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16. Abstract

Stormwater conveyance networks contribute to stream degradation and instability either through
direct discharges of sediment or by eroding gullies downslope of pipe outlets. To limit erosion
downslope of pipe outlets, current regulations require the 10-yr, 24-hr peak velocity discharged
to a vegetated area to be less than the downslope soils’ permissible velocity. Otherwise, the
conveyance system must be redesigned. The effectiveness of this design standard has not
been evaluated. North Carolina State University assessed 60 pipe outlets in the Piedmont and
Mountain physiographic regions of North Carolina to identify which watershed and downslope
characteristics influence the severity of erosion caused by pipe outlets. The effectiveness of the
current standard was also assessed. Six assessed sites in Raleigh were additionally monitored
for hydrologic, hydraulic, and water quality impacts. These data were also used to evaluate the
effectiveness of a swale with (1) rip-rap, (2) well-established vegetation, (3), check dams with
mowed turf grass, and (4) check dams with well-established vegetation to limit downslope
erosion. The results indicate the current standard does not limit downslope erosion, and
designers should consider limiting the 1-yr, 24-hr peak velocity to the permissible velocity.
Designers should also consider the downslope soil and vegetative conditions to reduce the
potential for gully erosion. Designers can use the predictive tools developed from the data to
help determine the optimal discharge point for pipe outlets. Preliminary results suggest turf
grass swales with check dams may mitigate the potential for erosion downslope of pipe outlets.
However, this design should be validated with field-scale studies before standards for pipe

outlets are revised.
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Executive Summary

Sediment pollution is a worldwide concern, and stormwater conveyance networks
contribute to stream degradation and instability either through direct discharges of sediment or
by eroding gullies downslope of pipe outlets. To limit erosion downslope of pipe outlets, current
North Carolina regulations require designers to limit the peak velocity for the 10-yr, 24-hr storm
to the permissible velocity for the downslope soils’; otherwise the conveyance system must be
redesigned. This study assessed 60 pipe outlets draining highway and non-highway areas in the
Piedmont and Mountain physiographic regions of North Carolina to identify which watershed
and downslope characteristics influence the severity of erosion caused by pipe outlets. The
effectiveness of the current standard was also assessed. Six assessed sites in Raleigh were
additionally monitored for hydrologic, hydraulic, and water quality impacts.

Results from the assessments suggest the current practice of limiting the 10-yr, 24-hr
velocity to the permissible velocity does not sufficiently protect against downslope erosion.
Forty-eight of the 60 pipe outlets had erosion from the pipe outlet to the outfall (stream). The 12
sites that exhibited little to no erosion had heavy stands of mixed herbaceous and grassed
vegetation, a lack of clustered trees, and a large percentage (> 50%) of moderately permeable
hydrologic soil group (HSG) B soils downslope of the outlets. A decision tree identifying a gully’s
stage of degradation was developed using the assessment data. Influential predictors included
the ratio between the cross-sectional area at the top of bank and the corresponding bankfull
area, radial distance from the pipe outlet to the stream, percentage of HSG C soils downslope of
the pipe outlet, and the estimated elevation difference between the pipe outlet and outfall
(departure). The decision tree had an accuracy of 39%, which suggests the tree needs more
data to correctly predict the true stage of degradation. The assessment data were further used
to develop regression equations and decision trees to predict the magnitude of erosion. The
magnitude of erosion was defined in terms of the (1) estimated total volume of eroded soil
normalized by the channel length and (2) the cross-sectional area, width, and maximum depth
at the top of bank normalized by the respective bankfull characteristic. The normalized root
means square errors (NRMSEs) for the decision trees and regression equations ranged from
0.07 to 0.24. Values closer to zero indicate a better fit to the data. Additional predictors, such as
the age of the pipe installation at the time of assessment, could improve model performance.

Hydrologic data collected from the six sites were modeled in HEC-RAS 6.2 to quantify

the hydraulic impacts. The potential maximum € from steady flow analyses ranged from
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6.06*10* to 0.04 in/s per storm event and indicate designers should include the erodibility of the
soils downslope of pipe discharge points in their hydraulic analyses. The mean peak velocities
ranged from 1.80 to 10.72 ft/s and exceeded the permissible velocity at least 10 times during
the 13-month monitoring period, despite none of the storms exceeding the sites’ 10-yr, 24-hr
rainfall depth. The gullies downslope of the pipe outlets eroded between 22 and 774 yd?® of soil.
Given the magnitude of erosion downslope of the pipes and reoccurring exceedance of the
permissible velocity, limiting the peak velocity for the 1-yr, 24-hr storm event to the permissible
velocity may be a more effective standard to protect against downslope erosion. Mean TSS
concentrations ranged from 15.1 to 219 mg/L, and concentrations from four outlets exceeded
the state’s water quality standard for non-trout waters (20 mg/L) by more than 50% of the time.
These results indicate pipe outlets draining highway and non-highway areas require additional
treatment to meet regulations. four proposed designs were evaluated for the potential to
mitigate erosion downslope of pipe outlets using 1D steady and quasi-unsteady HEC-RAS 6.2
models with BSTEM. The designs included a swale with (1) rip-rap, (2) well-established
vegetation, (3), check dams with mowed turf grass, and (4) check dams with well-established
vegetation. The swales were designed using existing design regulations and tools. Preliminary
results suggest turf grass swales with check dams may mitigate potential erosion downslope of
pipe outlets. Ultimately, field-scale studies should validate these results before design standards

for pipe outlets draining highway and non-highway areas are revised.
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Introduction

Background

Sediment pollution is a worldwide concern, and excess sediment discharged to streams
increases turbidity, eutrophication, and the degradation of aquatic health and habitat (Bledsoe et
al., 2012; Liu et al., 2015; Marshall et al., 2010; Paul & Meyer, 2001; Shields et al., 2010; Simon
& Rinaldi, 2000, 2006; Williams et al., 2022). Causes of excess sediment in water bodies
includes streambank erosion exacerbated by stormwater runoff, construction, timber harvesting,
and gullies transporting sediment from overland erosion to streams (Bennett et al., 2000;
Bledsoe, 2002; Bracken & Croke, 2007; Litschert & MacDonald, 2009; Nehrke & Roesner, 2004;
Pomeroy et al., 2008; Roesner et al., 2001; Rohrer & Roesner, 2006; Schueler et al., 2009;
Valentin et al., 2003; Vietz et al., 2014; Voli et al., 2013; Walsh et al., 2016; Walsh et al., 2005).
In 2022, over 40 waterbodies in North Carolina were impaired for turbidity (NC DEQ, 2022),
despite state regulations requiring the total suspended solids (TSS) concentration is no more
than 10 mg/L in trout waters and 20 mg/L for other water bodies (175A NCAC 02B .0101, 2019).
Additional efforts limiting sediment pollution include requiring the use of primary stormwater
control measures (SCMs) for stormwater treatment (NC DEQ, 2017). A primary designation
indicates the SCM meets the North Carolina Department of Environmental Quality’s (NC DEQ)
highest thresholds for effluent TSS concentrations. In North Carolina, Voli et al. (2013) found
streambank erosion caused by stormwater runoff was the main contributor of excess sediment

in three streams that discharge into Falls Lake.
Primary sources of excess sediment

Stormwater runoff and streambank erosion

The detrimental impacts of stormwater runoff on streams is well documented, and
urbanization exacerbates these impacts (Bledsoe, 2002; Nehrke & Roesner, 2004; O’Driscoll et
al., 2010; Roesner et al., 2001; Schueler et al., 2009; Walsh et al., 2005). Urbanization
increases the occurrence and magnitude of runoff, decreases lag times for peak discharges,
and alters stream sediment supply, which results in changes to stream geomorphology and
macroinvertebrate health. The primary large-scale source driving this degradation are
hydraulically efficient stormwater drainage networks.

Previous studies have quantified the threshold for stream degradation in terms of total
impervious area (TIA) and directly connected impervious area (DCIA). O’Driscoll et al. (2010)

reviewed studies quantifying the impacts of urbanization on streams in the southern United



States and found degradation occurred in watersheds with as little as 6% TIA. Morse et al.
(2003) reported similar results for streams draining 20 catchments in Maine. Vietz et al. (2014)
evaluated 17 streams in Melbourne, Australia, with varying degrees of TIA and DCIA, for
geomorphic changes (e.g., sediment bedload depth, bank stability). Vietz et al. (2014) reported
DCIA was a better predictor for degradation compared to TIA, and geomorphic changes
occurred in watersheds with at least 3% DCIA. Baruch et al. (2018) evaluated the impacts of
directly connected roadways on macroinvertebrate health in seven streams located throughout
the Raleigh-Durham metropolitan area in North Carolina. The roads accounted for 7 to 16% of
the watersheds and had a surface density between 9.3 and 17 mi/mi?; the density of
conveyance systems directly discharging into the streams was between 0.06 and 4.29 mi/mi.
Baruch et al. (2018) found macroinvertebrate health decreased with increasing DCIA, and the
density of drainage networks and roads were better predictors than TIA for aquatic ecosystem
health.

Overland erosion and gullies

Because stormwater conveyance networks concentrate flow, they also degrade streams
through the formation of migrating headcuts that result in gullies or channels downslope of pipe
outlets. Gullies are typically narrow channels with depths between 1.5 and 98 ft and usually
cannot be restored with farming equipment (Bennett & Wells, 2019; Bull & Kirkby, 1997).
Headcuts are the result of concentrated flow exceeding the soil’s critical shear stress (7¢), often
either creating a waterfall and plunge pool situation or eroding to an impermeable layer (Bennett
& Wells, 2019; Douglas-Mankin et al., 2020; Flores-Cervantes et al., 2006). Headcuts will
migrate upwards when a backwards eddy forms and forces flow against the foot of the soil’s
headwall. Migration stops once the soil’s resistance to detachment exceeds the flow’s shear
stress (7). Soil characteristics that influence the resistance to detachment include the fraction of
organic material (OM), clay content, structure, texture, water content (w), permeability and
vegetative cover (Allen et al., 2018; Hillel, 2003; Clark & Wynn, 2007; Liu et al., 1999; McCool &
Williams, 2008; Smith et al., 2021). The erosion caused by the headcut contributes excess
sediment to streams; gullies will help transport sediment caused by upland erosion to receiving
channels (Bennett et al., 2000; Bracken & Croke, 2007; Litschert & MacDonald, 2009; Valentin
et al., 2003).

Liu et al. (2015) monitored sediment discharge in the South Tobacco Creek watershed in
central Canada and found up to 40% of the discharged sediment was the result of upland

erosion. Valentin et al. (2003) conducted a literature review of gully erosion rates (¢) and found



gully erosion throughout the United States can result in the loss of 0.22 to 16 ton/ac-yr of soil.
This accounts for between 18 to 81% of the total soil lost in the United States each year.
Vanmaercke et al. (2016) also evaluated studies quantifying gully € in terms of volumetric soil
loss. Throughout the world, gullies erode between 0.07 and 1.67*10° ft%/yr; the median ¢ is 78
ft¥/yr. Valentin et al. (2003) and Vanmaercke et al. (2016) found watershed area and rainfall
intensity significantly influence gully €. Both studies recommended future research to evaluate
how soil and vegetative characteristics influence € as well as determine the thresholds for gully
initiation.

Zaimes & Schultz (2012) investigated the impacts of riparian land management on gully
erosion in the central, northeastern, and southeastern regions of lowa. Gully erosion was
quantified in terms of length and bank area. The total length of the gullies associated with row-
cropped field and grazed pasture management strategies ranged from 56 to 3,530 ft, and the
total area of eroding banks was between 43 and 5,038 ft2. For reaches adjacent to grass filters
and riparian forest buffers, the total gully length and eroding bank areas was from 0 to 1,099 ft
and 43 and 291 ft?, respectively.

Zaimes et al. (2009) conducted a similar study in the Southern lowa Drift Plain of lowa.
Mean ¢ and eroding bank areas were quantified for three channels adjacent to sections of
continuous, rotational, or intensive rotational grazed pastures. The total lengths and eroded
bank areas for the continuous, rotational, and intensive rotational reaches were 1,201, 2,251,
and 1,322 ft and 2,734, 4,176, and 861 ft?, respectively. The measured ¢ for the monitoring
period (17 months) for the continuous, rotational, and intensive rotational reaches were 9.65,
5.31, and 4.76 in, respectively.

Dabney et al. (2004) assessed how well switchgrass (Panicum virgatum L.) hedges
mitigate gully erosion. The hedges were planted at 1.5 ft vertical intervals within one naturally
occurring and two constructed gullies. Runoff was simulated during the dormant period of the
second growing season to quantify the preliminary design’s effectiveness. Erosion was
mitigated if the bed slope was less than 33%, and flow depths were less than 1 ft. Results from
Dabney et al. (2004), Zaimes & Shultz (2012), and Zaimes et al. (2009) indicate vegetation and
channel slope influence the severity of gully erosion.

Quantifying gully erosion

The Universal Soil Loss Equation (USLE) (Wischmeier & Smith, 1978) and its

successors, the Revised Universal Soil Loss Equation (RUSLE) (Renard et al., 1997) (Equation

1) and RUSLEZ2, serve as the basis for models developed specifically for ephemeral gully



erosion (Douglas-Mankin et al., 2020). USLE, RUSLE, and RUSLE2 predict long-term (e.g., 20
years) average annual € while accounting for climate, soil, topography and land use factors that
affect erosion. These models inherently calculate inter-rill and rill erosion but do not allow for the
formation of ephemeral gullies, small channels that re-form in the same location after being filled
in; rill erosion consists of randomly occurring channels with minimal depth (< 1.5 ft) that can be

repaired by typical farming equipment (Bryan, 2000; Owoputi & Stolte, 1995).

A = R*K*L*S*C*P Equation 1

Where:

A = soil loss per unit area in unit time
R = rainfall erosivity factor

K = soil erodibility factor

L = slope length factor

S = slope steepness factor

C = cover management factor

P = soil conservation practice factor

Kinnell (2017) compared erosion simulated by USLE and RUSLEZ2 to measured erosion
from three sites in the central United States. The models’ performance was assessed using the
Nash-Sutcliffe Efficiency (NSE) metric, where a value of 0.65 or higher indicates the model is
good fit to the data (Ritter & Mufioz-Carpena, 2013). The NSEs for the USLE models ranged
from 0.47 to 0.67 and were between 0.48 and 0.65 for the RUSLE2 models. The modified USLE
(USLE-M) models with observed runoff data had NSEs between 0.55 and 0.89. These results
suggest these existing models reliably predict erosion. RUSLE2 and USLE-M allow for the
prediction of daily sediment loss and account for sediment deposition; however, these models
do not directly include runoff as a factor and assume only one erosive storm event occurs on
days with precipitation (Kinnell, 2017).

The Chemicals, Runoff, and Erosion from Agricultural Management Systems (CREAMS)
was the first model developed for ephemeral gully erosion. The model uses an iterative process
and factors such as drainage area, runoff curve number (CN), evapotranspiration, percolation,
seepage, confining layer, length of the gully, p», and 7. to calculate sediment loads. The
Ephemeral Gully Erosion Model (EGEM) is similar to the CREAMS model but uses regression
equations consisting of the peak flow rate (Qp), gully slope, and 1. to estimate the final gully’s
dimensions and sediment load. EGEM also assumes the gully is rectangular, has a constant

depth, and the maximum depth to the confining layer is 18 in. Woodward (1999) simulated ¢ for



over monitored 400 ephemeral gullies across the United States using EGEM. The percent
difference between the predicted and measured € ranged from 4 to 250%. Nachtergaele et al.
(2001) compared EGEM simulations for the total volume of eroded soil and cross-sectional
changes to data collected from 86 ephemeral gullies located in Portugal and Spain. The
relationship between the predicted and measured volumes of eroded soil had a R? value of
0.88. However, Nachtergaele et al. (2001) found the relationship between the measured and
modeled channel cross-sections only had an R? value of 0.27. These studies indicate EGEM is
not a reliable predictor for ephemeral gully ¢.

