge during the 2013
and 2014 rainy seasons was specified at the upstream end of the gully (inlet). A boundary
condition at the model outlet is optional, however, we imposed the measured rating curve
relation between discharge and flow depth to ensure proper flow depth which was simulated
for a given discharge. Details of the discharge measurement procedure are given by (Zegeye et
al. 2014; 2016).

Sediment and geotechnical data

If bed material is highly erodible, the extent of incision will be limited by bed rock. Five
representative pits were excavated along the gully channel up to 4 m depth when the presence
of groundwater prevented further excavation. Therefore, we assigned this depth as the bed
rock elevation in the model. The gully bank erosion calculations require the specification of bank
material stratigraphy, with its associated grain-size distributions, bulk density, resistance to
erosion (critical shear stress and erodibility coefficient) values, and shear-strength (cohesion



and friction angle) values. Most properties were measured by collecting samples from four
layers of gully bank and bed.

After the soil samples were collected from each layer of right and left gully banks using
cylindrical core sampler (98 cm3), the soil bulk density (BD) was calculated by dividing the mass
of the oven-dried soil (soil dried to a constant weight at 110°C) by the volume of the cylindrical
core. The average BD (1.21 g cm3) was used for the input model. Soil porosity in its natural state
is defined as the percentage of the total volume which is occupied by air space between the soil
particles, and was calculated using the measured BD as indicated in equation 3:

Porosity(%) = 100 (1 —%) (Equation 3)

where particle density (PD) is 2.45 g cm™ for mineral soils.

The soil texture and the grain size distribution for each bank layer (including stream bed), and
suspended sediment samples collected at the gully inlet during 33 rainfall events in 2013, were
analyzed using sieve analysis (2 mm sieve only) and the hydrometer method (Day 1965). For the
hydrometer analysis, 50 g of soil passing the 2-mm sieve was mixed with water and dispersing
agent to form a 1000 ml solution in a cylindrical jar (Day 1965).

Soil shear strength is a combination of cohesive forces between soil particles and the frictional
resistance between particles, which are forced to slide over one another or moved out of
interlocked positions (Léonard and Richard 2004). To determine shear strength of the gully
bank materials, four undisturbed soil samples were collected from four layers of the right and
left gully banks. A direct shear box was used in the laboratory to evaluate effective cohesion, c',
and the effective angle of internal friction, @. The test equipment consisted of a metal box in
which the soil specimen was placed. The box was split horizontally into two halves. The samples
were placed in the split box and subjected to a vertical force (normal stress), and then shear
forces of 60, 120 and 240 kPa were applied by moving one half of the box relative to the other
to cause failure in the soil specimen. Values of effective normal stress and shear stress were
then plotted to determine the cohesion and friction angle (Table 1). To reduce the influence of
negative pore-water pressure, that is air, which increases the total or apparent cohesion, the
laboratory experiments were applied on saturated soil samples so that the pore-water pressure
equaled zero and hence effective cohesion was measured.

Calibrated Parameters



Cohesion and internal friction angle

The calibrated parameters that gave us optimal simulated values are presented in Table 1. The
measured cohesion and friction angle values were too large to produce bank failures. Though
several bank failures occurred during survey, the model was unable to predict based on these
values. Therefore, we calibrated these parameters after several iterations. Finally, 50% of the
measured cohesion and 130% of the measured friction angle values gave us the optimal
simulated value. The suction angle used for all bank layers was 10°.

Table 1. Measured and calibrated soil erosion-resistance parameters in Debre Mawi watershed,
northern Ethiopia.

Soil erosion-resistance parameters

Gu” Mean Effect've L. °
y Porosity _ hesion (k Friction angle (°) Critical o
bank % clay Y particle cohesion (kPa) h Erodibility
layers (%) size (mm) Measur Calibrat Measur Calibrat >N€@r stress cm3 (Ns)*
ed ed ed ed (tc, Pa)
1 64 57 0.0114 24 12 16 20.8 0.668 0.122
2 62 61 0.0110 20 10 18 23.4 0.675 0.122
3 74 59 0.0117 33 16.5 11 14.3 0.659 0.123
4 72 56 0.0118 24 12 19 24.7 0.658 0.123

