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Abstract: Maintenance of agricultural drainage ditches can be difficult to optimize if farmers have no
guidelines on where to target their maintenance efforts. A main concern is whether ditch banks will
experience soil erosion or mass movement (failure). In order to help identify sites that are more likely
to experience soil erosion and/or mass movement, soil susceptibility to detachment was assessed in
this study using a cohesive strength meter (CSM) and measurements of shear strength in unsaturated
direct shear tests. The results showed that soil roots play an important role in stabilizing ditch banks
against mass movement and in reducing the rate of soil detachment. A positive stabilizing effect
was detected by CSM and confirmed by shear strength measurements. The conclusion is that native
vegetation should be maintained on ditch banks, instead of being removed during maintenance work
as is currently the case.
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1. Introduction

Humans clear away natural vegetation and cultivate crops, in the process creating periodically
non-vegetated areas that are prone to soil erosion [1-3]. Globally, an estimated 1094 million ha of
land are affected by water erosion, of which 751 million ha are severely affected [4,5]. Soil erosion is a
current threat to the security of food production, as around 80% of global agricultural land is affected
by moderate to severe erosion [6] and as the rate of erosion greatly exceeds the rate of soil formation [7].
Global demand for food has thus resulted in agriculture becoming an intense activity causing soil
and water pollution, soil losses by erosion, and biodiversity loss [8]. In order to reduce the adverse
effects of soil erosion and maintain the fertility of agricultural land, proper management is needed.
Land drainage, or combined irrigation and drainage, is an important measure to maintain or improve
yield per unit of farmed land [9]. The drainage structures constructed to achieve proper drainage of
agricultural land include open ditches that are responsible for collecting surface and subsurface water,
thus acting as erosion and flood control [8]. Ditches are therefore vital for the sustainable functioning
of agricultural land [10].

Agricultural ditches degrade over time by the action of multiple processes, including rain,
overland flow, bank erosion, and mass movement [10]. In order to identify appropriate strategies to
maintain agricultural ditch function, ditch degradation status needs to be assessed. Approaches such as
Minnesota Agricultural Ditch Research Assessment (MADRAS) allow visual assessment of the status
of drainage ditches [11], but there is currently no method for assessing the likelihood of occurrence of
the processes causing drainage ditch deterioration. Among these processes, soil mass movement and
soil erosion affecting ditch banks are considered the most important. Previous work has shown that,
at catchment level, the sediment contribution from bank-derived material is greater than previously
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thought [12]. In an agricultural context, keeping drainage ditches properly functional means ensuring
good hydraulic capacity. The hydraulic capacity of a ditch is strongly affected by soil erosion and
bank instability, since the soil displaced from the banks will eventually be deposited in the main
channel. Furthermore, soil removal from the banks as a consequence of erosion and mass movement
modifies ditch geometry. A drainage ditch with modified geometry can display changes in its hydraulic
behavior/performance that could potentially promote unintended instances of erosion/deposition
either downstream or upstream. Therefore, knowledge of where erosion is more likely to occur and
where ditch banks are more likely to become unstable is important when deciding where maintenance
work should be targeted.

An important aspect of maintenance work on agricultural drainage ditches is that it usually
involves channel cross-section modification (mainly by widening the cross-section and changing the
slope of the channel banks) and removal of vegetation that might have grown in the channel and on the
banks. Removal of vegetation from the channels is necessary to avoid obstructions to flow, but might
have negative effects by leaving the banks less protected or more unstable. It is widely accepted
that vegetation roots have an overall positive effect on soil stability [13-16]. For instance, it has been
shown that vegetation roots increase the shear strength of soils with high moisture content [14] and,
depending on the root configuration in a channel, increase bank stability to mass movement [17].
However, this increased stability of agricultural drainage ditches has not been assessed to date. Further,
vegetation on the banks not only increases the shear strength of the soil, but is also likely to reduce the
forces caused by water flow in the ditch [18], decreasing its erosive force. This is particularly important
because different drainage maintenance procedures affect the dynamics of vegetation present in the
drainage ditch [19]. Thus, depending on how vegetation establishes, different stabilizing effects will
occur. In addition, changes in water content in the soil have an impact on the resistance to erosion,
as demonstrated previously for agricultural watersheds [20], but not specifically for agricultural
drainage ditch banks. Thus, the practice of vegetation removal could possibly worsen or at least
support active erosion and bank instabilities. To assess the impact of vegetation on the stability of
ditch banks and their resistance to erosion, this study examined the effects of vegetation roots on
ditch soil resistance to detachment, measured with a cohesive strength meter (CSM), and soil shear
strength, measured with unsaturated direct shear tests. The effect of moisture condition on soil particle
resistance to detachment under two soil moisture conditions was also assessed with the CSM. Finally,
to assess the combined effect of bank slope modification and vegetation configuration, the factor of
safety (FoS) for ditch banks with and without vegetation, with three different slopes and three root
depths, was estimated following slope stability analysis using the finite element method.