The Watershed Erosion Prediction Project (WEPP) directly includes runoff as a factor
but requires extensive data and is not considered user-friendly (Ismail & Ravichandran, 2008).
Laflen et al. (1997) compared measured annual soil losses to WEPP simulations using data
from 544 USLE runoff plots located across the United States. The overall percent difference
between the measured and predicted annual soil losses was 10%. Laflen et al. (1997) reported
WEPP simulations were the most accurate for plots smaller than 12 ac.

The Revised Ephemeral Gully Erosion Model (REGEM) in Annualized Agricultural Non-
Point Source (AnNnAGNPS) builds upon CREAMS and EGEM by accounting for plunge pool
erosion and headcut retreat (Douglas-Mankin et al. 2020). REGEM does not require the user to
specify an ephemeral gully length and treats channel dimensions as a function of discharge.
This allows the user to predict channel dimensions at any point in time and space. Gordon et al.
(2007) evaluated how well REGEM in AnnAGNPS predicts ephemeral gully length and width
using data from four gullies located throughout Mississippi. The RMSEs for gully length and
width were 31 and 52%, respectively. Taguas et al. (2010) simulated sediment losses from
gullies located in olive orchards in Spain using REGEM in AnnAGNPS. The NSE for the event-
based simulations was 0.70 while the NSE for monthly-based simulations was 0.79. Results
from Gordon et al. (2007), Kinnell et al. (2017), and Taguas et al. (2010) suggest RUSLE2,
USLE-M, and REGEM in AnnAGNPS reliably predict daily ephemeral gully erosion.

Allen et al. (2017) developed a model using the hydrologic results from the Soil & Water
Assessment Tool (SWAT) to predict the advancement of gully headcuts. This simple model
uses the gully height, total daily discharge, and an erodibility resistance component (Eh¢) to
predict headcut migration. The Eh. is based on a cover-root density factor (0 to 1.4) and the
soil's kq. Allen et al. (2017) found the model realistically predicts headcut migration and

recommends using this model as an assessment tool for agricultural lands. Refer to Appendix A



for summary of factors influencing erosion and how existing form- and process-based models
quantify streambank erosion.
Limiting erosion downslope of pipe outlets

To limit erosion and additional sediment loads discharged to streams, states such as
Maryland provide pollutant removal credits for stabilizing gullies caused by pipe outlets (MDOT
SHA, 2018). In North Carolina, engineers are required to limit the discharged peak 10-yr, 24-hr
velocity to the maximum permissible velocity for the downslope soil conditions (15A NCAC 04B
.0109, 1992; Fortier & Scobey, 1926); if the permissible velocity is exceeded, then the
conveyance system must be redesigned. Recommended design modifications include energy
dissipators, stormwater control measures (SCMs), and the replacement of impervious areas
with vegetation. Additionally, efforts to retrofit eroding gullies with regenerative stormwater
conveyances (RSCs) have increased over the years (Cizek et al., 2017, 2018; Koryto et al.,
2017; Thompson et al., 2020). An RSC is a grade-control system that uses a series of pools
riffles, and underlying media to stabilize eroding channels and provide water quality treatment.
Through modeling, Thompson et al. (2018) has shown RSCs have the potential to minimize
erosive velocities. However, field scale studies have not quantified how well RSCs reduce the

potential for erosion.

Result of literature review
Previous research has shown stormwater conveyance systems impact stream stability

and aquatic health either through direct discharges or gullies formed downslope of pipe outlets.
Regulations exist to minimize the potential for erosion downslope of pipe outlets, but the
success of these rules has yet to be quantified. Models predicting overland erosion do not
simulate gully erosion, and studies quantifying gully erosion did not identify which watershed
and downslope characteristics influence the severity of erosion. In addition, there lacks a form-
based model to predict a gully’s stage of degradation. Few, if any, studies have recommended
design alternatives for pipe outlets to limit downslope erosion or quantify the hydraulic impacts
of pipe outlets draining highway and non-highway areas. Several form- and processed-models
have successfully determined stream instability. The study herein will use concepts and
techniques discussed in the introduction and Appendix A (e.g., USLE, EGEM, bank erosion
hazard index) to:

o Establish the current conditions of NCDOT-managed outlets and downslope receiving

areas (Objective Two),



¢ |dentify the outlet characteristics impacting the stability of downslope receiving areas
(Objective Three),

¢ Develop and calibrate an outlet analysis protocol (Objective Four),

¢ Monitor a subset of field-assessed sites for water quality, hydrology, and landscape
changes (Objective Five),

o Propose design standards for outlets that minimize overland erosion (Objective Six),

e Perform a cost analysis for the proposed design standards (Objective Seven), and

e Incorporate the project results into a Microsoft Excel-based tool (Objective Eight).

Methods

Objective Two

Study sites
A non-random sample of sixty pipe outlets draining highway and non-highway areas in

the Piedmont (50) and Mountain (10) physiographic regions of North Carolina were assessed
for downslope erosion (Figure 1). Non-highway refers to any area outside of the NCDOT right-
of-way. Over 100 pipe outlets representing a range of watershed areas, downslope conditions,
and pipe diameters were initially considered for assessment. Accessibility and safety
determined which sites were assessed. At a minimum, conditions were assessed immediately
downslope of the pipe outlet, at the adjacent property’s furthermost boundary, and at the point
of outfall to a receiving surface water. Hereinafter “intermediate” will refer to the adjacent
property’s furthermost boundary. Publicly available geographic information system (GIS) data
for tax parcels determined the property boundaries. Additional evaluations occurred if there was

a noticeable change in channel geometry and/or stability.

|:| Morth Carolina

¥ SiteAssessments

Figure 1. Map of assessed sites



Field measurements

Channel size, soil characteristics, erosion potential, and roughness were estimated
immediately below the pipe outlet, at the intermediate location, and at the outfall just upstream
of the receiving waterbody. Soil at the bank surface was collected from each visually different
layer using a trowel and stored in sealed plastic bags until laboratory testing. Intact soil cores
were collected using an AMS hammer corer (ring diameter of 2 in; AMS American Falls, Idaho)
and capped with polyethylene lids. The samples were tested for bulk density (ps) (ASTM D7263,
2021) and soil texture (ASTM D7928, 2021). Approximate unconfined compressive strength, the
channel’s potential for incision (depth to the confining layer) and bank erosion, and the
channel’s cross-sectional area were measured in the field. The approximate unconfined
compressive strength was quantified by taking the median of five HM-500 pocket penetrometer
readings (Gilson Company, Inc., Powell, OH) evenly spaced from the top of bank to the toe of
slope. Soil measurements were repeated if there were visually different soil layers. Photos of
the channel were taken to document vegetative conditions at the time of the assessment; the
Manning’s roughness coefficient (n) was estimated using these photos (Brunner, 2022). The
channel bed’s potential for incision or depth to the confining layer was estimated using a 4 ft
long soil profile sampler that was hammered into the channel bed until the sampler no longer
moved or the handle was flush with the ground. Note soil texture, p,, and the depth to the
confining layer were only found for the outlet, intermediate, and outfall cross-sections.

The future potential for bank erosion was estimated using the bank erosion hazard index
(BEHI) assessment (Rosgen 2001). BEHI is one of the most common form-based models used
to predict future bank erosion. This method consists of seven metrics and requires bank height
and angle, root depth and density, and surface protection measurements to assess the bank’s
erodibility. This method also adjusts for streambank stratification, material, and location within
the channel (e.g., pool, riffle, meander). The measurements and adjustments are converted
from a score (0 to 50) into an erosion potential index that was developed from field observations
of streambank instability. Appendix A includes a summary of these indices and a more in-depth
discussion of this method. For these assessments, channel banks covered with rip-rap received
BEHI scores 0 and soil texture measurements (ASTM D7928, 2021) were used to refine bank
material adjustments. To measure the cross-sectional area, a level wind-up tape measure was
secured at the top of bank and a handheld tape measure was placed perpendicular to flow at

the height of the level wind-up measure (Harrelson et al., 1994). The depth of channel was



measured in 1 ft increments along the length of the wind-up tape measure. The total volume of

eroded soil was estimated using the average end-area method (Equation 1).

o ArtA .

V= 0.042 L 5 Equation 2
i1

Where:

V = total volume of eroded soil (yd®)

L = channel length between cross-sections (ft®)

A1 = upslope cross-sectional area (ft%)

A, = downslope cross-sectional area (ft%)

n = number of cross-sections

Desktop analyses

Each pipe outlet’s watershed area, composite curve number (CN), impervious and non-
highway areas, percentage of downslope hydrologic soil groups (HSGs), radial distance from
the nearby stream, departure, and peak discharge for the 1-yr and 10-yr, 24-hr storms were
found using ArcGIS 10.7.1 (ESRI, 2019) and AutoCAD Civil3D 2020 (Autodesk, 2019) analyses
(Homer et al., 2020; NC DPS, 2016; NOAA, 2006; USDA, 2015; USGS, 2018). Non-highway
areas were quantified using the delineated watershed and NCDOT ROW GIS shapefiles
(NCDOT, 2022). To account for the influence of slope on erosion, departure or the elevation
difference between the channel bed at the pipe outlet and outfall was estimated using the most
recent digital elevation model (DEM) data and the channel GIS shapefile (NC DPS, 2016). The
radial distance of the pipe outlet to the stream was found by drawing a circle or buffer from the
end of the pipe GIS shapefile to the nearest National Hydrography dataset (NHD) stream
shapefile using the ArcGIS circle tool (Figure 2). The area within the buffer was used to identify
the percentage of downslope HSGs. The duration of flow associated with the 1-yr and 10-yr, 24-
hr storms were calculated using the equations included in Appendix B (Malcom, 1989; USDA-
NRCS, 2004). Pipe slopes were estimated using ArcGIS shapefiles and DEM data (NC DPS,
2016).
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Figure 2. Radial distance from pipe outlet to stream (USGS, 2018)

Objectives Three and Four

The occurrence of erosion was evaluated using decision trees and principal components
analysis (PCA) with logistic regression in RStudio™ (RStudio Team, 2021). Decision trees help
identify patterns within datasets and create rules that partition the data into informative
classification or regression models (Myles et al., 2004). Decision trees have low bias but may
over-fit training data leading to high variance and low predictive accuracy (Hastie et al., 2009).
PCA reduces the dimensionality of datasets without losing data variability or interpretability by
linearly combining scaled and centered predictors into uncorrelated groups or principal
components (PCs) (Faraway, 2016; James et al., 2000; Jollife & Cadima, 2016). The
components are orthogonal predictors, and ideally the first component explains most of the data
variability. Factor loadings or PC coefficients identify the importance or strength of correlation
between predictors and PCs. PC coefficients are the eigenvectors scaled by the square root of
the respective eigenvalues. Faraway (2016), James et al. (2000), and Jollife & Cadima (2016)
provide more detailed discussions on how the PCs are formed. The components can be used
as predictors in regression models to improve model fit; this is known as principal component
regression (PCR). The PCR model’s bias and variance decreases and increases as the number
of components used increases, respectively (James et al., 2000). For this study, the number of
components used in the model was determined through the proportion of the variance explained

(PVE) by each component.
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Twenty-two variables characterizing the pipe outlets’ watershed and downslope soil
conditions were used in the decision tree and PCR analyses to predict the occurrence of
erosion stopping before reaching the outfall location. The predictors included the percentage of
downslope HSG soils, median percentage of sand and clay content in the banks of the cross-
section immediately below the pipe outlet, watershed area, and the durations of runoff for 1-yr
and 10-yr, 24-hr storms. Erosion that stopped before reaching the outfall location was assigned
a value of 1 or a “true” response while erosion that extended all of the way to the outfall was
given a value of 0 or a “false” response. Both analyses used 85% of the data to build the
decision tree and logistic regression models, and the remaining 15% of the data were used to
calculate performance metrics such as accuracy, sensitivity, and specificity. The most
commonly used splitting ratio is 80:20 although 70:30, 60:40, and 50:50 have been used in
previous studies (Joseph, 2022). It is recommended that at least 70% of the data be allocated
towards building or training models (Thien & Yeo, 2022). Appendix C provides a table
summarizing the predictors and responses for each assessed site.

Previous studies quantifying erosion defined it in terms of volume and cross-sectional
dimensions (Vanmaercke et al., 2016). For this study, the magnitude of erosion was defined in
terms of the estimated total volume of eroded soil normalized by (1) the channel length
(Volumeeropen/Lengthcrni) and (2) the cross-sectional area, width, and maximum depth at the
top of bank (TOB) normalized by the respective bankfull (BKFUL) characteristic
(Areatos/Areaskrut; Widthros/WidthekruL; Depthros/DepthekruL). Bankfull refers to stable channel
conditions that effectively move sediment loads and interact with the floodplain (Doll et al., 2002;
Leopold & Maddock, 1953; Metcalf et al., 2009; Sweet & Geratz, 2003; Wolman & Miller, 1960).
Bankfull geometry can be identified in the field or using regional curves that relate hydraulic

geometry to drainage area (Harman et al., 1999, 2014) (Equation 2 through 7).

Piedmont- Rural

Aps = 89.04A°72 Equation 3
Wis = 11.89A%% Equation 4
Dpkr = 1.50A%% Equation 5
Mountain- Rural

Apis = 22.1A%% Equation 6
Wiys = 19.9A%%6 Equation 7
Dy = 1.1A%" Equation 8
Where:

Ay = bankfull cross-sectional area (ft?)
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Wy = bankfull width (ft)
Dyys = bankfull mean depth (ft)
A = watershed area (mi?)

Scaled and non-correlated variables fitted a generalized linear mixed effects model to
predict the magnitude of erosion in terms of cross-sectional dimensions. The foundation for this
model were the repeated measurements taken along the length of the channels downslope of
the pipe outlets. Scaled and non-correlated variables also fit a generalized linear model to
predict the magnitude of erosion in terms of volume. The final models were chosen using
backwards selection, with a significance level of 0.05 (a = 0.05). Q-Q plots of the residuals and
normalized root mean square errors (NRMSEs) verified model legitimacy. NRMSEs are RMSEs
divided by difference between the maximum and minimum data points; this normalization allows
for models with different scales to be compared (Shcherbakov et al., 2013). Non-scaled
variables fit decision trees predicting the magnitude of erosion in terms of cross-sectional
dimensions and volume. These analyses also used 85% of the data to build the regression
models and decision trees in RStudio™ (RStudio Team, 2021), and the remaining 15% to
calculate the NRMSEs. Appendix C includes the predictor variables and responses used in the
analyses for Objectives Three and Four.