Estimating soil critical shear stress and soil erodibility

The critical shear stress (t¢) is defined as the stress at which soil detachment begins or the
condition that initiates soil detachment (Terzaghi 1936; Bradford et al. 1973; Noor et al. 2008).
When the shear stress exerted by the flowing water exceeds 1, the erosion rate is proportional
to an erodibility coefficient K. If the critical stress is higher than the exerted stress, the erosion
rate is considered zero (Noor et al. 2008). Theoretically, keeping the channel boundary shear
stress below 71¢ is a requirement for streambank stability (Clark and Wynn 2007). Therefore,
determination of 1cis required to correctly model and understand streambank retreat (Owoputi
and Stolte 1995). Smerdon and Beasley (1961) conducted a flume study on 11 cohesive Missouri
soils to relate basic soil properties (plasticity index, dispersion ratio, mean particle size, and
percent clay) to the critical shear stress. In this study, we used the relation with mean particle
size, which resulted in better predicted bank erosion in the model compared to other relations.

T, = 3.54 * 107261050 (Equation 5)

where Dsg is the median particle size (m).
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Once the critical shear stress is determined, we used the Equation 6 to calculate the erodibility
coefficient K in m3 (Ns)* (Langendoen, 2000):

K=10"7t,/%, fort,>0 (Equation 6)

Boundary resistance

Flow resistance is parameterized using the Manning n friction factor. The n
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RESULTS AND DISCUSSION
Calibration and Validation Results of Gully Geometry

Model calibration (2013 rainy season) and validation (2014 rainy season) were conducted by comparing
observed and simulated changes in gully width and depth. Figure 3 presents both the calibration (left)
and validation (right) of gully top width and depth. Model efficiency (e.g., R?) criteria for validation are of
the same level of accuracy as the calibration results for top width, whereas the validation for depth is
more accurate than the calibration. The NSE and PBIAS values of top width during calibration were 0.97
and -1.13% and during validation were 0.98 and 0.98% respectively. Similarly, the corresponding NSE and
PBIAS values for bed adjustments during calibration were 0.33 and 24%, and during validation were -0.92
and 47%, which contradicts with the coefficient of determination as shown in Figure3. Zegeye et al.
(2016) reported that assessing the quality of fits between gully expansion parameters cannot solely be
done based on R?, and that good fits also require other measures like NSE and PBIAS to be in the
acceptable range. The analysis also demonstrated that further calibration is needed until the depth
prediction better fits with the observed change in depth.

TW-Calibration 2013 TW-Validation 2014
60 60
= y=0.98x + 0.58
=45 e 15 y=0.96x + 1.05 ®
kS R?=0.99 g R?=0.99 e
= ° o .r. ¢
z o $-
g 30 e 30 .
= ° -
o 15 o g 15 .,_.'w"'
& %o *e®
o >
Y ]
0 10 20 30 40 50 0 10 20 30 40 50
Measured top width (m) Measured top width (m)
Depth-Calibration 2013 Depth-Validation 2014
12 12
[
— Qg o e % .
9 ° L - ,
£ y=114x+1.47 ". .oy o y=125+048 .‘,,_..-."
£ R?=0.72 o R*=0.88 o%e
= =0. '
[ e @ { [ ] R Y
o 6 ¢ e 6 e
o [ g e
2 * o ® ° o
© o®. ® e ® ®
£ 3 .. o ® °® 3 o »®
g
0 0
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 8
Measured depth (m) Measured depth (m)

Figure 3. Calibrated and validated channel top width (TW) and depth values simulated by the CONCEPTS
model against measured values during calibration period (2013) and validation period (2014).
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Most bank failures were observed and predicted immediately downslope of the gully headcut between
70 to 120 m downstream from the inlet weir (cross-sections XS-8 to XS-12 in Fig. 4). In both years (2013
and 2014), the model over predicted a top width change at XS-28 and XS-29 which is located around 300
m downstream of the inlet (Figure 4). Possible reasons could be: (1) The model assumes a straight
channel (Langendoen 2000), which may over or underestimate boundary forces when there are abrupt
cross-sectional changes. For example, the top widths of cross-sections XS-28 and XS-29, respectively 14
m and 9 m, were smaller than those of the surrounding cross-sections XS-27 and XS-30, respectively 37
m and 17 m, which increased the friction slope and boundary shear stress at sections XS-28 and XS-29.
(2) Gully bank materials in each layer or horizon are assumed in the model to be similar along the 389 m
gully reach, which is not likely.