2. Materials and Methods

2.1. Field Site

Field studies were carried out in an agricultural drainage ditch located just east from Jonaker,
in Sodermanland County near Nykoping city, Sweden (see Figures 1 and 2). The drainage ditch,
named Kiladn, was originally a natural watercourse, but was straightened to meet certain critical
dimensions for depth and width around 1979 [21]. Kiladn flows through three wetlands, Hannsjon,
Erkan, and Svanviken, which were formerly small lakes that were drained to expose agricultural
land. The ditch is inside Kiladn catchment area (432 km?), which extends through the valley from
Kolmarden forest to western Nykoping. Land use around Kiladn mainly comprises agriculture and
forestry. The agricultural ditch is in a flat area with mean elevation 20 m above sea level and mean
yearly temperature of 5.6 °C, with a cold period (November-March) with temperatures below 0 °C
and a warm period (June-August) with temperatures above 10 °C. Yearly precipitation is 545 mm [22].
Various segments of the drainage ditch showed signs of mass movement at the time of the study.
The landowner revealed that some segments had experienced actual mass movement after past
maintenance work that involved changing the ditch cross-section so that the banks were steeper and
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completely without vegetation. Considering the maintenance work done and the information provided
by the landowner, five ditch segments, each 10-15 m long, were selected for investigation. Two of
these segments (segments 1 and 3) had not had their cross-section modified and had well-established
vegetation, while three (2, 4, and 5) had had their vegetation removed and/or their cross-section
modified. Thus, segments 1 and 3 had a greater presence of plant roots, assessed visually on-site,
while segments 2, 4, and 5 had little or no vegetation and sparse or no roots in ditch bank soil.
In addition, segments 1 and 3 showed no signs of recent mass movement activity, whereas segment
2 had some soil at the toe of the bank, which was considered an indication of mass movement.
In segments 2 and 5, some small blocks of soil had fallen into the channel, but any past evidence of
bank instability had been removed during recent maintenance work in which the bank was cleared
and flattened.

Sweden
Nykodping
/\ Segments surveyed
—— Ditch
‘ Elevation [m]
<2
3 6
10
Nykoping 0 250 500 m 16
I B >20

Figure 1. Location of the study site in Sweden and of ditch segments examined in this study. Each point
(1-5) represents the approximate mid-point of each of the five 10-15 m long segments investigated.
Elevation data from ©Lantméteriet [23].

2.2. Sample Preparation

Within each of the five selected segments, six undisturbed samples (cores 7.2 cm diameter and
5 cm height) were taken for testing with the CSM and 12 undisturbed samples (7.5 cm diameter and
2 cm height) were taken for direct shear testing. An additional three disturbed samples (around 100 g)
were taken from each segment for texture analysis. Thus, 21 samples per segment were extracted,
or 105 samples in total.

The samples were taken from the bank surfaces of the ditch at an approximate depth of 5-15 cm
and at an approximate distance of 1 m from the top of the ditch bank. Three of the six samples for
the CSM tests and all 12 samples for the direct shear tests were water-saturated and then drained to
a drainage equilibrium pressure of 5 kPa, to standardize the moisture content prior to running the
tests. The remaining three CSM samples were tested under water-saturated conditions. This was done
to compare saturated conditions (i.e., the conditions to which the lower portion of the ditch bank is
subjected) with average field conditions to which the upper portion of the ditch bank is subjected
(i.e., drainage equilibrium pressure of 5 kPa).
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Figure 2. (Images 1-5) The five ditch segments surveyed. Segments 1 and 3 seemed to be stable and
were vegetated, whereas segments 2, 4, and 5 had had their vegetation removed and/or cross-section
modified during recent maintenance work. (Bottom right) Soil sampling locations on the ditch bank.