Objective Five

Six previously assessed pipe outlets in Raleigh, North Carolina, were monitored for
hydrology and TSS (Table 1; Figure 3). The watershed areas range from 0.75 to 29.4 ac and
had CNs between 46 and 90.
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Table 1. Summary of monitored pipe outlet characteristics

a Site
Parameter MP458 MP459 MP467 MP495 MP814 MP840
Latitude, Longitude 35.9045, 35.9032, 35.8320, 35.7934, 35.7945, 35.7558,
’ -78.6345 -78.6321 -78.5195 -78.5142 -78.7432 -78.7162
Roadway 1-540 1-40
Roadway functional class Interstate
Average annual dalily traffic 98,500 98,500 62,500 62,500 114,000 114,000
(vehicles/day)
Pipe diameter (ft) 3.5 3.5 3.0 2.0 4.0 2.5
Pipe outlet watershed area (ac) 8.47 17.3 0.75 1.84 294 4.72
_Non-highway (offsite) 6.14 15.4 0.16 0 24.6 4.06
area within pipe outlet watershed (ac)
Impervious area within pipe outlet 0.89 443 0.25 0.79 15.4 182
watershed (ac) ' ' ' ' ' '
Co]rcnpo§ite curve number (CN) 46 53 82 90 90 76
or pipe outlet watershed
A: 61.2% A: 70.5% A: 0% A: 0% A: 0% A: 0.9%
Watershed hydrologic soil groups B: 38.8% B: 29.5% B: 0% B: 0% B: 0% B: 65.6%
C: 0% C: 0% C: 100% C: 0% C: 0% C: 0%
D: 0% D: 0% D: 0% D: 100% D: 100% D: 33.5%
Monitoring equipment location Pipe Channel Channel Pipe Pipe Pipe
Average channel bed slope (ft/ft) 0.032 0.058 0.024 0.024 0.024 0.028
Channel roughness coefficient (s/ft'®) 0.05 0.04 0.04 0.04 0.04 0.04
Downslope channel length (ft) 2,450 237 592 99 230 1,222
Estimated volume of eroded soil (yd®) 774 110 359 22 267 534
a Determined using ArcGIS (ESRI 2019), data from Homer et al. (2020), NCDOT (2022), NC DPS (2016), and USDA (2015)
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Figure 3. Map of monitoring sites
An ISCO 730™ bubbler flow module (Teledyne-ISCO™, Lincoln, Nebraska) and an
automated ISCO 6712™ sampler (Teledyne-ISCO™, Lincoln, Nebraska) were installed at all of

the sites to collect flow-paced water quality samples and hydrologic data every two minutes
during storm events. Monitoring equipment was installed within the pipe or an area immediately
downslope of the pipe if debris build-up was present (Figure 4). The equipment was located in
areas that had minimal turbulence. Rainfall depth and intensity were recorded every two
minutes by an ISCO 674™ (Teledyne-ISCO™, Lincoln, Nebraska) or 6466 Davis AeroCone
(Davis Instruments, Hayward, California) automatic tipping bucket rain gauge. Efforts were
made to install the rain gauges in areas (1) free of overhead obstructions and (2) that did not
interfere with traffic. Storm events were defined as those that had a rainfall depth greater than or
equal to 0.10 in with an antecedent dry period of at least six hours (Driscoll et al., 1989). Within
48 hours of a storm event, samples were collected, composited, and transported on ice to the
Center for Applied Aquatic Ecology (CAAE) in Raleigh, North Carolina for TSS analysis (Std.
Method 2540D) (APHA, 2005). After each storm event, the sample bottles were cleaned onsite

using deionized water, and the monitoring equipment was calibrated.
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Figure 4. Monitoring setup of bubbler and sampler tubing in pipe (left) and channel (right)

For pipes with free-flowing conditions, discharge was calculated using equations listed in
Appendix A. Peak velocity was calculated by dividing the peak discharge by the corresponding
cross-sectional area. Note if the measured water level exceeded the pipe diameter, the data
were not included in the analyses. A rating curve was developed in a Hydrologic Engineering
Center-River Analysis System (HEC-RAS) 6.2 model (USACE, 2022) to calculate discharge
from the pipes with debris build-up. The HEC-RAS model was built using a total station survey
of the channel downslope of the pipe outlet. Measured water levels in the channel were
transformed into water surface elevations (WSEs) using the known elevation recorded by the
bubbler. The VLOOKUP function in Excel was used to identify the discharges associated with
the transformed WSEs. The VLOOKUP function was also used to estimate the peak velocity for
each storm event using the channel velocities calculated from the HEC-RAS simulations.

The maximum potential € for each storm event was estimated using Equation 8 (Hanson,
1990; Hanson & Cook, 1997; Partheniades, 1965). The maximum potential applied shear stress
(Ta) was quantified using steady and unsteady one-dimensional (1D) flow analyses in HEC-RAS
6.2 (USACE, 2022). 1D steady flow analyses calculate the water surface profiles by iteratively
solving the energy equation (Equation 9) (Brunner, 2022). HEC-RAS uses the Manning’s
equation (Equation 10) to solve for discharge and velocity; Tais estimated using the energy
grade line slope (Sy), unit weight of water, and the cross-section’s hydraulic radius (Equation
13). 1D unsteady flow analyses iteratively solve the Saint-Venant equations for the conservation
of mass (continuity) (Equation 11) and momentum (Equation 12) to calculate the water surface
profiles; Ta is solved using Equation 13. While unsteady flow analyses account for changes in

flow over time, model stability is highly sensitive to channel geometry, roughness, and slope as
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well as the computation interval and modeled flow rates. Brunner (2022) provides a more in-
depth discussion regarding 1D steady and unsteady flow analyses.
€=12"Ky*(15-15)2 Equation 9

Where:

€ = erosion rate (in/s)

ks = erodibility coefficient (ft¥/Ib*s)

Ta = applied shear stress (Ib/ft?)

1. = critical shear stress (Ib/ft?)

a = exponent typically assumed to be 1

* 2 * 2
ap V2=Z1 by, 0(12V1 “h, Equation 10
g

Zy+ Yo+

Where:

Z = elevation of main channel invert (ft)

Y = depth of water at cross-section (ft)

V = average velocity at cross-section (ft/s)
a = velocity weighing coefficient (1)

g = gravitational constant (32.2 ft/s?)

he = energy head loss (ft)

149
- n

ART3g/2 Equation 11
h f q

Where:

Q = discharge (ft%/s)

n = Manning’s roughness coefficient (s/ft"’?)
A = flow cross-sectional area (ft?)

Ry = cross-sectional hydraulic radius (ft)

St = frictional slope (ft/ft)

@ % -g= Equation 12
ox ot
Where:

Q = discharge (ft%/s)

x = channel distance (f)

A = flow cross-sectional area (ft?)

t =time (s)

q = lateral inflow per unit length (ft3/s/ft)
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Where:

Q = discharge (ft%/s)

t =time (s)

V = average velocity at cross-section (ft/s)
x = channel distance (ft)

g = gravitational constant (32.2 ft/s?)

A = flow cross-sectional area (ft?)

z = water surface elevation (ft)

St = frictional slope (ft/ft)

Ta= YRSt Equation 14

Where:

Ta = applied shear stress (Ib/ft?)

Y = unit weight of water (62.4 Ib/ft3)

Ry = cross-sectional hydraulic radius (ft)
St = energy grade line slope (ft/ft)

For steady flow analyses, the measured discharge corresponding to each time step was
simulated as a separate flow profile (Figure 5), and the measured hydrograph served as an
upstream boundary condition for unsteady flow analyses. Both analyses only considered the
potential 1, at the first cross-section downslope of the pipe outlet. Visual inspections of the
longitudinal and cross-section profiles verified model performance. The normal depth, estimated
using the channel bed slope, served as the reach (steady) or downstream (unsteady) boundary
condition. For unsteady flow analyses, the computational time step was one second, and the
output intervals were two minutes. The measured durations of runoff determined the two-minute
time steps. The potential 1. was included in the analyses if the overall volume accounting error

was one percent or less.
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Figure 5. Measured hydrograph modeled as discrete profiles in steady flow analysis

The critical shear stress (1¢) and erodibility coefficient (kq) for the pipe outlets’ channel
banks were identified using a laboratory scale mini jet erosion test (JET) (Al-Madhhachi et al.,
2013; Khanal et al., 2016; Khanal & Fox, 2017; Smith et al., 2021). The mini JET shoots a small
jet of water into the soil sample at a constant pressure head, which causes the material to erode
over time and create a scour hole. Depth measurements are taken over different time intervals
and used to solve for 1. and kq using either the Blaisdell, Scour Depth, and or Iterative solutions
in the JET Spreadsheet Tool version 2.1 (Daly et al., 2013). Appendix A includes a more
detailed description of the JET apparatus and techniques used to solve for 1. and k.

Efforts were made to collect soil samples free of roots and stones from the visually
homogenous banks. The testing followed the protocol outlined by Khanal et al. (2016). The time
intervals used during the tests were 0.25, 0.50, one, two, and five minutes, and time intervals
were repeated until three consecutive depth measurements were achieved. Two consecutive
measurements for the two- and five-minute intervals were deemed sufficient if the
measurements were within 1 mm of the measurements taken during the one-minute intervals.
Existing literature provides conflicting recommendations for solving for 1. and kq (Daly et al.,
2013, 2015; Khanal et al., 2016; Mahalder et al., 2022; Wahl, 2021). Solutions for the Blaisdell
method were used given the method’s popularity and the linear assumption made for Equation
13. Particle size analyses (ASTM D7928, 2021) determined the permissible velocity (Fortier &
Scobey, 1926) for the cross-section immediately downslope of the pipe outlet; the smallest
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permissible velocity was used if the banks had different soil textures. Table 2 summarizes each
site’s 1¢ , kg, and permissible velocity.

Table 2.Summary of erodibility parameters and permissible velocity (Fortier & Scobey, 1926)

Left bank Right bank o .
Site o i T i Perm|SS|ftt>lIe velocity

(Ib/ft2) (ft3/Ibf*s) (Ib/ft2) (ft3/Ibf*s) (Ft/s)
MP458 | 2.30*10° | 1.00*10° | 3.34*10° | 1.00*10°3 2.50
MP459 | 2.53*10° | 2.18*10* | 1.09*102 | 2.43*10* 2.50
MP467 | 4.18*10* | 3.50*10° | 1.42*102 | 7.21*10* 2.50
MP495 | 1.46*103 | 2.15*10° | 2.67*102 | 4.71*10* 3.50
MP814 | 1.27*102 | 1.66*10° | 5.01*102 | 4.65*103 3.50
MP840 | 9.19*103 | 2.85*10° | 7.73*10° | 1.92*103 2.50

" 1¢, and kq refers to the soil’s critical shear stress, and erodibility coefficient, respectively.
Objective Six

Hydrologic, topographic, and soil data collected from the six monitoring sites were used
to evaluate the four proposed designs to limit erosion downslope of pipe outlets. The proposed
designs include a swale with (1) rip-rap (rip-rap swale), (2) well-established vegetation
(vegetated swale), (3) check dams with mowed turf grass (maintained check dams), and (4)
check dams with well-established vegetation (un-maintained check dams). Well-established
vegetation refers to non-clumping grassed and herbaceous vegetation that is as tall as the flow
depth. For each site, a peak discharge exceedance curve was calculated using methods from
Helsel & Hirsch (1992). The storm events associated with the 12.5", 25", 75" and 87.5"
percentiles (peak discharges) as well as the 1-yr and 10-yr, 24-hr storms were simulated in
HEC-RAS 6.2 models (USACE, 2022) representing the existing conditions and proposed
designs (Figures 6 and 7; Table 2). These events ensure the proposed design standards are
evaluated using a range of expected runoff conditions and the effectiveness of the standards
can be compared across the sites. Refer to Objective Two for more details regarding how the

design storm hydrographs were calculated.
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Figure 6. Flow exceedance curves (Helsel & Hirsch, 1992) for MP458, MP459, MP467, MP495,

and MP840
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Figure 7. Flow exceedance curves (Helsel & Hirsch, 1992) for MP814
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Table 3. Exceedance curve peak discharges

Site 87.5t 75t 50 25t 1250 | 1yr,24- | V"
(ft¥ls) (fels) | (fls) | (fls) | (fs) | hr(fels) | oh

MP458 | 4.48 6.71 136 25.5 39.0 | 2.10'102 | 3.61
MP459 | 047 148 4.76 213 40.0 0.36 17.0
MP467 | 6.18 7.75 13.9 28.1 43.0 184 4.40
MP495 | 1.26 143 2.73 3.09 3.68 5.72 1.7
MP814 | 2.46 4.49 10.3 18.1 19.1 62.7 128
MP840 | _ 0.16 0.41 0.72 1,40 252 7.5 20.5

The 1D steady and quasi-unsteady HEC-RAS models with BSTEM were built using the
total station surveys, assessment data collected for Objective Two, and the erodibility
parameters identified for Objective Five. Brunner (2022) recommends using 1D models for
steep streams and/or when the terrain data are only available for specific cross-sections. Quasi-
unsteady rather unsteady flow was simulated for the sediment transport analyses because
Objective Five results indicated the models would be too unstable for 1D unsteady flow
simulations. The banks’ critical shear stresses (1c) ranges from 4.18*10* to 1.15*10" Ib/ft? and
the erodibility coefficients (kq) are between 7.21*10** and 5.49*107 ft¥/Ib*s (Table 3). Soil data
were collected at the pipe outlet and outfall (discharge point into a waterbody) as well as

anywhere along the channel where there was a visible change in channel bed or bank material.
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Table 4. Summary of bank characteristics (CEIWR-HEC, 2015)

Left bank Right bank
Site | Assessment point Vsat o c o To Kd Vsat! o c P Te Ka

(Ib/ft3) ()] (Ib/ft?) ) (Ib/ft2) (ft3/bf*s) (Ib/ft3) ) (Ib/ft?) ()] (Ib/ft) (ft3/Ibf*s)

Outlet 115 26.6 89.8 15.0 | 2.30*10° | 1.00*10°3 115 26.6 89.8 15.0 | 3.34*10° | 1.00*10°®

MP458 Intermediate 118 32.3 8.35 15.0 | 1.73*102 | 3.03*10* 118 32.3 8.35 15.0 | 1.73*102 | 4.47*103
Outfall 113 26.4 171 15.0 | 3.55*10° | 5.49*103 113 26.4 171 15.0 | 3.55*10° | 1.26*10°®

Outlet 118 32.3 8.35 15.0 | 2.53*10° | 2.18*10* 118 32.3 8.35 15.0 | 1.09*102 | 2.43*10*

MP459 Outfall 118 32.3 8.35 15.0 | 3.43*102 | 2.59*10* 118 32.3 8.35 15.0 | 3.34*10° | 7.01*10*
MP467 Outlet 118 32.3 8.35 15.0 | 4.18*10% | 3.50*10 118 32.3 8.35 15.0 | 1.42*102 | 7.21*10%
Outfall 118 32.3 89.8 15.0 | 2.19*102 | 4.26*10* 115 26.6 89.8 15.0 | 2.19*102 | 4.26*10*

MP495 Outlet 113 32.3 171 15.0 | 1.46*10° | 2.15*103 113 26.4 171 15.0 | 2.67*102 | 4.71*10%
Outfall 113 26.4 171 15.0 | 2.67*102 | 4.71*10* 115 26.6 89.8 15.0 | 1.73*102 | 4.46*10*

MP814 Outlet 118 32.3 8.35 15.0 | 1.27*102 | 1.66*103 115 26.6 89.8 15.0 | 5.01*102 | 4.65*103
Outfall 115 26.6 89.8 15.0 | 1.15*10" | 1.03*10°3 115 26.6 89.8 15.0 | 2.09*10° | 1.77*103

MP840 Outlet 118 32.3 8.35 15.0 | 9.19*10° | 2.85*1073 118 32.3 8.35 15.0 | 7.73*10° | 1.92*10°°
Outfall 115 26.6 89.8 15.0 | 1.25*10° | 2.06*103 115 26.6 89.8 15.0 | 2.09*10° | 2.30*10°3

Tysat, ¢, €, ¢°, Tc, and kq refers to the soil’s saturated unit weight, friction angle, cohesion, phi b, critical shear stress, and erodibility coefficient, respectively.
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MP495 did not erode to an outfall, and samples were collected where the channel
stopped (End). MP458 eroded to a culvert that had severe downstream erosion. Runoff from an
adjacent neighborhood discharged into the channel immediately downslope of the culvert, and it
was not possible to isolate the hydraulic impacts of the runoff flowing from the pipe outlet to the
culvert. Per recommendations by Brunner (2022), cross-sectional data for MP458 were not
collected within a distance four times the width of the channel (15 ft) from the culvert to model
only the pipe outlet’s hydraulic impacts. Refer to Objective Five for more details regarding how
the banks’ 1. and kq were identified.