Cantilever-Planar Failure Relationships

Two bank-failure conditions (planar and cantilever) were simulated by the CONCEPTS model. Cantilever
failures are formed when the flow preferentially erodes deeper, more erodible layers. The dashed line in
Figure 5(a) shows the failure block weight produced by the cantilever failure, which in turn produced the
planar failure (bold line). This indicates that the two failure processes occur successively. The planar
failure at this cross-section was triggered after a total of 190 kN m™ in bank soil was removed by
cantilever failures as shown in Figure 5(a). Similar findings by Langendoen et al. (2014) show that “both
tension crack depth and groundwater table can significantly affect factor of safety. During runoff events
the free over fall over the brink of the gully head will scour the toe of the head cut and form an
undercut. These undercuts can significantly reduce factor of safety.”
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2014 (bottom) rainy seasons.
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Figure 5. Simulated bank failures at cross-section 8 (XS-8) during the 2014 rainy season. (a) A failure of
block weight by cantilever failure (dashed line) followed by planar failure (solid line); (b) Evolution of
Factor of safety (FS) in 2014 at which planar failures occur when FS falls below one.

Effect of Groundwater Table Elevation on Gully Erosion

Most bank retreat occurred in August when the elevated groundwater table destabilized the banks.
Zegeye et al. (2016) observed that the water table rose above the gully bottom for the study gully during
the rain phase, which resulted in increased pore-water pressure indicating mostly saturated gully head
and bank soils. This gully condition was strongly linked with high linear retreat and volumetric expansion
of the gully (Tebebu et al. 2010; Zegeye et al. 2016). Increased pore-water pressures reduced soil shear
strength and therefore the factor of safety of the gully bank, as shown in Figure 5(b). The Fs for the left
and right banks of XS-8 continuously decreased throughout the rainy season. Around 10 Sep 2014, the
left bank Fs dropped below one thereby triggering a 5 m deep failure (Figure 5(a)), which resulted in
temporal stability of the bank and a sharp increase in Fs. Many authors have reported the role of
groundwater elevation (GWE) in the formation and expansion of gullies in the study area (Tebebu et al.
2010; Zegeye et al. 2016). For example, Figure 6 shows the effect of groundwater table depth on the
simulated cross-sectional adjustment of XS-8 of the studied gully. The CONCEPTS model predicted an

15



increase in sidewall retreat from 2 m to 6 m when the water table was elevated by 0.20 m, and predicted
an increase to 19 m when the water table was near the ground surface (Figure 6). Similarly, the bed
elevation at this cross-section was lowered by about 4 m due to the increase in GWE by 40 cm. The result
demonstrated that lowering or draining the subsurface water can significantly reduce gully erosion and
hence sediment yield.

WT 10cm WT =50¢em WT =70cm

2724 2224 7274 -

— 220 - 2270 - i

I
i
~.|.,
¥
&I
|
|
TIIT:
Elevation |
T ¢

2216

STATION (m)

Figure 6. Effect of groundwater table on simulated gully geometry (XS-8). The groundwater elevation
increases from 0.7 to 0.1 m below the surface (from right plot to left plot) resulted in increased side wall
and bed erosion.

To evaluate effect of bank regrading and bed protection on gully erosion, two gully erosion control
measures were evaluated: (1) regrading the banks of six cross sections to a 45-degree slope over a length
of 55 m (XS-7 to XS-12); and (2) placing bed and bank toe protection at 5 cross sections over a length of
42 m (XS-8 to XS-12). As shown in Figure 7, the thalweg of the gully throughout the reach is impacted by
both measures. Without any protection measures, the gully bed eroded a cross-sectional area of about
800 m? throughout the gully reach with an average change in bed elevation of 2 m. No sidewall erosion
was simulated for either of the two control measures, which were applied to only a few cross-sections as
shown in Figure 8(a).