The three samples for texture analysis were air-dried and sieved through a 2 mm sieve.
Organic matter was then removed by boiling the soil in a solution of water, hydrochloric acid
(HCl), and hydrogen peroxide (H,O5).

Analyzing and testing the 105 samples (21 per segment) involved seven months of full-time work
in the laboratory.

2.3. Texture Analysis

Soil texture was measured with a particle size analyzer from ©Horiba, model LA-950, which derives
particle size from the forward diffraction of a laser beam and uses Mie scattering theory to calculate the
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size and number of particles in the sample [24,25]. The sample is placed in a sample holder in the device,
which feeds the analyzer with small representative samples for texture analysis. The equipment can
measure particle sizes between 10 nm and 3 mm. This method provides a high degree of repeatability,
greatly reduces testing times, and requires only small soil samples [25,26].

2.4. Cohesive Strength Meter (CSM)

The CSM, developed by © Partrac, allows estimation of the critical shear stress for erosion.
The device directs a water jet at the sample surface in short pulses. The internal CSM pressure (P;)
used to fire each water jet is increased for every pulse, and soil detachment caused by the jet is tracked
by the reduction in light transmittance across the test chamber [27]. Using readings of pressure versus
light transmittance, it is possible to identify the point at which erosion starts, which has been defined
as the point at which the transmittance value falls below 90% (representing a 10% reduction in light
transmittance). The corresponding pressure is considered the point of incipient scour. Vardy et al. [28]
suggested expressing this pressure (internal CSM pressure, P;) as equivalent pressure at the soil surface
(Psurface), since this makes it possible to compare the results obtained with different CSM instruments.
Accordingly, a relationship between P; and equivalent pressure at the soil surface (Pgyrface) Was obtained
by measuring the pressures with a pressure sensor plate [10]:

Psurface = 0.005P; (1)

where Py face and P; are in Pa.

Although values of Pgyface Obtained with Equation (1) do not account for the fact that the
surface hit by the jet varies in time, it is considered a better approximation than the raw P; values.
Using Equation (1), the internal CSM pressure at the onset of erosion, P; ., can be converted to
equivalent pressure at the surface. The value of Pg;;face at the onset of erosion, Pgyrface cr, can be used
to obtain T, the critical shear stress for erosion [29]:

Terit = 0.0013Pgyrface or + 0.047 2)

Equation (2) is valid for the pressure range 40 Pa < Pgyiface < 90 Pa. The critical shear stress for
erosion is then used to compare different soils.

Different CSM routines are available [27], where each routine defines: (i) the duration of the water
jets, (ii) the intervals and total duration of the measurement of light transmittance, and (iii) the pressure
increment steps for the water jets. In this study, the routine selected was Fine 1 (see Table 1), because it
permits use of the full range of pressures exerted by the CSM.

Table 1. Specification of the Fine 1 cohesive strength meter (CSM) routine (Partrac, 2011).

Description Fine 1
Jet duration (s) 1.0
Data logged for (s) 3.0
Data logged every (s) 0.1
Starting pressure * (kPa) 0.7
Pressure increment (kPa) 0.7
Up to (kPa) 16.5
Then from (kPa) 18.6
Increasing by (kPa) 2.1
Up to (kPa) 414
Then from (kPa) 55.1
Increasing by (kPa) 13.7
Up to (kPa) 413.7

* All pressures refer to P;, the pressure used to fire each water jet.
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2.5. Unsaturated Direct Shear Test

Soil shear strength is commonly determined under saturated conditions. However, saturated
conditions seldom exist in the field, and thus the test does not represent the most common state of
the soil [26]. More commonly, the soil is in some intermediate state, which in this study was a state
of near saturation. Therefore, near-saturated direct shear tests were carried out on undisturbed soil
samples with varying root density. These shear tests were carried out at a single suction level of 5 kPa
(0.5 m water column) and at four normal stresses: 20, 60, 100, and 140 kPa. Each level was tested three
times, at a shearing speed of 0.01 mm/min. A suction level of 5 kPa was chosen, as it was the closest to
saturated conditions that could be achieved with the unsaturated direct shear test equipment.