The banks’ saturated unit weight (ysat), friction angle (¢’), cohesion (c’), and phi b (¢°)
were estimated using the banks’ known soil textures and erodibility parameters (CEIWR-HEC,
2015) (Table 3). Soil characteristics were assigned to cross-sections without data using site
photos and the cross-section’s proximity to a cross-section with known soil data. The channel
bed gradations were interpolated in HEC-RAS, and groundwater elevations were estimated
using Web Soil Survey (USDA, 2015). Method of slices was selected as the bank failure
method, and static ground water was chosen for the ground water method.

Water temperature was not measured, and United States Geological Survey (USGS)
stream stations were not located near the sites (Merriman et al., 2017). Air temperature data
collected from nearby North Carolina State Climate Office (NCSCO) weather stations (NCSCO,
2022) served as a substitution. While temperatures in stormwater runoff fluctuate throughout the
storm (Jones and Hunt, 2010) and are influenced by watershed characteristics (Jones et al.,
2012), these NCSCO data were the best available estimates for this parameter.

The channel soil texture determined which transport function, sorting, and fall velocity
methods were used to simulate the existing channel and swales without check dams’ sediment
transport capacities. The channel beds were mostly comprised of sand and silt, which resulted
in each model using the Laursen (Copeland) transport function and Copeland (Ex7) sorting
method (Brunner, 2022). Every model also used the Soulsby fall velocity method and a
computational time step of one minute (Brunner, 2022). The Soulsby method considers grain
size and density as well as water viscosity. Influent sediment data were not available to develop
a rating curve or sediment load time series, which resulted in each model using the Equilibrium
Load as the sediment boundary condition. Equilibrium Load calculates the sediment transport
capacity for each time step and grain class at the upstream cross-section and uses these
capacities as the load time series for the downstream cross-section. Default computational

steps and tolerances were used except for the bed change options. Veneer (equal vertical)
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deposition was allowed to occur along the overbanks or floodplains. Brunner (2022) reported it

is common for models to allow for deposition along the overbanks. Assessment data included in

Objective Two determined the depth of potential erosion at each modeled cross-section (Figure

8).
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The swales retrofitted with well-established vegetation, rip-rap, or check dams were

designed using the pipe outlets’ watershed characteristics, average channel bed slope,

SwaleMod 1.0.3 (Anderson et al., 2015), and the minimum design criteria (MDC) established by
the North Carolina Department of Environmental Quality (NC DEQ) for treatment swales (NC

DEQ, 2020). If the flow conveyance discharge required a bottom width greater than 6 ft, the

bottom width was limited to this threshold. Table 4 summarizes the proposed swale designs,

and Table 5 includes the channel roughness coefficients assigned to each design (Brunner,

2022). For consistency, the proposed designs included the floodplain roughness coefficients

and soil characteristics representing the existing conditions. The proposed check dams had a

top width of 2 ft, side slope of 4:1 (H:V), and spaced such that the base of the upstream check

dam was at the same elevation as the top of downstream check dam (Figure 9) (Powell, 2015;

Purvis, 2018; Winston et al., 2019). The check dams were placed at the correct station along
the channel using the RAS Mapper option in HEC-RAS (USACE, 2022).
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Table 5. Summary of proposed swale designs for monitored sites

Parameter/Site MP458 MP459 MP467 MP495 MP814 MP840
Bottom width (ft) 6.0 6.0 3.0 3.0 6.0 6.0
Top width (ft) 15.0 15.0 12.0 12.0 21 15
Side slope (H:V) 3:1
Swale length (ft) 404 226 633 99 404 821
Longitudinal 0.032 0.058 0.024 0.024 0.024 0.028
slope (ft/ft)
Freeboard (ft) 0.50
Maximum swale
depth (ft) 1.0 1.0 1.0 1.0 2.0 1.0

Table 6. Summary of channel roughness coefficients for design scenarios (Brunner, 2022)

Channel _
. . Roughness coefficient
Design scenario roughness describtion
coefficient (s/ft'?) P

Rip-rap swale 0.07 Cobbles with large boulders
Vegetated swale; Un-maintained 0.14 Excavated earthen channel with
vegetated swale with check dams ' dense brush at high stage
Maintained vegetated swale with Winding gxcavated earthen

0.03 channel with grass and some
check dams weeds

Elevation (m)

Main channel distance (m)

Figure 9. Longitudinal profile of swale with check dams
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For each storm event, the calculated shear stress (1) at the outlet, middle, and outfall or
end cross-sections was compared between the existing conditions and proposed designs using
the 1D steady models. Current design tools, such as SwaleMod (Anderson et al., 2015), for
swales use this parameter as a factor of safety (FOS). Sediment mass balances were compared
between the existing conditions and alternative lining swales using the 1D quasi-unsteady
models. The differences between the predicted influent and effluent sediment volumes
determined if the proposed designs reduced or increased erosion. The proposed design that
mitigated T and sediment loss the most was identified as the design with the greatest potential to
limit erosion downslope of pipe outlets.

Objective Seven

The costs associated with the proposed designs were estimated using data from
NCDOT, Hunt et al. (2021), and previous bid documents for NC State University construction
projects. The average unit cost for each line item is included Table 7. Excavation quantities
were estimated using the swale’s cross-sectional area and length. Rip-rap, sod, and geotextile
fabric quantities were estimated using the swale’s length and wetted perimeter for the maximum
flow depth. The maintenance and planting associated with the maintained and un-maintained
swales, respectively, were estimated using the swale’s length. Unit costs for check dam
installation and maintenance were not available for the analyses. The analyses also did not
consider costs associated with grading or maintenance easements.

Table 7. Estimated mean unit costs for proposed designs (Hunt et al., 2021)

Item Mean unit cost
Mobilization ($) 18,753
Excavation ($/yd?®) 275
Rip-rap ($/ton) 67
Geotextile ($/yd?) 4
Sod ($/If) 77
Plants ($/If) 8
Annual mowing ($/If) 38
Pre-formed scour hole ($) 4,772

Objective Eight

The final predictive equations and decision trees for the occurrence and magnitude of
erosion were compiled into a Microsoft Excel-based tool. The tool also includes the bankfull
regional curves associated with each physiographic region of North Carolina. The tool is

available as a separate document from the report.
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Results and Discussion
Objective Two
Assessments

Forty-eight of the 60 assessed sites had erosion downslope of the pipe outlet and only
12 sites exhibited no signs of erosion. Data were collected from a minimum of two cross-
sections to a maximum of nine cross-sections. Channel and bank soil textures were mostly
sandy loam or silt loam. The length of downslope erosion ranged from 0 to 7,431 ft, and the total
estimated volume of eroded soil was between 0 and 4,102 yd?® (Table 6). The median depth to
the channel’s confining layer was approximately 0.30 m. BEHI scores were as low as 0 (very
low) and as high as 59 (extreme). The majority of BEHI scores and depths to confining layers
indicate the channels are at risk of widening and incising.

Table 8. Summary of assessments

Parameter Minimum Mean Median Maximum
Length of downslope erosion (ft) 0 885 410 7,431
Estimated total volume of eroded soil (yd®) 0 290 94.0 4,102
Top of bank cross-sectional area (ft?) 0 16.2 9.35 162
Top of bank width (ft) 0 10.9 8.90 44.0
Maximum depth (ft) 0 2.48 2.05 6.95
Depth to confining layer (ft) 0 1.52 1.00 4.60
Bank erosion hazard index (BEHI) Ver(;(/))low (2“292) (';'ZQQ) E(x5tr997(r;1)e
Channel bank bulk density (Ib/ft®) 33.1 74.5 74.0 111
Channel bank median approximate
unconfined compressive strength (ton/ft?) 0.16 1.12 1.00 4.00

The pipe diameters for the assessed sites were between 1.0 and 4.0 ft. The watersheds
draining to the pipes ranged from 0.22 to 112 ac, and up to 106 ac of these watersheds were
comprised of non-highway areas (Table 7). The amount of impervious area within the
watersheds ranged between 0 and 15.4 ac, and the composite CN ranged from 43 to 94. On
average, the maximum velocities for the 1-yr and 10-yr, 24-hr storms were 5.98 and 30.4 ft/s,
respectively. The ratio of the maximum permissible velocity to the peak velocity was between
0.34 and 6.40. The only defining characteristic between sites that did or did not exhibit erosion
was the downslope vegetative conditions. Sites that did not experience any erosion had heavy
stands of herbaceous and grass vegetation and a lack of trees clustered together (Figure 10).
On average, HSG B soils comprised 57% of the soils at the erosion-free sites. The combination
of well-established vegetation, soils that tend to infiltrate, and lack of clustered trees to

concentrate flow most likely kept runoff diffused and reduced the potential for downslope
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erosion (Haghnazari et al., 2015; Jia et al., 2020). Refer to Appendix D for summaries of the

field collected and desktop data.

Table 9. Summary of characteristics for assessed sites (Homer et al., 2020; Malcom, 1989; NC
DPS, 2016; NOAA, 2006; USDA, 2015; USDA-NRCS, 2004; USGS, 2018)

Parameter Minimum Mean Median Maximum

Pipe outlet 0.22 11.8 2.99 112
watershed area (ac)

Non-highway (offsite) area
within pipe outlet 0 104 1.46 106
watershed (ac)

Impervious area within pipe

outlet watershed (ac) 0 1.70 0.50 15.4
Composite curve number
(CN) for pipe outlet 43 74 77 94
watershed
Duration of runoff 1-yr,
24-hr storm (hr) 1.67 5.21 3.23 30.7
Peak dlscharge31 -yr, 24-hr 0.01 10.2 287 80.5
storm (ft°/s)
Maximum velocity 1-yr,
24-hr storm (ft/s) 1.20 5.98 5.60 13.6
Duration of runoff 10-yr,
24-hr storm (hr) 1.83 4.15 3.47 12.1
Peak discharge 10-yr,
24-hr storm (ft¥/s) 0.44 30.4 10.8 258
Maximum velocity 10-yr, 24- 211 835 7 87 16.0

hr storm (ft/s)

Maximum permissible
velocity/peak 1-yr, 0.34 2.22 2.05 5.46
24-hr velocity

Maximum permissible
velocity/peak 10-yr, 0.70 3.10 3.08 6.40
24-hr velocity

Radial distance of pipe outlet 784 1,044 669 4,544
to stream (ft)

Departure (ft) 0 17.8 16.2 73.8
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Figure 10. Assessed sites free of downslope erosion

Objectives Three and Four

Occurrence of erosion

Thirty-five of the 60 sites eroded to the outfall and received a “false” or 0 response. Both
watershed characteristics and downslope soil conditions influenced the prediction of erosion
occurrence of downslope erosion (Figure 11). The most important factors dividing the data into
the correct responses (erosion vs. no erosion occurring to the outfall location) are the ratio
between the maximum permissible velocity and the peak velocity for the 1-yr, 24-hr storm event
and the percentage of sand and clay in the channel banks immediately downslope of the pipe
outlet. It is not surprising these predictors would have the most influence on splitting the data
into the correct response categories. The ratio of maximum velocities incorporates other factors
that greatly influence discharge and thus the shear stress (1) applied to the soil (e.g., watershed
area, CN). Additionally, flows for higher frequency storm events (e.g., 2-yr, 24-hr) have more
erosion potential than storms with lower frequencies (Hawley et al., 2017; Roesner et al., 2001;
Rohrer & Roesner, 2006; Tillinghast et al., 2011). Soils with pore size distributions favoring
macropores (e.g., sands) tend to have higher infiltration rates, which helps to reduce the risk of
degradation (Hillel, 2003). The risk of soil detachment also decreases with increasing clay

content. Similar to the velocity ratio, pipe diameters are influenced by factors that affect 1 (e.g.,
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discharge). HSG D soils tend to be less permeable, which reduces the potential for infiltration
(NRCS, 2007).

1-yr, 24-hr
Velocity:
| Permissible
velocity < 0.65
Percentage of
sand in pipe

outlet channel
banks <51.7%

v Percentage of

clay in pipe
@ outlet channel —l

banks <7.25%

1-yr, 24-hr
Velocity:
Permissible
velocity < 2.24

False

Pipe

diameter

<1.75ft
Percentage of
D soils <79%

diameter
<2.50ft

3
True ( False

Figure 11. Decision tree for the occurrence of erosion downslope of pipe outlets (note true
refers to no erosion occurs to the outfall)

G

The first split corresponding to pipe diameter resulted in the same predicted responses
because of increased node purity (James et al., 2000). Node purity refers to the homogeneity of
the responses, and higher node purity increases certainty in the predicted responses. The Gini
index as well as entropy are measures of node purity, and decision tree algorithms use these
parameters to evaluate the quality of a split. A small Gini index or entropy indicates the node
mostly includes observations from a single class. This pipe diameter split does not indicate the
decision tree cannot be used to predict the occurrence of erosion to an outfall. The decision tree
had an 8% misclassification error during training and an accuracy and precision of 62.5% and
50%, respectively, during testing. These metrics would most likely improve with the use of
additional data during model development (James et al., 2000; Kotsiantis, 2013).

The PCA resulted in 22 PCs comprised of the predictors included in Table 3, and the
first eight components explained approximately 80% of the data variability (Figure 12). Ideally,
the first few components would have explained most of the variability (Faraway, 2016; James et

al., 2000).This suggests the PCA may not have included predictors that could have better
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explained data variability. These predictors include the age of the pipe installation at the time of
assessment, changes to the watershed between the design and assessment phases (e.g.,
development), and the downslope conditions at the time of the pipe installation. Previous
research has shown the extent of erosion varies with time, changes to the landscape, and
rainfall patterns (Shellberg et al., 2013; Sidorchuk, 1999; Vanmaercke et al., 2016). Design
plans and maintenance records associated with the assessed sites were not available to include
in the analyses. The extensive vegetative cover downslope of the pipes prevented the
opportunity to digitally quantify downslope conditions over time (Ghimire et al., 2006; Maugnard
et al., 2014). Additionally, it was difficult to identify the sites in aerial imagery from the 1990s and
earlier to quantify the downslope vegetative cover. The photos had poor resolution and did not

include any distinguishable landmarks.
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Figure 12. Principal components proportion of variance explained with key predictors for PC1
shown
PC coefficients and a threshold of 0.25 determined the most influential predictors in each
PC. Influential predictors for PC1 included watershed and hydrologic characteristics that either
directly (e.g., peak velocity) or indirectly (e.g., impervious area) affect erosion. These
characteristics also had some of the most variability (Table 7). Predictors that repeatedly had
PC coefficients with a magnitude greater than or equal to 0.25 included the percentage of HSG

soils, pw, percentage of sand and clay in the pipe outlet’s channel banks, duration of the 10-yr,
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24-hr storm, departure, watershed area, and the pipe outlet’s radial distance to the stream
(Table 8). These predictors either describe the soils’ resistance to detachment or influence
erosion (Bledsoe, 2002; Hillel, 2003; Nehrke & Roesner, 2004; Pomeroy et al., 2008; Roesner
et al., 2001; Rohrer & Roesner, 2006). The influential predictors also support the use of velocity
ratios and the banks’ sand and clay content in the decision tree to optimize the partitioning of
data into response categories. The eight components used in the logistic regression model to
predict the occurrence of erosion stopping before reaching the outfall location were not
significant (p-value > 0.05). The model only had an accuracy, specificity, and sensitivity of 50%
when used with the testing dataset. The model most likely underperformed due to missing
predictors and the components failing to capture the relationship between the predictors and

response (Faraway, 2016; James et al., 2000).
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Table 10. Summary of principal components used in logistic regression model

