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Abstract

For many decades streambank stabilization techniques have been used to help reduce
channel erosion and restore fluvial systems to a more natural state. The overarching goal of this
research is to better understand how river systems respond to streambank stabilization (SBS). In
this case study, the aim is to broaden the understanding of the effects of SBS projects from a
localized scale to a reach, in hopes of answering the research question: Do SBS projects reduce
the net amount of sediment that is carried by the river, or do they push the ‘erosion problem’
upstream or downstream? To evaluate this question, a before-after construction analysis was
established to examine changes in channel geometry along two reaches of the Cottonwood River,
located in east-central Kansas, USA. Each reach consists of three meanders, with the middle
meander containing a SBS project of rock vanes, toe rock, and bank shaping. The remaining two
meanders, located upstream and downstream of the SBS project, remained unmodified. Over the
past six years, these study reaches have been surveyed five to six times, with the majority of the
topographic surveys occurring prior to construction. To further the understanding of the
measured changes in channel geometry, a collection of channel topographic data, along with
USGS stream gage data, was used to simulate flows using HEC-RAS modeling. The results from
these analyses indicate (1) streambank lateral retreat rates and stream power were reduced at the
stabilized sites, (2) streambank erosion and stream power increased upstream and downstream of
the stabilized sites, and (3) the reaches had a net streambed deposition following construction.
Overall, more monitoring is necessary to determine the long-term impacts of SBS and whether

the aforementioned results are attributed to a “break in” period or a new trend.
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Chapter 1 - Streambank Stabilization

Mankind has been modifying fluvial systems to cater to our economic and social needs
for hundreds of years. For example, rivers were often straightened and channelized to increase
farmable acres, make rivers easier to navigate, and quickly transport stormwater runoff
downstream (Nunnally & Keller, 1979). Furthermore, anthropogenic changes in land use, such as
urbanization and agriculture, have decreased stormwater infiltration rates. This has resulted in
larger, more erosive peak flows (Wu et al., 2018). Both channelization and high peak flows
promote channel instability and increased rates of bed and bank erosion (Simon & Hupp, 1986).
Even though erosion and deposition are natural geomorphic processes that are required to
maintain a healthy fluvial ecosystem (Florsheim et al., 2008), high erosion rates threaten
valuable land and infrastructure (Fox et al., 2016). Furthermore, rivers and other closely related
freshwater systems (e.g., wetlands and lakes) are the world’s most damaged ecosystems, such
that freshwater biodiversity is declining far faster than terrestrial and marine ecosystems
(Arthington, 2012; Dudgeon et al., 2006). The source of this damage is undeniably due to the
many years of human interference and modifications of these fluvial systems and the
surrounding environments (Vorosmarty et al., 2010).

Channel evolution models (CEM), such as Simon and Hupp’s (1986), were created after
repeated observations of a series of predictable morphological adjustments following instream
anthropogenic disturbances. The CEM developed by Simon and Hupp (1986) involves a linear
six stage channel evolution process starting with pre-modified (stage 1) then constructed (stage
2), degradation (stage 3), degradation and widening (stage 4), aggradation and widening (stage
5), and finally, quasi-equilibrium (stage 6) (Figure 1.1). This CEM and other models (i.e., Cluer

& Thorne, 2014; Schumm et al., 1984) illustrate the general trend of a stream system, which can



help practitioners and researchers evaluate the stream’s current stage of channel evolution (Doll
et al., 2003). Accurately identifying the correct stage is a crucial step to adequately understand
and correctly design restoration efforts (Doll et al., 2003).

Figure 1.1 Simon and Hupp’s (1986) Channel Evolution Model.
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River scale restoration aims to combat hundreds of years of human disturbance by
expediting the evolution of the river system to quasi-equilibrium. River scale restoration can
reconnect a river to the floodplain allowing for (1) the dissipation of hydraulic energy as the
water spreads out, and (2) the improvement of biodiversity in the inundation zones. Furthermore,

river restoration produces fluvial systems capable of carrying the 1-year to 2-year return interval



bankfull discharge and its produced sediment load (Rosgen, 1996; Shields et al., 2003). Despite
its potential to yield a stable river system, the implementation of river scale restoration can be
cumbersome (Bigham, 2020). Challenges arise due to the substantial cost of the projects
(Moerke & Lamberti, 2004), and the possible need for collaboration among multiple landowners.