The effect of roots on shear strength can be accounted for as the increment in cohesion of
the soil [17]:

cr=¢ +¢yp, 3)

where cr is total cohesion, ¢’ is effective cohesion, and c; is root cohesion. Therefore, in tests performed
on samples with varying root density, higher cohesion can be expected in samples with higher
root density.

To confirm that added cohesion improves the stability of ditch banks, slope stability analysis was
carried out using a finite element analysis code called slope64, following the approach presented by [17],
to assess the effect of soil roots on bank stability. Finite element analysis using slope64 iteratively
redistributes excess stress to neighboring points after the stress exceeds the soil strength at each Gauss
point considered. This redistribution continues until the failure criterion is reached and equilibrium is
established at all points considered within the mesh [17]. Finally, a factor of safety (FoS) is derived,
as the number by which the strength parameters have to be divided in order to reach a critical state of
failure [17,30]. The theoretical basis for the code is described in detail elsewhere [30,31].

From the unsaturated direct shear tests, the shear strength parameters cohesion and angle of
friction were derived. The Mohr-Coulomb equation for soil shear strength was used:

T=cr+ (o — u) tan ¢’, 4)

where 7 is shear strength of the soil, ct is total cohesion (see Equation (3)), o is normal stress, p is pore
water pressure, and ¢’ is friction angle. The geometry of the ditch bank used in the present analysis is
shown in Figure 3.
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Figure 3. Geometry of the bank slope used in slope stability analysis, where h refers to the depth of the
soil with high root density and s is the slope (drawing not to scale).
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The geometry diagram in Figure 3 shows two ditch bank scenarios, one with the bank slope
vegetated (top panel) and one with the vegetation removed (bottom panel). The latter resembles
vegetation removal from the bank surface during maintenance work. The slope of the bank was
expressed as a ratio 1:s (vertical elevation/horizontal distance), where s (Figure 3) was kept as a variable,
to reflect the effect that flattening of the bank might have on bank stability. Three values for the slope
of the bank (s) were considered, 0.25, 0.5, and 1.0 m. The root depth zone (h in Figure 3) was set to
0.1 and 0.6 m.

2.6. Plant Roots in the Soil

In order to account for the effect of roots in the soil, the weight of roots present in the samples used
for shear testing was determined. After the samples were sheared, the soil was rinsed off with water as
carefully as possible, and the roots were collected in small pre-weighed vessels. The roots were then
air-dried, and the dry weight of roots was obtained. Using the weight of roots and the volume of the
samples, root density was calculated and used to compare soil from the different ditch segments.

2.7. Estimation of Water-Induced Shear Stresses

Water flowing in the ditch will induce shear stresses on the bed of the channel and on the
surfaces of the ditch banks. In order to compare the estimated critical shear stress for erosion with the
hydraulic shear stresses, the average bed shear caused by the flowing water in the ditch was calculated.
A basic estimate of the bed shear stress caused by flowing water was obtained using the following
expression [32]:

Tp = Yw}’sr ®)

where Ty, is the bed shear stress, vy is the specific weight of water, y is the water depth, and S is the
slope of the ditch.

Water flow data for the sub-catchment of Kiladn (ID 4897) encompassing the segments studied
were obtained from Sweden’s Meteorological and Hydrological Institute (SMHI) [33]. The year-average
water discharge is shown in Figure 4. According to the available data for 2014-2019, the average flow
was 2.5 m3/s.
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Figure 4. Year-average water discharge for Kiladn ditch. Data from Sweden’s Meteorological and
Hydrological Institute (SMHI) [33].

In addition to water discharges, Manning’s equation was used to estimate the water depth
necessary to estimate the shear stress with Equation (5):

V =n 1R%3512, (6)
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where V is water velocity, n is Manning’s coefficient, R is the hydraulic radius, and S is the slope of the
gradient line, which in this case was taken as having the same value of the ditch slope.

In order to use Equation (5) to estimate the water depth from the elevation data provided by
Lantmateriet [23], the average slope of the ditch was estimated to be 0.0043 m/m, and the cross-section
considered was trapezoidal (the same as for the slope stability analysis in Section 2.5). A base length of
6 m and bank slopes of 1:0.25, 1:0.5, and 1:1 were considered, taking into consideration the original
1979 [21] design for nearby segments. Two values of Manning’s coefficient were used, a value of
0.027 for the maintained segments, which corresponded to that for an excavated or dredged channel,
straight and uniform, with short grass and few weeds [34], and a value of 0.05 for the unmaintained
segments, which corresponded to that for a non-dredged channel with vegetated banks, with a clean
base and brush on the sides [34].