Predictor PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8
Pipe diameter (ft) -0.16 -0.12 0.28 0.15 -0.02 0.42 -0.44 -0.12
Watershed area for pipe outlet (ac) -0.36 -0.08 -0.01 -0.08 0.08 -0.36 -0.10 0.01
Non-highway (offsite) area within 0.35 2008 2002 0.09 0.05 0.37 011 0.01
pipe outlet's watershed (ac) ) ) ) ) ) i ) )
Impervious area within -0.28 0.11 -0.06 -0.16 0.24 0.05 0.25 -0.01
pipe outlet's watershed (ac)
Radial distance of pipe 0.15 -0.01 0.41 0.29 0.18 017 0.00 0.39
outlet to stream (ft)
Percentage HSG A soils -0.10 -0.33 -0.34 0.25 0.14 0.15 0.11 -0.04
downslope of pipe outlet (%)
Percentage HSG B soils -0.09 -0.32 0.24 -0.29 -0.21 -0.02 0.19 0.05
downslope of pipe outlet (%)
Percentage HSG C soils -0.02 0.09 0.23 0.26 -0.29 -0.18 0.46 0.26
downslope of pipe outlet (%)
Percentage HSG D soils 0.13 0.34 -0.24 0.00 0.33 0.09 -0.18 -0.21
downslope of pipe outlet (%)
Curve number (CN) for 0.04 0.45 0.01 0.05 -0.02 0.08 0.18 -0.06
pipe outlet’'s watershed
Peak discharge 1-yr, 24-hr storm (ft%/s) -0.32 0.24 0.11 -0.16 0.11 0.07 0.13 0.01
Peak discharge 10-yr, 24-hr storm (ft%/s) -0.37 0.14 0.10 -0.12 0.06 -0.08 0.01 0.01
Duration of runoff for
1-yr, 24-hr storm (hr) -0.19 -0.31 -0.29 0.18 0.10 -0.15 -0.01 -0.02
Duration of runoff for
10-yr, 24-hr storm (hr) -0.17 -0.14 -0.07 0.12 0.30 0.10 0.31 -0.25
Median approximate unconfined
compressive strength at 0.02 -0.20 0.29 0.01 0.15 0.27 0.16 0.50
pipe outlet banks (ton/ft?)
Median Manning’s n of channel
banks at pipe outlet (s/ft'?) -0.23 -0.15 0.15 0.22 0.04 0.40 0.20 -0.17
Median bulk density of channel
banks at pipe outlet (Ib/ft%) 0.04 0.13 0.02 0.44 0.40 -0.17 -0.36 0.48
Median percentage of sand in -0.16 0.09 -0.25 0.36 022 0.02 0.11 0.20
pipe outlet channel banks (%) ) ) i i ) ) ) )
Median percentage of clay in 0.07 -0.04 0.28 0.2 0.51 -0.04 0.15 0.16
pipe outlet channel banks (%) ) ) i ) i ) ) )
Departure (ft) 0.09 -0.10 0.29 0.29 0.00 -0.37 0.08 -0.28
Maximum permissible velocity/ 0.27 0.33 0.14 0.10 012 0.06 007 0,03
peak 1-yr, 24-hr velocity ) i ) ) ) ) ) )
Maximum permissible velocity/ -0.33 0.13 0.10 0.20 0.14 0.07 023 0.02

peak 10-yr, 24-hr velocity

Note: bold values indicate principal component (PC) coefficients greater than 0.25; HSG refers to hydrologic soil group
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Magnitude of erosion

Soil and vegetative data were collected from 109 cross-sections downslope of the 60

pipe outlets. The AreaTOB/AreaBKFUL, WidthTOB/WidthBKFUL, DepthTOB/DepthBKFUL, and

Volumeerorpeo/Lengthchnt ratios were 5.29, 7.33, 7.74, and 0.04, respectively (Table 9).

Appendix E includes the predictors used in the regression and decision tree analyses.

Table 11. Summary of magnitude of erosion

Parameter Minimum | Mean | Median | Maximum | Standard deviation
Widthros/WidthekruL 0 11.04 7.33 68.81 7.09
AreaTOB/AreaBKFUL 0 13.62 5.29 160.20 18.92
Depthros/DepthekruL 0 9.74 7.74 36.56 1.51
Volumegropep/Lengthchnt 0 0.07 0.04 0.63 0.44

Note TOB, BKFUL, and CHNL refers to top of bank, bankfull, and channel, respectively

Figure 13 includes the Q-Q plots for each final regression model. The plots suggest the

regression equations did not fully explain the data variability, particularly for the gullies’

estimated volume of eroded soil.
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Figure 13. Q-Q plots of residuals for Arearos/AreaskruL (Area), Widthros/WidthskruL (Width),
Depthros/DepthekruL (Depth), and Volumeeropep/Lengtherne (Volume) regression equations
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The final regression model predicting the magnitude of erosion in terms of
Arearos/AreaskruL includes the radial distance of the pipe outlet to the stream, percentage of
HSG C and D soils downslope of the pipe outlet, CN for the pipe outlet’'s watershed, and the
duration of runoff for the 10-yr, 24-hr storm event (Equation 14). The NRMSE for the model and
testing data was 0.07; values closer to zero indicate the model was a better fit to the data. This
NRMSE suggest model performance could improve with additional predictors that were not

quantified at each cross-section during the site assessments (e.g., soil texture).

ATOB/ABKFUL =12.11 - 8.93*R + 10.33*C + 24.74*D - 21.08*CN - 9.28*D Equation 15

Where:
ATOB/ AskruL™ cross-sectional area top of bank/bankfull cross-sectional area (ft?/ft?)

R = scaled radial distance of pipe outlet to stream (ft)

C = scaled percentage of HSG C soils downslope of pipe outlet (%)
D = scaled percentage of HSG D soils downslope of pipe outlet (%)
CN = scaled composite CN for pipe outlet watershed (unitless)

Do = scaled duration of runoff for 10-yr, 24-hr storm event (hr)

The decision tree predicting Arearos/AreaskruL includes the approximate unconfined
compressive strength of the channel banks, peak discharge for the 10-yr, 24-hr event, and
percentage of downslope HSG D soils (Figure 14). The decision tree most likely associated
smaller Arearos/AreagkruL ratios with 10-yr, 24-hr peak discharges greater than 12.86 ft®/s
because the peak discharge for the pipe outlet’'s watershed was included as a predictor for each
cross-section measured along the length of the channel. The NRMSE for the decision tree and
testing dataset was 0.09. This slightly larger value suggests the regression equation (Equation
14) explains variability among the Arearos/AreaskruL ratios somewhat better than the decision
tree.
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13.51 37.18

Figure 14. Decision tree for Arearos/AreaskruL for gullies downslope of pipe outlets

The final regression equation and decision tree predicting Widthros/Widthekru. had

similar predictors as the model and decision tree estimating Arearos/AreagkruL. The models
most likely had similar predictors because the channel’s cross-sectional area includes the width
at the top of bank. Additional predictors for the Widthtos/WidthekruL regression equation include
the radial distance from the stream and percentage of HSG A and B soils (Equation 15). The

NRMSE for regression equation was 0.09.

WTOB/W = 10.82 -3.90*R -5.69*A -14.40*B -3.33*C -13.84*CN -7.30°D;,  Equation 16
BKFUL

Where:
VVTOB/W = width at top of bank/bankfull width (ft/ft
BKFUL

R = scaled radial distance of pipe outlet to stream (ft)

A = scaled percentage of HSG A soils downslope of pipe outlet (%)
B = scaled percentage of HSG b soils downslope of pipe outlet (%)
C = scaled percentage of HSG D soils downslope of pipe outlet (%)
CN = scaled composite CN for pipe outlet watershed (unitless)

Do = scaled duration of runoff for 10-yr, 24-hr storm event (hr)

Additional variables in the final decision tree predicting Widthros/WidthskruL include the
duration of the 1-yr, 24-hr storm event, pipe diameter, and radial distance from the stream
(Figure 15). The NRMSE for the decision tree was 0.17, which suggests the decision tree does
not explain the variability among the Widthros/WidthekruL ratios as well as the regression
equation.
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Figure 15. Decision tree for Widthtos/WidthekruL for gullies downslope of pipe outlets

The final regression equation predicting the magnitude of erosion in terms of
Depthros/DepthekruL includes the pipe outlet’s watershed area and composite CN, percentage
of downslope HSG B soils, duration of runoff for the 10-yr, 24-hr storm event, radial distance
from the stream, and the distance between the cross-section of interest and the pipe outlet
(Equation 16). The distance between the cross-section and pipe outlet indirectly describes
headcut migration. As expected, cross-sections closer to the stream tended to be deeper due to
this migration. The final decision tree includes the pipe outlet’s watershed area, non-highway
(offsite) and impervious areas within the watershed, pipe diameter, pipe outlet’s radial distance
from the stream, duration of runoff for 10-yr, 24-hr storm event, and the median Manning’s n
and approximate unconfined compressive strength for the cross-section of interest’s channel
banks (Figure 16). Typically, a soil’s critical shear stress or shear strength describes the soil’s
resistance to detachment (Hillel, 2003; Léonard & Richard, 2004; Partheniades, 1965).
However, Liu et al. (1999) and Robinson & Hanson (1995) found that soils, especially cohesive
soils, with higher compressive strength have less risk of detachment. The decision tree most

likely associated larger depth ratios with smaller radial distances and off-site areas because
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these characteristics were used as predictors for every cross-section, and cross-sections near
the stream were deeper due to headcut migration. The NRMSE for the regression equation and
decision tree was 0.21 and 0.17, respectively. This suggests the data collected during the site
assessments better predicts the magnitude of erosion in terms of cross-sectional area and width
than depth.

DTOB/DBKFUL = 8.90 -2.09*W -1.86"R -3.54*B -3.35*CN -2.56*D 1, +1.95*Dl Equation 17

Where:
DTOB/D = maximum depth at top of bank/bankfull mean depth (ft/ft)
BKFUL

W = scaled pipe outlet watershed area (ac)

R = scaled radial distance of pipe outlet to stream (ft)

B = scaled percentage of HSG B soils downslope of pipe outlet (%)
CN = scaled composite CN for pipe outlet watershed (unitless)

Do = scaled duration of runoff for 10-yr, 24-hr storm event (hr)

DI = scaled distance between cross-section and pipe outlet (ft)

Watershed area

<10.93 ac
Radial distance from Non-highway
stream < 206.09 ft (offsite) drainage
area < 15.57 ac

¥
( 21.04 ) Pipe diameter ( 6.30 ) 261

<225f

Duration for 10-yr, Median Manning's n

24-hr storm event for channel banks
<3.18 hr —l <0.07
A,
Median approximate C 6.50 ) ( 11.34 ) ( 15.82 )
unconfined compressive

strength of channel
banks < 1.19 tsf

12,'29 ) 8.70
Figure 16. Decision tree for Depthros/Depthexrut for gullies downslope of pipe outlets
The final regression model predicting erosion in terms of Volumeeropen/Lengthchne
includes the peak discharges for the 1-yr and 10-yr, 24-hr storm events as well as the ratios

between the permissible velocity and the peak velocities for these storm events (Equation 17).
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The NRMSE using the testing dataset was 0.17. The predictors in the final decision tree
included the median p, and percentage of clay in the pipe outlet channel banks, and the pipe
outlet’s radial distance to the stream (Figure 17). The NRMSE for the decision tree was 0.07
and indicates this model was a better fit for the data compared to the regression equation.
Volumegropep

Length,,,., =0-32 + 0.67°QP1-0.60°QP1-0.60°V+0.60"Vso  Equation 18
Where:
Volumegropen = estimated volume of erosion/channel length (yd®/ft)

Lengthpne

QP = scaled peak discharge for the 1-yr, 24-hr storm event (ft*/s)

QP+ = scaled peak discharge for the 10-yr, 24-hr storm event (ft¥/s)

V, = scaled max. peak velocity for the 1-yr, 24-hr storm event: permissible velocity
V4o = scaled max. peak velocity for the 10-yr, 24-hr storm event: permissible velocity

Median percentage of clay
in pipe outlet channel banks
<713%

090 Median bulk density of pipe outlet

channel banks < 82.9 Ib/cf

A, A 4

Median percentage of clay in pipe ( 0.56 )

outlet channel banks < 16.8%

Radial distance from adjacent 0.35

stream < 212.37 ft

0.28 0.10

Figure 17. Decision tree for Volumeeropeo/Lengthcrne for gullies downslope of pipe outlets

The regression equations and decision trees predicting the magnitude of erosion in
terms of cross-sectional dimensions and volume used a combination of watershed, hydrologic,
and downslope soil characteristics that influence channel instability. Recurring predictors
include the duration of runoff and peak discharge for the 10-yr, 24-hr storm event, percentage of
downslope HSG soils, radial distance of the pipe outlet from the stream, and the pipe outlet
watershed’s CN and impervious area. Numerous studies have shown impervious areas directly
influence channel degradation (Baruch et al., 2018; Booth & Jackson, 1997; Burns et al., 2015;
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Morse et al., 2003; Schueler et al., 2009; Vietz et al., 2014; Walsh et al., 2005a, 2005b).
Channel instability concomitantly increases with the amount of impervious area, particularly
areas directly connected to streams by stormwater drainage networks. Runoff duration and
discharge, particularly for lower frequency storm events (e.g., 1-yr, 24-hr), also have a direct
impact on streambank instability (Bledsoe, 2002; Hawley et al., 2017; Nehrke & Roesner, 2004;
Pomeroy et al., 2008; Roesner et al., 2001; Rohrer & Roesner, 2006; Tillinghast et al., 2011).
The regression equations and decision trees used the duration of runoff for the 1-yr and 10-yr,
24-hr storm events. The average duration of runoff for both storm events is comparable (Table
7). It is likely the duration of runoff for both storm events exceeded the soil’s allowable erosional
hours (Tillinghast et al., 2011), thus increasing the risk of channel degradation.

CNs and HSGs indirectly influence channel stability. CNs are the combination of a
watershed’s infiltration, surface topography, interception, and depressional storage
characteristics (Chin, 2021; Ponce & Hawkins, 1996). Higher CNs represent landscapes more
likely to produce runoff, which increases the risk of channel instability (Schueler et al., 2009;
Walsh et al., 2005b). HSGs provide a general description of a soil’s capacity to infiltrate; HSG C
and D soils tend to infiltrate less compared to HSG A and B soils (NRCS, 2007). Infiltration is a
key factor influencing runoff volume and discharge as well as the risk of soil degradation (Hillel,
2003; Hopkins et al., 2015, 2020). The radial distance to a stream is not a factor influencing
stream channel instability. However, the regression equations and decision trees herein predict
the magnitude of erosion caused by gullies. Gullies are the result of migrating headcuts
(Bennett & Wells, 2019; Bull & Kirkby, 1997). Headcuts are miniature waterfall and plunge pools
and migrate upwards when backward eddies force flow against the foot of the soil’'s headwall
(Bennett & Wells, 2019; Douglas-Mankin et al., 2020; Flores-Cervantes et al., 2006). A pipe
outlet near a stream reduces the distance, and possibly the time, for a headcut to migrate to the
outlet and cause erosion. The radial distance accounts for this relationship.

Table 10 summarizes the NRMSEs for the regression equations and decision trees.
Apart from Depthros/Depthekrur and Veropeo/Lchng, the regression equations performed as well if
not better than the decision trees. Because decision trees find patterns within datasets to
optimize performance, they generally perform better when built with larger datasets (Hastie et
al., 2009; Kotsiantis, 2013; Myles et al., 2004). It is possible the decision trees for
Depthroe/DepthekruL and Veropeo/Lenne performed better than the respective regression

equations because these erosion metrics had the smallest standard deviations (Table 5), which
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may have allowed the trees to identify patterns within the data that the linear regression

equations could not capture.
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Table 12. Summary of NRMSEs for regression equations and decision trees

Parameter Regression equation Decision tree
Arearos/AreaskruL 0.07 0.09
Widthtos/WidthekruL 0.09 0.17
DepthTOB/DepthBKFUL 0.21 0.17
VqumeERODED/LengthCHNL 0.17 0.07

Note TOB, BKFUL, and CHNL refer to top of bank, bankfull, and channel, respectively

The influential predictors in the decision trees for the cross-sectional dimensions did not
hold the expected relationships between channel instability and impervious area and peak
discharge. This was caused by characteristics for the pipe outlet’'s watershed being used as
predictors for every cross-section along the channel. The generalized linear mixed effects model
used to build the regression equations accounted for repeated predictors, and the decision tree
predicting the volume of eroded soil did not include repeated measurements along the channel.
These results suggest decisions tree predicting cross-sectional dimensions for channels should
only be built and tested using data unique to each cross-section.