One important observation was that protecting one cross-section could positively impact the
neighboring cross-sections. For example, bed erosion at non-protected XS-7 was reduced by 1 m because
of the regrading at XS-8. Similarly, bed erosion at XS-13 was reduced by more than 1 m (Figures 7 and 8).
In general, targeted bed and bank toe protection or regrading the banks reduced the average bed
erosion by more than 60%. Implementing either of the two control measures, could save a total of 400
m2land under risk of gully erosion by reducing the sidewall retreat by an average width of 1 m
throughout the reach length. To better understand the effects of regrading the banks on bed erosion,
the sidewall of cross section 9 (XS-9) was regraded to a slope of various degrees, as shown in Figure 8(b).
The result demonstrated that regrading the bank to a slope of 45° reduced bed erosion only by 25%,
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indicating that regrading only does not prevent gully erosion. Therefore, regrading the bank should be in
combination with bed and bank toe protection measures.

(a) Unprotected gully

Figure 7. Effect of best management practices (BMPs) on simulated bed erosion: (a) no BMPs; (b)
regrading bank slope to a 45° angle (XS-7 to XS-12); and (c) targeted bed and toe erosion protection
measures (XS-8 to XS-12). The circles on the left figures indicate the effects of the three conditions on
simulated bed erosion between XS-8 and XS-12. The left figures plot thalweg elevation, whereas the right
figures plot change in thalweg elevation.

In the study area, Langendoen et al (2014) tested CONCEPTS model to determine the shear stresses for a
range of flows that may occur over a 45-degrees regraded head cut and 45-degrees regraded sidewalls
near the head of our studied gully and found the maximum shear stress is located at the upstream end
of the gully head where water surface slope is largest. Similarly, the result is supported by Langendoen et
al (2014) who conducted BSTEM model in our study area and reported that gully heads and banks with
angles not exceeding 45-degrees should be stable under fully saturated conditions. The CONCEPTS

17



model in our study was also used to evaluate the effect of these measures on sediment reduction (Figure
8(c)). Regrading XS-9 to a slope of 45° can reduce sediment yield by 33%, whereas controlling the bed
and its toe erosion using different measures can reduce the sediment yield by 90%. This indicates
protecting bed erosion is the most important strategy in reducing both sidewall and bed erosion.
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Figure 8. Effect of gully erosion control measures on (a) sidewall erosion, (b) bed erosion and (c)
sediment yield during the 2014 rainy season of a large gully in the Debre Mawi watershed.

CONCLUSION

The USDA CONCEPTS model was used to aid in the design of new gully erosion control measures in
Debre Mawi watershed representing the humid highlands of Northern Ethiopia. A gradual introduction
of computational modeling technology of increasing complexity, such as CONCEPTS, has major benefits
in designing cost-effective erosion control measures. Based on the model efficiency criteria, the
calibrated model predicted well both the top width (R* = 0.99) and depth (R? = 0.88). The CONCEPTS
model predicted an increase in sidewall retreat and bed erosion when the water table was elevated
which implies that lowering or draining the subsurface water can significantly reduce gully erosion and
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hence sediment yield. The result demonstrated that regrading the bank to a slope of 45° reduced bed
erosion only by 25% and sediment yield by 33%, whereas controlling the bed and bank-toe erosion by
protective measures reduced the sediment yield by 90%. Regrading gully sidewall or lowering water
table can significantly reduce gully bank erosion. However, these measures do not significantly reduce
the bed and bank toe erosion (Figures 6-8) caused by the flowing water force, which ultimately resulted
in bank failure. This indicates that effective gully treatment requires integrated measures, i.e., both
regrading gully banks and lowering water table should be integrated with bed protection measures such
as check dams. Preventing bed erosion is critical in reducing both sidewall and bed erosion.

Although the validation results show that CONCEPTS can successfully simulate gully erosion using
calibrated input parameters, which fall within the typical range expected for the soils surrounding the
gully, some discrepancies were observed between the simulated and observed gully evaluation. Possible
reasons for such discrepancies are: the assumptions of similar gully bank materials in each layer or
horizon along the 389 m gully reach, which is not likely; and the model assumption of a straight channel,
which may over-or underestimate boundary forces when there are abrupt cross-sectional changes. This
indicates that the CONCEPTS model has possibilities for further improvements.

From all collected parameters, effective cohesion and internal friction angle were the only calibrated
parameters. Sensitivity analysis supports this concept through iterative improvement of our quantitative
understanding of what is important for validation and how priorities should be established at given
points in time. This study lacks this important analysis. Therefore, future studies should also focus on
sensitivity analysis and select which parameters are very important with respect to healing gully erosion.
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