It has been suggested [32] that, for trapezoidal channels, 75% of the bed shear stress, Ty, as estimated
with Equation (4), acts on the channel banks:

Thank = 0-75was/ ()

Therefore, this value was used for comparisons with the critical shear stress for erosion values
obtained with the CSM.

3. Results and Discussion
Based on soil texture analysis, the soil was classified as silty clay loam [35] for all five ditch

segments studied. The results of soil particle size analysis are shown in Table 2.

Table 2. Soil texture fractions (per cent by weight) determined using an ultrasonic particle analyzer.
The values are mean + standard deviation (n = 3).

Segment Fine Clay Coarse Clay Silt Sand
(<0.2 um) (0.2-2 um) (2-20 um) (20-2000 pm)
1 44+0.1 222+03 61.2+0.8 122+ 0.5
2 6.3+04 21.2+1.6 632 +1.6 9.3+0.7
3 52+09 222+03 642+ 1.8 84+29
4 41+03 21.7+0.8 634 +26 108+ 1.5
5 6.4+26 252 +15 53352 151+15

The CSM test results are shown in Figure 5, where light transmittance values are plotted against P;.
The curves in the diagram show how scour progresses as more soil is detached and put into suspension
with increasing P;.

The shape of the curves in Figure 5, with the exception of segment 1 (drained condition) and
segment 3 (drained and saturated condition), is similar to that reported previously [25,26], with no
straight line at the beginning of the curve, i.e., at low pressures. This might be an indication that the
surface soil was loose and easily removed by the lower range of pressures applied.

From the curves in Figure 5, the critical pressure for initiation of scour, P; ,, was estimated as the
pressure at which the light transmittance value is below 90% [27]. For this purpose, horizontal red
lines were added at 90% light transmittance. The average P; . values are shown in Table 3.
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Figure 5. Light transmittance values as a function of internal CSM pressure (P;). The vertical lines in

the graphs indicate standard deviation and the dots are average light transmittance values (n = 3).

The red lines at 90% transmittance represent the threshold for initiation of erosion.

Table 3. Average (n = 3) cohesive strength meter (CSM) pressures for initiation of scour (P; ),

average (n = 3) transmission values (T), equivalent pressure at the surface (Pgyrface_cr), and estimated

critical shear stress for erosion (Tt) obtained from Equation (2) for ditch segments 1-5.

Pi_cr (kPa) T (%) Psurfacefcr (Pa) Terit (Pa)
Segment Drained Saturated Drained Saturated Drained Saturated Drained Saturated
1 2.75 2.75 87.3 89 13.69 13.69 0.22 0.22
2 10.34 2.75 89.9 84.9 54.49 13.69 0.76 0.22
3 248.21 35.16 89.3 89.9 1236.08 175.09 16.11 2.32
4 1.38 1.38 89.9 88.6 6.87 6.87 0.14 0.14
5 2.07 1.38 85.6 89.8 10.3 6.87 0.18 0.14

The “drained” and “saturated” conditions in Table 3 refer to the expected conditions in the field

(see Section 2.2). The lower portion of the ditch bank is under saturated conditions, and the upper part
of the ditch bank is under unsaturated conditions. For the average flow of 2.5 m3/s, the different slopes
(1:0.25,1:0.5, and 1:1), and the selected Manning’s coefficient values (1 = 0.027 and 0.05) (see Section 2.7),
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the water depth in the channel varied from 0.35 to 0.53 m. The soil below this depth is likely to be
saturated and the soil above it is likely to be under unsaturated conditions. These two conditions
were imposed on the samples before testing with the CSM (Section 2.2). Based on the estimates of
P; r, there was no difference between saturated and drained conditions (p > 0.1 in all cases). However,
the estimated P; ., in segment 3, under saturated and drained conditions, was different from that in
the other segments (p < 0.05). The estimated P; ., was similar for segments 1, 2, 4, and 5 under both
saturated and drained conditions.