The NRMSEs and residuals (Figure 13) suggest the equations and trees may be missing
predictors that better explain the variability in the data. These predictors include the amount of
time that has occurred between the installation of the pipe and the assessment, how the
watershed has changed since the design phase (e.g., increased development), and the
downslope conditions at the time of the pipe installation. Research has shown erosion varies
over time and is susceptible to changes to rainfall patterns and the landscape (Shellberg et al.,
2013; Sidorchuk, 1999; Vanmaercke et al., 2016). Extensive vegetative cover downslope of the
pipes prevented the downslope conditions from being quantified over time using aerial imagery
(Ghimire et al., 2006; Maugnard et al., 2014). Design plans and surveys detailing the watershed
characteristics and downslope soil conditions were not available to include in the analyses. The
models would also improve if data influencing soil degradation (e.g., percent sand/clay, py) had
been collected at each cross-section. Soil texture and py, were only collected at the outlet,
intermediate, and outfall cross-sections.

Kinnell (2017) compared erosion simulated by the USLE, RUSLE2, and USLE-M models
to measured data using NSEs. The performance of these existing models cannot be directly
compared to the performance of the regression equations and decision trees. However, if the
models are compared in terms of meeting or exceeding the respective threshold for good
performance, the regression equations developed for Arearos/AreaskruL and Widthros/WidthskruL

as well as the decision tree for Volumeerooeo/LengthcrHne appear to be as reliable as the USLE,
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RUSLE2, and USLE-M (with observed runoff data) models. This indicates designers could use
these equations and decision tree to determine the optimal discharge points for pipe outlets to
minimize downslope erosion or help identify existing pipe outlets that may need re-stabilization.

Objective Five

Rainfall and hydrology

Monitoring occurred from July 2021 to August 2022. However, due to equipment
damage from a 2.99 in storm, monitoring at MP458 and MP459 stopped July 2022 (Figure 18).
Debris from overhanging vegetation often clogged the tipping bucket and compromised rainfall
data. Additionally, battery failure and wires cut by routine mowing caused a loss of data. MP458
and MP459 were most affected by these issues. Due to proximity (8 mi), rainfall data collected
at MP467 was substituted for missing MP458 and MP459 rainfall data. The nearest weather
station maintained by the North Carolina State Climate Office (NCSCO) was 9 mi away. The
minimum number of storm events recorded was 57, and rainfall ranged from 0.10 to 5.42 in.
Antecedent dry periods varied between 0.26 and 30 days, and the average rainfall intensity
ranged from 0.02 to 1.37 in/hr (Table 11).

Figure 18. MP459 equipment buried by sediment transported during 2.99 in storm
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Table 13. Description of rainfall characteristics

Parameter/Site | MP458° | MP4592 MP467 | MP495 | MP814 | MP840
Monitoring 07/21-07/22 07/21-08/22
period
Number of 70 73 67 57 63
storms
Rainfall depth (in)
Minimum 0.10 0.10 0.11 0.10 0.10
Mean 0.65 0.73 0.74 0.80 0.56
Median 0.43 0.43 0.47 0.54 0.37
Maximum 2.99 4.24 4.24 5.42 3.68
Peak 5-min intensity (in/hr)
Minimum 0.12 0.12 0.12 0.12 0.12
Mean 1.36 1.55 1.54 1.91 1.17
Median 1.08 1.14 1.08 1.68 0.60
Maximum 4.56 8.34 8.34 5.64 4.14
Average intensity (in/hr)
Minimum 0.02 0.02 0.02 0.02 0.02
Mean 0.21 0.21 0.20 0.22 0.17
Median 0.09 0.10 0.08 0.12 0.10
Maximum 1.14 1.37 1.37 0.92 0.92
Duration (hr)
Minimum 0.25 0.27 0.33 0.29 0.17
Mean 5.89 6.26 6.86 6.68 5.72
Median 4.37 4.67 4.97 4.30 4.23
Maximum 18.60 19.63 19.40 30.83 30.83
Antecedent dry period (day)
Minimum 0.26 0.26 0.26 0.35 0.26
Mean 4.90 5.23 5.07 7.20 6.11
Median 4.43 4.43 3.98 5.71 4.60
Maximum 24.03 27.87 17.64 29.70 24.08

a Due to monitoring issues 67% of rainfall statistics include data collected at MP467

Table 13 summarizes the runoff characteristics for the pipe outlets. The measured runoff

volumes ranged from 1.00*10? to 7.20*10° ft3, and peak discharges varied between 0.04 and 83

ft3/s. Runoff discharged from the pipes occurred for up to 26 hours. Measured water levels in

MP458 and MP840 exceeded the pipe diameter two and five times, respectively; the peak 5-

minute intensities associated with these events were at least 0.71 in/hr. Despite the watersheds’

impervious coverage and dominant HSGs that tend to be less permeable, runoff did not occur

for every monitor-able storm event (including up to 3.86 in). No clear threshold existed among

the rainfall characteristics for runoff to occur. Appendix F provides for a summary of each storm

event.
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Table 14. Description of runoff characteristics

Site Number of runoff | Runoff volume Peak discharge Runoff duration
events (ft3) (ft3/s) (hr)
MP458 38 3.07*10%1.01*10° 0.43-79 1.87 - 26
MP459 42 1.98*10%-7.20*10° 0.12-81 0.43-23
MP467 34 1.10*10%-4.93*10° 3.3-83 0.80 - 22
MP495 54 1.00*10%-6.22*10° 0.04-13 0.20-23
MP814 51 3.91*10%-4.70*10° 0.16-43 0.83-24
MP840 37 4.43*10%1.95*10° 0.13-82 0.33-21

Hydraulic impacts

Table 13 summarizes the potential maximum T, and € for storms using 1D steady flow
analyses. The potential T, among the six sites ranged between 0.04 and 1.6 Ib/ft?. The T
exceeded the T; by a factor of at least 2.21, and the maximum potential € was 4.5*102 in/s. As
expected, sites with higher kq experienced larger potential . Hoomehr et al. (2018) conducted a
flume study with loam soil samples to identify the effects of water temperature, pH, and road
salts on ¢ for cohesive soils and found the € were between 0 and 1.97*10-2 in/s. Except for
MP840, the potential € are within the range reported by Hoomehr et al. (2018).

Table 15. Description of potential maximum erosion rates using 1D steady flow analyses

Number of Potential Applied: Potential maximum
Site runoff applied shear | Critical shear . te (in/
events stress (Ib/ft?) stress erosion rate (in/s)
MP458 38 0.12-0.64 43-227 1.3*10°-7.6*10°3
MP459 42 0.04-0.79 2-44 6.1*105-2.1*10
MP467 34 0.17-0.71 23-97 4.2*103-1.8*10
MP495 54 0.15-0.67 10-44 2.2*103-1.1*102
MP814 51 0.22-0.57 7-18 7.1*103-2.0*10
MP840 37 0.11-1.6 13-186 2.9*103-4.5*10

For MP458 and MP814, more than half of the maximum potential 1. were associated
with discharges less than the peak discharges. For low flow rates, contractions (narrowing) or
expansions (widening) of the channel will increase and decrease the energy grade line slope,
respectively (Brunner 2022). Increases in the energy grade line slope will result in higher 1,
(Equation 14). At MP458 and MP814, the cross-section immediately downslope of the pipe
outlet cross-section was much narrower than the pipe outlet cross-section, which explains why

the maximum 1, was generally associated with flows less than the peak discharge (Figure 19).
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Figure 19. MP814 pipe outlet cross-section (left) and immediate downslope cross-section (right)
Except for MP495 and MP814, the models were too unstable for 1D unsteady flow

simulations. Brunner (2022) reported flow regimes with high velocities and/or rapid changes in

o 10 20 30 40

Station (1)

velocity and depth increase model instability. Model instability also increases with steep slopes,
low flows, and downstream boundary conditions that cause abrupt changes in the WSE or
approach the critical depth (Brunner, 2022). Per Rosgen (1994), steep streams have a channel
bed slope greater than 0.04 ft/ft, and moderately steep streams have a bed slope between 0.02
and 0.04 ft/ft. HEC-RAS’s default solution for routing is subcritical flow (Brunner, 2022). If the
flow depth is at or below critical depth, the unsteady model will often overestimate the flow
depth at the upstream cross-section and possibly underestimate the downstream cross-
section’s depth. Brunner (2022) recommends increasing channel roughness, adding or
removing cross-sections, including or increasing baseflow, and adjusting the computational
intervals or channel slope to increase model stability. These recommendations failed to improve
model stability for MP458, MP459, MP467, and MP840. The models were most likely unstable
due to the channels’ slope (Table 1) (Figure 20 through Figure 23 ), low flows (Table 13), and
varying cross-sectional geometry. During the 1D steady flow analyses for these sites, the WSEs
were often at or below the critical depth, and the model assumed critical depth to complete the

simulations. Appendix | includes the geometry file associated with each model.
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Figure 21. Longitudinal profile of MP459 channel bed
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Table 15 summarizes the potential 1D unsteady flow 1, and ¢ that had an overall volume
accounting error of one percent or less. The potential maximum € ranged from 0.01 to 0.17 in/s,
and the limited results suggest the steady flow analyses may be under-predicting € associated
with pipe outlets draining highway and non-highway areas. However, more studies are needed
to verify this conclusion. The channels downslope of the pipe outlets extended past the NCDOT
ROW. A lack of property owner cooperation prevented flow from being measured downslope of
the pipe outlets. This also prevented the use of erosion pins and repeated surveys of permanent
cross-sections to validate the potential € (Beck et al., 2018; Hancock & Lowry, 2015; Harden et

al., 2009; Luffman et al., 2015; Myers et al., 2019; Palmer et al., 2014; Zaimes et al., 2021;
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Zaimes & Schultz, 2015). Additional flow and erosion data would have allowed for the
calibration and validation of the HEC-RAS models, thus improving model stability and
confidence in the results (Bennett et al., 2013; Brunner, 2022; Krause et al., 2005; Ritter &
Mufoz-Carpena, 2013). However, the simulated € indicate designers should include the
erodibility of the soils downslope of the pipe discharge points in their hydraulic analyses. Over
time, the 1, could cause additional sediment loss if a gully forms downslope of the pipe outlet.

Table 16. Description of potential maximum erosion rates using 1D unsteady flow analyses

Number of . Potential
Potential < -
. storm events . Applied: maximum
Site - applied shear " -
with stable 2 Critical shear stress erosion rate
. . stress (Ib/ft?) .
simulations (in/s)
MP495 45 4.4-10 295-702 0.07-0.17
MP814 5 0.28-1.1 9-36 0.01-0.04

Table 16 summarizes the measured peak velocities of storm events with runoff. The
peak velocities ranged from 0.56 to 20 ft/s, and these velocities exceeded the permissible
velocities by at most a factor of eight. None of the storms that occurred during the monitoring
period exceeded the 10-yr, 24-hr rainfall depth (NOAA, 2006); yet the measured velocities
exceeded the permissible velocity between 10 and 44 times during this period. The actual age
of the monitored sites is unknown but aerial imagery suggests four of the six pipes were
installed within 15 years of this study (Google, 2022). The estimated volume of eroded soil
downslope of the outlets was between 22 and 774 yd? (Table 1). The magnitude of erosion
downslope of the outlets and the reoccurring exceedance of the permissible velocity suggest
designers should limit the velocity for 1-yr, 24-hr storm to reduce erosion potential. Research
has shown flows associated with higher frequency storm events have more erosion potential
than storms with lower frequencies (Hawley et al., 2017; Pomeroy et al., 2008; Roesner et al.,
2001; Rohrer & Roesner, 2006; Tillinghast et al., 2011). This new velocity threshold may require
designers to minimize pipe slopes or use elements of spillway designs (e.g., Saint Anthony Falls
stilling basin) to meet regulations. Refer to Appendix F for a summary of the peak velocity,

expected T4, and € associated with each storm event.
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Table 17. Description of measured peak velocities

. Number of runoff Peak velocity Pe_ak:_ Number_ of_times
Site Permissible permissible
events (ft/s) - .

velocity velocity exceed
MP458 38 4.3-20 2-8 37
MP459 42 0.56-4.9 0.2-2 10
MP467 34 1.9-4.2 1-2 20
MP495 54 2.2-11 1-3 42
MP814 51 2.2-10 1-3 46
MP840 37 2.9-18 1-7 37

TSS

A minimum of nine water quality samples were collected from the pipe outlets (Table

17). The average TSS concentrations ranged from 15.1 to 153 mg/L, and the median

concentrations are within the range of TSS concentrations sampled from highway bridge decks
in North Carolina (Winston et al., 2015; Wu et al., 1998).
Table 18. Summary of TSS data from pipe outlets

Site Number of Minimum Mean (mg/L) Median Maximum
samples (mg/L) (mg/L) (mg/L)
MP458 11 8.21 15.1 13.4 25.7
MP459 10 4.87 43.2 21.8 107
MP467 14 47.5 153 123 339
MP495 23 5.34 15.4 13.6 38.0
MP814 15 13.2 74.1 47.9 2132
MP840 9 8.86 24.5 25.9 64.2

TSS concentrations sampled from four of the six sites exceeded the North Carolina
surface water standard for non-trout waters (175A NCAC 02B .0101, 2019) more than 50% of the

time (Table 18; Figure 24). The sources of TSS were most likely the extensive traffic on the

adjacent highways and road degradation (Charters et al., 2016; Sansalone & Buchberger, 1996;

Thomson et al., 1997). For MP467, bank instability near the monitoring equipment was almost

certainly an additional source of TSS (Voli et al., 2013). Throughout monitoring, unstable

undercuts were evident at this site (Figure 25), and bank erosion hazard index (BEHI)

assessments indicated the channel banks were at very high or extreme risk of eroding (Rosgen,
2001) (Appendix E). MP458 and MP495 most likely had the smallest exceedance probabilities

due to their watershed characteristics. MP495 had the lowest average annual daily traffic

(62,500 vehicles per day), and MP458’s watershed was only 11% impervious. Refer to

Appendix F for full details regarding the raw TSS data.
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Table 19. Exceedance probabilities for TSS standard (75A NCAC 02B .0101, 2019)

Site Exceedance probability (%)
MP458 24
MP459 57
MP467 100
MP495 19
MP814 70
MP840 56
1000
100 o
[#)]
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)
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Figure 24. Exceedance probabilities for TSS standard (75A NCAC 02B .0101, 2019)
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e ol
Figure 25. Evidence of unstable undercuts at MP467
Objective Six

1D steady analyses

Table 19 through Table 24 summarize the estimated maximum T for the sites’ existing
conditions at the outlet, middle, and outfall or end cross-sections. Across the sites, the
simulated maximum T at the outlets ranged from 0.05 to 1.40 Ib/ft? and from 0 and 1.61 Ib/ft? for
the middle cross-sections. The estimated T at the outfall or end cross-sections varied between
0.06 and1.99 Ib/ft?. Except for two simulations, the predicted T exceeds the sites’ 1. (Table 4).
Flow was not measured at the channel outfall, and neither erosion pins nor repeated surveys of
permanent cross-sections were included in the study to calibrate and validate the models
representing the sites’ existing conditions (Daly et al., 2015; Mohammed-Ali et al., 2021). These
data would have improved confidence in the model results; however, site assessments taken
over multiple visits confirmed erosion rather than deposition was most likely occurring.