From Table 3, it can be seen that P; ., in ditch segments 2, 3, and 5 was higher for drained conditions
than for saturated conditions. For ditch segments 1 and 4, both conditions showed the same P; .
The average transmittance values are included to show that the pressures measured corresponded to
points with average transmittance values below 90%.

Pgurface_or calculated using Equation (1) is also shown in Table 3. For ditch segments 2, 3, and 5,
the values of Pgyface or Were higher for drained than for saturated conditions. For segments 1 and 4,
the values of Pgyrface or fOr drained and saturated conditions were similar.

Using the calculated values of Pgyyface cr, the critical shear stress for erosion () was calculated
using Equation (2) and is shown in Table 3. The value of Pgyyface or fOr segment 2 under drained
conditions was in the range of validity of Equation (2). The values of Py face or fOr segments 1, 2,
4, and 5 under drained and saturated conditions were below the range of validity of Equation (2),
while the values of Pgyface_cr for segment 3 were above the range. Thus, the estimates of critical shear
stress for erosion (T.t) should be viewed with caution.

The results of the unsaturated direct shear tests are shown in Figure 6, where plots of shear stress
versus normal stresses are shown for each segment. The results revealed that shear resistance was
higher in ditch segments 1 and 3 than in segments 2, 4, and 5.

100 1
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e~ - |

v 754

8 2

=

17]

b -~ 3
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= - 4
50 1

& 5

20 60 100 140
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Figure 6. Shear strength of soil in ditch segments 1-5 obtained from the unsaturated direct shear tests.
The vertical lines in the graphs indicate standard deviation, and the dots are average shear stress
values (n = 3).

Shear strength parameters were obtained from the regression lines added to Figure 6 for each
segment, where the intercept of the regression line with the vertical axis (shear stress) is the total
cohesion and the slope of the regression line is the angle of friction (see Equation (4)). The resulting
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parameters are shown in Table 4. It was found that the cohesion values for segments 1 and 3 were
different from the cohesion values for segments 2, 3, and 5 (p < 0.1), whereas the values of the angle of
friction were similar for all segments. Ditch segments 1 and 3 had higher total cohesion than segments
2,3,and 5.

Table 4. Shear strength parameters and root densities obtained for ditch segments 1-5.

Segment  Total Cohesion, ct (kPa) Slope/d’ Root Density (kg/m3)  Vegetation Status

1 11.5 0.74/36.5° 174 £ 34 Present
2 3.3 0.71/35.4° 25*%+13 Removed
3 17.2 0.73/36.1° 12 +2.2 Present
4 3.7 0.61/31.4° 22*+1.0 Removed
5 3.2 0.69/34.6° 1.8+09 Removed

Root density values are averages + standard deviation (n = 12). * An outlier was removed prior to calculation of the
mean and standard deviation.

The root densities in soil samples from all ditch segments are shown in Table 4. The average root
densities were higher for ditch segments 1 and 3 than for segments 2, 4, and 5. However, it is important
to note that, although as much care as possible was taken while gently washing the roots from the
soil, some very fine roots might have been washed out along with the soil and water. In addition,
although care was taken to trim the samples to the same volume, during the process some small stones
or some very coarse roots created small holes in the samples, causing the volume to vary between
samples. With these considerations, the estimated root densities in Table 4 are only a rough indication,
rather than precise density measurements.

Considering that the soil in all ditch segments studied was in the same textural class (silty clay
loam) and taking root density as the only difference, the results were divided into two groups: vegetated
(segments 1 and 3) and non-vegetated (segments 2, 4, and 5). The values of cohesion and angle of
friction in Table 4 were averaged accordingly, and the results are shown in Table 5.

Table 5. Average values of strength parameters used for slope stability analysis.

Soil Status Total Cohesion (ct) (kPa) Angle of Friction (¢”)
Vegetated 14.3 36.3°
Non-vegetated 34 33.8°

Using the parameters in Table 5 and the geometry scenarios shown in Figure 3, stability analysis
was performed, and FoS values were obtained. For the stability analysis, a specific weight of soil of
20 kN/m? was used. The results of the stability analysis are shown in Table 6, where values below 1
indicate unstable surface and values above 1 stable surface.

Table 6. Values of factor of safety (FoS) for the three ditch bank slopes and two depths of root
region considered.

FoS
Scenario * Depth of Root Region (h) [m]  1:0.25 310[1)3)(;/ *H) 11
s i -
il igh roordensiy | 01 01 1w

* For the geometry of scenarios 1 and 2, see Figure 3.
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The results showed that a simple flattening of the surface, i.e., going from a slope of 1:0.25 to 1:0.5,
increased the stability of the surface, converting an unstable scenario (FoS = 0.9 without any vegetation)
into a marginally stable situation (FoS = 1.12 without any vegetation) (Table 6). The vegetation that is
almost always present in the areas surrounding drainage ditches increased the stability of ditch surfaces
slightly further (e.g., for a root depth of 0.1 m and 1:0.5 slope, FoS increased from 1.12 to 1.14) (Table 6).
Presence of vegetation on the bank surface added to the effect of surface flattening, considerably
increasing the stability of the bank (e.g., for a root depth of 0.1 m, on increasing the slope from 1:0.25 to
1:0.5 (flattening) and with vegetation present on the bank surface, the scenario went from a unstable
case of FoS = 0.9 to stable at FoS = 1.34 (49% increment)). The overall stabilizing effect of the added
cohesion by roots in the soil agrees with results published in the literature, particularly as regards bank
stabilization [17,36]. In addition, the results showed that a change in slope from 1:0.25 to 1:1 (a reduction
in slope angle) and promoting the presence of vegetation on the bank surface (non-maintained segment)
changed the scenario from an unstable case of FoS = 0.9 to stable at FoS = 2.05. This highlights the
problematic nature of ditch management, which must balance the need to maintain ditch capacity for
flow against the need to keep ditch banks stable, while minimizing the maintenance costs.

Table 7 compares the estimated shear stresses caused by flowing water obtained for the different
slopes and Manning'’s coefficient values with the range of critical shear stress (Tt) values obtained
with the CSM for the different segments and different moisture conditions (see Table 3). The critical
shear stresses obtained using Equation (7) varied slightly with the slope magnitude, with the lowest
Tpank Values obtained for the 1:1 slope and the highest values for the 1:0.25 slope (Table 7).

Table 7. Range of critical shear stress for erosion, T, obtained with the cohesive strength meter
(CSM) and estimated range of the hydraulic shear stresses acting on the banks, Tp,,x, obtained using

Equation (7).
Segment Status Terit (Pa) Tpank (Pa)
Non-vegetated (segments 2, 4, 5) 0.14-2.22 11.1-11.4
Vegetated (segments 1 and 3) 0.22-16.11 16.1-16.7

The estimated hydraulic shear stresses acting on the banks were higher than the estimated critical
shear stress for erosion for the non-vegetated (maintained) and vegetated segments (Table 7). However,
the non-maintained segment 3 had an estimated critical shear stress that was close to the acting shear
stress caused by moving water (16.1 Pa). This suggests that the presence of vegetation is likely to protect
the soil against erosion, which generally agrees with findings elsewhere [37,38]. Finally, the values for
hydraulic shear stress were based on year-average flow (2.5 m%/s), and are likely to increase during the
period of high flow. In such conditions, vegetated segments would be better prepared to resist the
increased hydraulic shear stresses than bare soil.

4. Conclusions

Cohesive strength meter tests showed that ditch bank soils from which the vegetation had not
been removed, and which thus had a higher density of roots, had higher resistance to detachment.
Measurements of the shear resistance of soil in ditches with and without the vegetation removed
showed that the presence of roots increased soil shear resistance. Simplified slope stability analysis
showed that a combination of reducing the slope of the bank and promoting development of vegetation
on the bank surface stabilized the ditch bank, in some cases transforming an unstable situation into a
stable situation. This creates a conflict as regards remediation needs because reducing the slope of the
channel will use more agricultural land, likely increasing the cost of maintenance, but will increase the
stability of the ditch surfaces to mass movement, which is more costly to rectify.

Maintaining vegetation on drainage ditches was shown to be beneficial for protecting the banks
against soil erosion. Again, this creates challenges in choice of management practice, as different
interventions will result in different patterns of vegetation being present in ditches throughout the
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seasons. The most favorable management approach would be to allow vegetation to establish before
high flow occurs in the ditches, in order to protect ditch bank surfaces from the increased hydraulic
shear stresses that accompany high flow and high discharge, and reduce the risk of erosion.
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