Table 20. Summary of maximum shear stresses for MP458 existing conditions

Event Outlet shear | Middle shear | Outfall shear

stress (Ib/ft?) | stress (Ib/ft?) | stress (Ib/ft?)
87.5M 0.15 1.24 0.71
751 0.59 1.42 0.87
50t 0.26 1.61 1.24
25t 0.36 1.61 1.66
12.5 0.59 1.54 1.99
1-yr, 24-hr 0.32 0.55 0.06
10-yr, 24-hr 0.54 1.15 0.63
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Table 21. Summary of maximum shear stresses for MP459 existing conditions

Event Outlet shear | Middle shear | Outfall shear

stress (Ib/ft?) | stress (Ib/ft?) | stress (Ib/ft?)
87.5M 0.06 0.27 0.25
751 0.1 0.38 0.31
50t 0.18 0.52 0.50
25t 0.35 0.78 0.88
12.5 0.50 0.92 1.03
1-yr, 24-hr 0.05 0.29 0.25
10-yr, 24-hr 0.32 0.73 0.82
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Table 22. Summary of maximum shear stresses for MP467 existing conditions

Event Outlet shear | Middle shear | Outfall shear

stress (Ib/ft?) | stress (Ib/ft?) | stress (Ib/ft?)
87.5M 0.83 0.06 0.49
751 0.88 0.07 0.52
50t 1.04 0.11 0.61
25t 0.92 0.08 0.54
12.5 1.40 0.29 0.95
1-yr, 24-hr 0.62 0.03 0.34
10-yr, 24-hr 0.76 0.04 0.44

Table 23. Summary of maximum shear stresses for MP

Event Outlet shear | Middle shear | Outfall shear

stress (Ib/ft?) | stress (Ib/ft?) | stress (Ib/ft?)
87.5" 0.31 0.31 0.31
75t 0.32 0.33 0.32
50t 0.38 0.41 0.34
25t 0.59 0.55 0.44
12.5M 0.42 0.45 0.36
1-yr, 24-hr 0.51 0.48 0.39
10-yr, 24-hr 0.65 0.58 0.45

Table 24. Summary of maximum shear stresses for MP814 existing conditions

Event Outlet shear | Middle shear | Outfall shear

stress (Ib/ft?) | stress (Ib/ft?) | stress (Ib/ft?)
87.5M 0.45 0 0.46
751 0.57 0.01 0.58
50t 0.55 0.02 0.80
25t 0.57 0.04 0.98
12.5 0.56 0.05 1.00
1-yr, 24-hr 0.55 0.20 1.52
10-yr, 24-hr 0.53 0.42 1.90

Table 25. Summary of maximum shear stresses for MP

Event Outlet shear | Middle shear | Outfall shear

stress (Ib/ft?) | stress (Ib/ft?) | stress (Ib/ft?)
87.5" 0.11 0.18 0.15
75t 0.24 0.24 0.21
50t 0.30 0.31 0.25
25t 0.45 0.33 0.32
12.5M 0.60 0.38 0.36
1-yr, 24-hr 0.83 0.52 0.50
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495 existing conditions

840 existing conditions




| 10-yr, 24-hr | 1.13 | 0.70 | 0.67
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Table 25 includes the comparisons between the maximum 7 for the existing conditions
and the proposed swale designs. Across the sites, the maintained swales retrofitted with check
dams reduced T the most. In general, the models for this particular design reduced the hydraulic
radius and energy grade line slope, which caused the reductions in T (Equation 14). The
estimated 1 suggest the average channel bed slope does not influence the designs’

effectiveness at mitigating downslope erosion.
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Table 26. Comparison between existing conditions and proposed designs with regards to shear stress

Outlet shear stress (Ib/ft?)° Middle shear stress (Ib/ft?) Outfall/end shear stress (Ib/ft?)
Scenario | Site/Storm event?
1 2 3|4 5 6 7 1 2 3|4 5 6 7 1 2 31|14 5 6 7
MP458 + + + | + + - + - - -l - + - - - - - - - - -
MP459 + + + | + + + + + + + | + + - + + + + + + - +
Rip-rap MP467 - - - - + - - + + + | + + + + + + + | + + + +
swale MP495 + + + | + + + + + + + | + + + + + + + | + + + +
MP814 - - + | + + + + + + + | + + + + - - - + + + +
MP840 - - - - - - - - - - - + + + - - - - + + +
MP458 + + + | + + - + - - - + + - - + + + + + - +
MP459 + + + | + + + + + + + | + + + + + + + | + + + +
mair?tg-ined MP467 + + + | + + - + + + + | + + + + + + + | + + + +
vegetated MP495 + + + | + + + + + + + | + + + + + + + | + + + +
swale MP814 + + + + + + + + + + + + + + + + + + + + +
MP840 + - + - - + + - - - + + + + - + + + + + +
MP458 + S A + | - - - - - - - - - - - - - - - -
Maintained MP459 + + |+ |+ + o+ - - -] - - - - . - i : : :
vegetated MP467 - - S - - - - - - S . + - - - - - - - - -
swale with
check MP495 - - - - - - - - - - - - - - - - -+ - - +
dams MP814 - - - - - + + + + + | + + + + - - -] - - - -
MP840 - - - - - - - - - -l - - - - - - - - - - -
MP458 + + + + + - + - - - - + - - + + + + + - +
Un- MP459 + + + | + + + + - - -+ + - + + + + | + + + +
maintained
vegetated MP467 + + + | + + + + + + + | + + + + + + + | + + + +
swale with MP495 + + |+ |+ + |+ | + + + |+ | + + + + + + + |+ + |+ | +
ggiflg MP814 + + + + + + + + + + + + + + + + + + + + +
MP840 + + + + - + + - - - - - + + - + + + + + +

a Storm events 1 through 7 represent the 87.5™,
b “+” refers to an increase and

75t, 50t 251 12.5% 1-yr, 24-hr, and 10-yr, 24-hr storms, respectively.
refers to a decrease in shear stress.




Sediment Transport

Table 26 through Table 31 summarize the estimated sediment transport for the sites’
existing conditions. The models predicted that erosion would occur for most, if not all, of the
simulated storm events. For MP840, the model was not able to simulate all of the storm events.
The model predicted the channel at the outfall would be filled with sediment despite adjusting
the transport function, sorting, and fall velocity methods. Deposition was present throughout the
channel, the channel narrowed as it approached the outfall, and the distance between the top of
bank and toe of slope at the outfall was minimal (Figure 26). Brunner (2022) reported narrow
and/or low bank stations can cause the model to predict sediment filling in the channel.

Table 27. Summary of sediment transport for MP458 existing conditions

Storm event Sefjlment ) Erosion/deposition
Volume in | Volume out
87.5t 1,457 2,015 Erosion
75" 1,002 1,695 Erosion
50t 5,386 7,144 Erosion
25t 39,836 42,217 Erosion
12.5th 8,033 5,374 Deposition
1-yr, 24-hr 1.73*10" 0 Deposition
10-yr, 24-hr 462 895 Erosion

Table 28. Summary of sediment transport for MP459 existing conditions

Storm event Secflment U3 Erosion/deposition
Volume in | Volume out

87.5M 0 0.48 Erosion
751 0 111 Erosion
50t 0 279 Erosion
25t 1,126 2,355 Erosion
12.5" 2,417 4,262 Erosion
1-yr, 24-hr 0 3.30*10 Erosion
10-yr, 24-hr 1,458 2,941 Erosion
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Table 29. Summary of sediment transport for MP467 existing conditions

Storm event Sed.lment L) Erosion/deposition
Volume in | Volume out

87.5 10 223 Erosion
751 11 307 Erosion
50t 75 1,086 Erosion
25t 73 1,336 Erosion
12.5th 293 3,712 Erosion

1-yr, 24-hr 1.17 0.90 Deposition
10-yr, 24-hr 7 90 Erosion

Table 30. Summary of sediment transport for MP495 existing conditions

Storm event Secflment () Erosion/deposition
Volume in | Volume out

87.5M 0.15 0.25 Erosion
75" 0.22 1.26 Erosion

50t 0.19 0.62 Erosion

251 2.49 4.91 Erosion
12.5M 2.35 6.34 Erosion
1-yr, 24-hr 1.42 1.86 Erosion
10-yr, 24-hr 7 12 Erosion

Table 31. Summary of sediment transport for MP814 existing conditions

Storm event Sed.lment (ft) Erosion/deposition
Volume in | Volume out

87.51 1 5 Erosion
75 4 40 Erosion
50t 34 336 Erosion
25t 1,152 2,759 Erosion
12.5th 1,353 1,503 Erosion
1-yr, 24-hr 20,835 22,192 Erosion
10-yr, 24-hr 90,343 94,068 Erosion
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Table 32. Summary of sediment transport for MP840 existing conditions

Storm event Secflment (f) Erosion/deposition
Volume in | Volume out
87.5M - - -
75 - - -
50t 0 0.10 Erosion
251 0.01 6.96 Erosion
12.5 0.33 317 Erosion
1-yr, 24-hr 4.67 202 Erosion
10-yr, 24-hr - - -

Y % ] 3 . o “‘s.\ H : « g b .:‘,.'- g __d,: k-

Figure 26. MP840 channel sediment deposition (left) and outfall bank (right)

Table 32 through Table 37 include the estimated sediment transport for the swales lined

with rip-rap or well-established vegetation. Table 38 summarizes the comparisons between the
sediment mass balances for the existing conditions and lined swales without check dams. The
models predicted both linings would generally result in less erosion compared to the existing
channels. The sediment transport results also support the T predictions from the 1D steady
analyses. Ideally, the models would have predicted equilibrium conditions where the influent
and effluent sediment volumes were equal. Four of the seven simulated storm events had

equilibrium conditions for the MP840 swales without check dams.
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Table 33. Summary of sediment transport for MP458 swales without check dams

Storm event Rip-rap swale sediment (ft?) Rip-rap swal_e_ erosion/ Vzgg}rantzgts(\;\gle swvaigzt;t::m/
Volume in Volume out deposition Volumein | Volume out | deposition
87.5t 11,581 10,954 Deposition 2,611 2,539 Deposition
751 8,100 8,068 Deposition 1,867 1,849 Deposition
50t 44 853 44 808 Deposition 10,119 9,868 Deposition
25t 309,600 300,570 Deposition 72,497 71,054 Deposition
12.5th 16,111 16,127 Erosion 3,470 3,437 Deposition
1-yr, 24-hr 2 1 Deposition 92 27 Deposition
10-yr, 24-hr 3,750 3,724 Deposition 908 897 Deposition
Table 34. Summary of sediment transport for MP459 swales without check dams
. . Vegetated swale Vegetated
Storm event Rip-rap swale sediment (ft’) Rip-rap swal_e_ erosion/ sgdiment (ft3) swalg er_o_sion/
. deposition . Volume deposition
Volume in Volume out Volume in out
87.5M 2.90*103 79 Erosion 0 25 Erosion
751 2.66*102 318 Erosion 1.40*103 103 Erosion
50t 6.02*10% 248 Erosion 4.10*10°3 76 Erosion
25t 13,552 13,439 Deposition 2,710 2,775 Erosion
12.5th 18,789 18,981 Erosion 4,044 4113 Erosion
1-yr, 24-hr 0 4 Erosion 0 2 Erosion
10-yr, 24-hr 12,159 12,238 Erosion 3,220 3,279 Erosion
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Table 35. Summary of sediment transport for MP467 swales without check dams

Storm event Rip-rap swale sediment (ft%) Rip-rap swal_e_ erosion/ Vzgz:ar::gts(\zsa)le sw\;ngt:)t:i%n/
Volume in Volume out deposition Volume in Volume out deposition
87.5M 3.61*10% 45 Erosion 0 19 Erosion
75 4.60*107? 62 Erosion 5.50*103 25 Erosion
50t 3 226 Erosion 3.94*102 79 Erosion
25t 3.75*10" 279 Erosion 5.78*10%2 104 Erosion
12.5th 13,489 13,797 Erosion 2,239 2,201 Deposition
1-yr, 24-hr 0 1 Erosion 0 1 Erosion
10-yr, 24-hr 2.00*102 23 Erosion 0 8 Erosion
Table 36. Summary of sediment transport for MP495 swales without check dams
Storm event Rip-rap swale sediment (ft) Rip-rap swal_e_ erosion/ Vzgz:ﬁ::ﬁts(\;\;sa)le sw\;elg Ztrac::i(:m /
Volume in Volume out deposition Volumein | Volume out| deposition
87.5M 3.30*103 4.69*107? Erosion 0 2.56*107? Erosion
75" 5.30*10°3 6.31*10%2 Erosion 0 3.27*10%2 Erosion
50t 6.10*1073 1.45*10" Erosion 0 7.26*102 Erosion
25t 2.67*10%2 6.22*10" Erosion 0 6 Erosion
12.5 7.64*102 1 Erosion 0 6.78*10" Erosion
1-yr, 24-hr 9.30*10°® 2.99*10" Erosion 0 1.35*10" Erosion
10-yr, 24-hr 3.85%*102 8.92*10" Erosion 0 25 Erosion
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Table 37. Summary of sediment transport for MP814 swales without check dams

Storm event Rip-rap swale sediment (ft) Rip-rap swal_e_ erosion/ Vzgz:ar::gts(\zsa)le sw\:;g ztrac::gn /
Volume in Volume out deposition Volumein | Volume out| deposition
87.5M 1.64*107? 1.87*10" Erosion 0 1.13*10" Erosion
75" 1.87*102 3.19*10" Erosion 0 1 Erosion
50t 3.41*107" 308 Erosion 1,454 1,472 Erosion
25 21,035 20,920 Deposition 4,543 4,443 Deposition
12.5th 3,133 3,039 Deposition 677 665 Deposition
1-yr, 24-hr 15,716 15,522 Deposition 3,524 3,640 Erosion
10-yr, 24-hr 44 837 45,322 Erosion 9,469 9,778 Erosion
Table 38. Summary of sediment transport for MP840 swales without check dams
Storm event Rip-rap swale sediment (ft) Rip-rap swal_e_ erosion/ Vzgg:ﬁ::ﬁts(\;\;sa)le sw\;elg Ztrac::i(:m /
Volume in Volume out deposition Volumein | Volume out| deposition
87.5" 0 0 Equilibrium 0 0 Equilibrium
75t 0 0 Equilibrium 0 0 Equilibrium
50t 0 0 Equilibrium 0 0 Equilibrium
25 0 0.43 Erosion 0 3 Erosion
12.5 1.34*107? 284 Erosion 0 120 Erosion
1-yr, 24-hr 1.24*102 155 Erosion 0 82 Erosion
10-yr, 24-hr 0 0 Equilibrium 0 0 Equilibrium
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Table 39. Comparisons of sediment mass balances between existing conditions and swales without check dams

Storm event

Design Site 87.5" 75t 50th 25t 12.5t 1-yr, 24-hr 10-yr, 24-hr
MP458 Deposition Deposition Deposition Deposition Erosion Less deposition Deposition
MP459 Erosion Erosion Erosion Deposition Erosion Erosion Erosion
Rip-rap swale MP467 | Less erosion | Less erosion | Less erosion | Less erosion | Less erosion Erosion Less erosion
MP495 Erosion Less erosion | Less erosion | Less erosion | Less erosion Less erosion Less erosion
MP814 | Less erosion | Less erosion Erosion Deposition Deposition Deposition Less erosion
MP840 N/A N/A Less erosion | Less erosion Erosion Less erosion N/A
MP458 Deposition Deposition Deposition Deposition Deposition Deposition Deposition
MP459 Erosion Erosion Erosion Erosion Erosion Erosion Erosion
MP467 | Less erosion | Less erosion | Less erosion | Less erosion Deposition Erosion Less erosion
Vegetated swale - ; ; X . . ;
MP495 Erosion Less erosion | Less erosion | More erosion | Less erosion Less erosion More erosion
MP814 | Less erosion | Less erosion | Less erosion Deposition Deposition Less erosion Less erosion
MP840 N/A N/A Equilibrium Erosion Less erosion Less erosion N/A

Note for MP840 the model predicted the existing channel filled with sediment at the outfall for the 87.5t, 75t, and 10-yr, 24-hr storm events
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These preliminary results suggest turf grass swales with check dams may mitigate the
potential for erosion downslope of pipe outlets. Studies have demonstrated swales retrofitted
with check dams can reduce peak discharges and increase soil conservation (Davis et al., 2012;
Lucas-Borja et al., 2018, 2021; Winston et al., 2019). Additionally, observations made during the
site assessments for Objective Two, and previous research have shown vegetation can reduce
soil detachment (Allen et al., 2018; Cerda & Doerr, 2005; Smith et al., 2021; Zhao et al., 2016).
Ultimately, field-scale studies should validate these results before design standards for pipe

outlets are revised.

Objective Seven

Table 40 includes the estimated construction and maintenance costs for the proposed
and typical outlet designs. The predicted costs for the rip-rap and un-maintained vegetated
swales were comparable; these costs ranged between $30,575 and $161,906. The maintained
vegetated swales had the highest costs ($41,314 to $244,343), and all the designs were
significantly more expensive than the pre-formed scour holes. However, the results from
Objectives Two and Five suggest pre-formed scour holes do not limit erosion downslope of pipe
outlets. Designers should consider allocating more construction funds to downslope protection
strategies to help reduce the potential of gully formation. Appendix L provides the costs
associated with swale’s line item.

Table 40. Estimated construction and maintenance costs for proposed designs

. . Maintained Un-maintained | 5 o ¢ eq
Site Rip-rap swale 1 vegetated
vegetated swale swale scour hole
MP458 $86,626 $129,710 $86,492
MP459 $56,729 $80,886 $56,654
MP467 $95,263 $163,879 $96,103 $4 772
MP495 $30,575 $41,314 $30,707 ’
MP814 $161,906 $203,639 $160,421
MP840 $156,820 $244,343 $156,549

1 Costs include annual maintenance without considering inflation
Note costs associated with check dam installation and maintenance are not included.

Summary and conclusions

Sediment pollution is a worldwide concern, and stormwater conveyance networks
contribute to stream degradation and instability either through direct discharges or by causing
gullies downslope of pipe outlets. To limit erosion downslope of pipe outlets in North Carolina,
current regulations require designers to limit the peak velocity for the 10-yr, 24-hr storm event to

the downslope soil's permissible velocity, otherwise the conveyance system must be redesigned

66



(15A NCAC 04B .0109, 1992; Fortier & Scobey, 1926). Recommendations to become compliant
include using energy dissipators, installing stormwater control measures (SCMs), and replacing
impervious areas with vegetation. However, the effectiveness of this design standard is not well
documented. This study assessed 60 pipe outlets draining highway and non-highway areas in
North Carolina to identify which watershed and downslope characteristics influence the severity
of erosion caused by pipe outlets as well as the effectiveness of the current standard. Tools to
predict the magnitude of erosion downslope of pipe outlets were calibrated and validated using
these assessment data. This study also monitored six of the assessed sites for hydrologic,
hydraulic, and water quality impacts and used these data to model proposed designs to limit

downslope erosion.

Objective Two

e Of the 60 assessed pipe outlets, 12 did not exhibit any signs of erosion. The lack of
erosion was attributed to well-established vegetation, minimal to no clusters of trees, and
a high percentage of HSG B soils downslope of the outlets.

¢ The maximum length and estimated volume of downslope erosion was 7,431 ft and
4,102 yd?, respectively. The median length and volume of erosion was 410 ft and 94 yd3,
respectively. The median BEHI score and depth to confining layer was 32.8 (high) and
1.0 ft, respectively which suggests assessed channels are at risk of widening and
incising.

e These data suggest the current practice of limiting the peak 10-yr, 24-hr velocity to the
permissible velocity for downslope soil conditions does not sufficiently reduce the
potential for overland erosion. Designers should also consider the vegetative cover and
percentage of higher infiltrating soils downslope of the discharge point as well as limiting
the peak velocity for the 1-yr, 24-hr storm event to the downslope soil’s permissible
velocity. Research has shown flows associated with higher frequency storm events have
more erosion potential than storms with lower frequencies (Hawley et al., 2017; Pomeroy
et al., 2008; Roesner et al., 2001; Rohrer & Roesner, 2006; Tillinghast et al., 2011).

Objectives Three and Four

o Both the decision tree and logistic regression model fitted with PCA components
indicated that watershed characteristics and downslope soil conditions influence the
occurrence of erosion downslope of pipe outlets. Characteristics affecting the

occurrence of erosion were primarily the downslope percentage of sand and clay in the
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pipe outlets’ channel banks, peak velocities for the 1-yr and 10-yr, 24-hr storm, and
percentage of downslope HSG A/B/C/D soils.

The ratio between the maximum permissible velocity and peak velocity for the 1-yr, 24-hr
storm and the percentage of sand and clay in the banks immediately downslope of the
pipe outlet were the most important predictors for the decision tree predicting the
occurrence of erosion. The decision tree had an accuracy and precision of 62.5% and
50%, respectively, during testing.

Eight components explained approximately 80% of the data variation. Most of the
influential predictors within these components were related to the downslope soil
conditions and factors affecting erosion (e.g., departure, duration of runoff). These
components were not significant (p-value > 0.05), and the logistic regression model
predicting the occurrence of erosion only had a 50% accuracy when used with the
testing dataset. The logistic regression model’s poor performance was most likely due to
missing temporal predictors that could have better explained data variability. These
predictors include the age of the pipe installation at the time of assessment, changes to
the watershed between the design and assessment phases, and the downslope
conditions at the time of the pipe installation.

Recurring variables for the models predicting the magnitude of erosion include the
duration of runoff and peak discharge for the 10-yr, 24-hr storm event, percentage of
downslope HSG soils, radial distance of the pipe outlet from the stream, and the pipe
outlet watershed’s CN and impervious area. These significant predictors also support the
conclusion drawn for Objective Two; designers should account for soil characteristics
downslope of discharge points in addition to hydrologic factors such as runoff duration
and discharge when designing stormwater conveyance systems.

Model performance for predicting the magnitude of erosion was evaluated using
NRMSEs and Q-Q plots of the residuals. The NRMSEs for the Arearos/Areaskrul,
Widthros/WidthskruL, Depthros/DepthskruL, and Volumegropen/Lengthcrn. regression
equations were 0.07, 0.09, 0.21, and 0.29, respectively. The NRMSEs for the decision
trees predicting erosion in terms of cross-sectional area, width, depth, and volume were
0.10, 0.09, 0.21, 0.03, respectively. Aside from Volumeerooeo/Lengthchnt, the regression
equations performed as well if not better than the decision trees. This was mostly like
due to the size of the dataset (Hastie et al., 2009; Kotsiantis, 2013; Myles et al., 2004).
The NRMSEs and Q-Q plots indicated the data collected for this study were better suited
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to predict Arearos/AreaskruL and Widthros/WidthekruL than Depthros/DepthskruL, and
Volumeeropen/Lengthchne using regression equations.

Similar to the logistic regression model predicting the occurrence of erosion, the
NRMSEs and Q-Q plots indicate the equations and decision trees predicting the
magnitude of erosion need additional predictors to explain the variability in the data (e.qg.,
downslope conditions at the time of pipe installation). Future studies should also collect
data that influences soil degradation (e.g., percent sand/clay) at every cross-section
along the channel.

The regression equations developed for Areartos/AreaskruL and Widthros/WidthekruL as
well as the decision tree for Volumeeropen/Lengthcrne appear to be as reliable as existing
erosion models (USLE, RUSLE2, USLE-M). Designers could use these equations and
decision tree to optimize the location of pipe outlets to minimize downslope erosion or
identify which existing pipe outlets may require re-stabilization. Additionally, these
predictive tools may assist with designing the footprint of an RSC as current guidance
focuses on ensuring the design conveys extreme storm events (e.g., 100-yr) (Anne
Arundel County Department of Public Works, 2022; WV DEP, 2012). Refined RSC

footprints could help reduce construction costs and or the need for an easement.

Objective Five

The hydraulic impacts of the pipe outlets were quantified using the maximum ¢ estimated
from HEC-RAS 6.2 (USACE, 2022) 1D steady and unsteady flow simulations. Except for
MP495 and MP814, the models were too unstable for unsteady flow analyses. The
potential maximum ¢ simulated in steady flow analyses ranged from 1.3*107 to 4.5*102
in/s per storm event. The limited results from the unsteady flow analyses suggest steady
flow analyses may under-predict € associated with pipe outlets. This study did not
include erosion pins or re-survey permanent cross-sections to validate simulated €, and
flow was not monitored throughout the channel to verify the duration of the potential
maximum €. These data would have improved model stability and performance as well
as better quantified the impacts of the estimated €. However, the results indicate
designers should include the erodibility of the soils downslope of the pipe discharge
points in their hydraulic analyses. Over time, the 1. could cause additional sediment loss
if a gully forms downslope of the pipe outlet.

The hydraulic impacts of the pipe outlets were also quantified using peak velocities. The

peak velocities ranged from 0.56 to 20 ft/s and exceeded the permissible velocity at least
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10 times during the monitoring period despite none of the storms having rainfall depths
greater the sites’ 10-yr, 24-hr rainfall depth (NOAA, 2006). The magnitude of erosion
downslope of the monitored sites and the reoccurring exceedance of the permissible
velocity supports the conclusion drawn for Objective Two; designers should consider
limiting the 1-yr, 24-hr storm peak velocity to reduce erosion potential.

e Monitoring occurred from July 2021 to August 2022 and at least 57 storm events per site
were recorded. Rainfall ranged from 0.10 to 5.42 in, and runoff volumes were between
1.00*10? to 7.20*10° ft3. The largest recorded peak discharge was 83 ft¥/s. TSS data
were collected from at least nine storm events per site. TSS concentrations leaving the
outlets ranged from 4.87 to 339 mg/L and exceeded water quality standards for TSS
more than 50% of the time. Based on this study, pipe outlets draining highway and non-
highway areas require additional treatment to meet regulations.

Objective Six

e The 1D steady models representing the existing conditions predicted the maximum T at
the outlet cross-sections ranged from 0.05 to 1.40 Ib/ft? and from 0 and 1.61 Ib/ft? for the
middle cross-sections. The estimated T at the outfall or end cross-sections varied
between 0.06 and1.99 Ib/ft>. The models predicted the 1. was exceeded throughout the
simulated storm events. The 1D quasi-unsteady models predicted erosion would occur
for most, if not all, of the sites. Multiple site visits suggest erosion is most likely
occurring, and these results suggest the existing sites are at risk of continued de-
stabilization.

¢ Across the sites, the maintained swales retrofitted with check dams reduced 1 the most.
The sediment mass balances for the rip-rap and vegetated swales indicate these swales
would generally result in less erosion compared to the existing channels. These
preliminary results suggest turf grass swales with check dams may mitigate the potential
for erosion downslope of pipe outlets. Previous research has demonstrated swales
retrofitted with check dams can mitigate erosion (Lucas-Borja et al., 2018, 2021).
However, the feasibility of establishing vegetation in swales that would be constructed in
wooded areas is questionable. The swales would require easements wide enough to
avoid the turf grass growing in shade.

e Swales typically convey runoff from highways which increases the likelihood of
designers accepting this proposed design. Ultimately, field-scale studies should validate

these results before design standards for pipe outlets draining highway and non-highway
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areas are revised. Future studies should also consider RSCs and step pool systems
without media as potential designs to limit erosion downslope of pipe outlets. Previous
studies have demonstrated field-scale RSCs mitigate peak discharges and runoff
volumes while stabilizing eroded outfalls (Cizek et al., 2017, 2018; Koryto et al., 2017;
Thompson et al., 2020), and Thompson et al. (2018) has shown RSCs have the potential

to minimize erosive velocities.

Objective Seven

e The expected costs for the rip-rap swales ranged from $30,575 to $161,906 while the
estimated costs for the un-maintained vegetated swales were between $30,707 and
$156,549. Costs for the maintained vegetated swales were from $41,314 to $244,343.
The cost of a pre-formed scour hole was $4,772. Construction and maintenance costs
for check dams were not included in the analyses. Additionally, costs associated with
grading and maintenance easements were not considered.

¢ Results from Objectives Two and Five indicate pre-formed scour holes do not limit
erosion downslope of pipe outlets, and future research is needed to determine which
design(s) will limit erosion downslope of pipe outlets. However, designers should
consider using these estimated costs to project future allocations of construction funds to

downslope protection.

Recommendations for future work

Controlling stormwater runoff to limit degradation in streams and other water bodies is a
long-standing issue (Bledsoe, 2002; Schueler et al., 2009). This study has contributed towards
the efforts to mitigate flow-caused erosion but has also yielded questions that future research
will need to address.

This study lacked temporal predictors that would have further refined the study’s
conclusions and improved the accuracy of model prediction. Future studies should evaluate the
severity of downslope erosion for pipe outlets with known ages to quantify the impacts over
time. These studies should also include repeated surveys of permanent cross-sections and
erosion pin measurements to quantify the channels’ €. Relationships should be established
between the measured € and watershed and downslope characteristics to help designers
identify how quickly erosion may occur and/or the magnitude of erosion that can occur, given
certain site conditions. These data would also help calibrate and validate the proposed CEM.

Other states, such as Maryland, that focus on limiting erosion downslope of pipe outlets may
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also consider calibrating and validating the proposed CEM to help optimize resources
designated for rehabilitating eroding channels.

Future studies should consider quantifying the minimum width and length and the
maximum slope of well-established or non-clumping grassed and herbaceous vegetation
needed to minimize the hydraulic impacts of runoff discharged by pipe outlets. These studies
should identify which types of vegetation provide the most resistance to soil detachment, if a
combination of grasses and a typical riparian buffer dissipates flow, and how often should the
vegetation be maintained to continue providing resistance to erosion. The studies also may
consider evaluating the effects of using a level-spreader upslope of the vegetation or
rehabilitating downslope soils with compost or permeable media to decrease the risk of
downslope erosion. Studies focused on rehabilitating downslope soils should also identify the
minimum width, length, and depth of rehabilitation needed to limit erosion.

More efforts should be directed towards determining which discharge threshold limits
erosion. Previous studies have advocated for limiting discharges to the critical discharge (Qc) to
increase the likelihood that stormwater management preserves stream stability (Hawley et al.
2017; Hawley & Vietz, 2016; Lammers et al., 2020; Tillinghast et al., 2011; Wooten et al., 2022).
Limiting flow to the Q¢ will reduce the risk of disrupting streams’ natural flow regimes and
sediment transport capacities. Future efforts should develop methods to predict the Q. for pipe
outlets; this may include using the Q. for nearby streams or the Q. for soils downslope of pipe
outlets. Studies may also consider developing new pipe outlet configurations or implementing
elements of spillway designs (e.g., Saint Anthony Falls stilling basin) to reduce the risk of
downslope erosion (Figure 19). Prior to implementation, field collected data should be simulated
with the altered conveyance system to better understand the feasibility of the system to safely
convey runoff under different runoff conditions. Studies monitoring the field-scale designs
should use repeated surveys of permanent cross-sections and erosion pin measurements to

evaluate the effectiveness of the proposed designs.
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Figure 27. Side profile view of Saint Anthony Falls stilling basin (Blaisdell, 1948)
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Future studies focused on the stability of and water quality in channels downslope of
pipe outlets should monitor for cross-sectional and water level as well as water quality changes
at the outfall. These data will improve the results of models representing the channels, identify
how long T occurs within the channel, and determine how water quality improves. Studies
should determine which maintenance regimens and types of vegetation reduce erosion optimize
the designs’ potential to limit erosion. Additional future research includes evaluating how well
stream restoration techniques (e.g., toe wood, rock vanes) help stabilize channels caused by
pipe erosion and if channels designed per the predictive equations remain stable. States that
use RSCs for stormwater management may also consider evaluating how well the predictive

equations improve RSC design.
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