To overcome these obstacles, practitioners sometimes use streambank stabilization
exclusively on the most severely degraded sections of the river. Streambank stabilization (SBS)
is defined by Bigham (2020) as “a single technique or system of techniques that maximize
localized streambank shear strength and/or minimize the forces acting on a streambank with
intent of halting or minimizing lateral retreat (pg. 352).” Additionally, while the main intent of
SBS is to minimize lateral streambank retreat, these techniques can sometimes improve the
stream system’s habitat (e.g., Cavaillé et al., 2013; Nassar, 2019). SBS is typically focused on a
specific site, and therefore these projects tend to cost less and have fewer property owners
compared to river scale stream restoration efforts.

SBS is organized into two main categories: (1) instream structures and (2) streambank
management techniques (Bigham, 2020). A few examples of instream structures include
impermeable and permeable spurs, bendway weirs, rock vanes, submerged vanes, and woody
revetments. The main function of instream structures is to deflect flow towards the middle of the
channel and/or capture sediment (Bigham, 2020; Naisargi & Mittelstet, 2017; Nassar, 2019).
Additionally, instream structures can help diversify localized aquatic habitat by producing
variations in habitat within the stream, such as areas of deep pools with slow moving water
(Bigham, 2020; Schiff et al., 2011).

The other category of SBS is streambank management techniques, which can be

subcategorized into “hard” and “soft” techniques. Hard streambank management techniques



create a rigid bank boundary that increases the bank’s shear strength and resistance to mass
wasting via gravitational forces. In this review, hard streambank techniques include only fully
hardened streambanks (i.e., from toe to top of bank) such as riprapped channels, concrete
retaining walls, and gabion basket walls. These techniques are perhaps the most intuitive
approach to eliminating lateral erosion but are extremely costly and often considered less
beneficial to the fluvial ecosystem (Cavaillé et al., 2015).

Soft streambank management techniques can include bank shaping, bankfull benches, toe
rock, vegetation, and bioengineering (e.g., live stakes, crib walls, wattles, etc.). Toe rock, or
riprap placed at the toe of the streambank, is included in this subcategory because it is commonly
used in combination with bank shaping or bankfull benches and does not “fully harden” the
streambank. Depending on the type of soft technique, the intended function ranges from
additional shear strength to the reduction of gravitational and/or hydraulic forces. For example,
streambank vegetation adds surface roughness and increases the shear strength of the bank soil
from the tensile strength of the root network (Bigham, 2020; Wynn et al., 2004), while bankfull
benches minimize the effects of gravitational and hydraulic forces by reconnecting the floodplain
(Bigham, 2020).

While streambank stabilization efforts using a combination of instream structures and
soft streambank management techniques are often effective in stabilizing a specific reach, the
long-term effectiveness of reach scale SBS projects has not been definitively determined, and
thus more research is needed to adequately understand SBS and how it affects the entire fluvial
system (Layzell, Peterson, et al., 2022; Moerke & Lamberti, 2004; Naisargi & Mittelstet, 2017,

Nassar, 2019; Russell et al., 2021a; Russell et al., 2021b).



1.1 Streambank Stabilization in the State of Kansas

Streambank stabilization projects often integrate a combination of stabilization
techniques within a unified design. The selection of SBS techniques varies based on the project's
designers and its geographical context (Miller, 2022). For instance, professionals in one region
might opt for specific approaches due to their efficacy in that environment. In Kansas, where this
study focuses, streambank stabilization is of particular importance as many of the state’s
reservoirs are filling with sediment eroded from streambanks (Fox et al., 2016; Juracek &
Ziegler, 2007). Rock vanes, toe rock, bank shaping, and vegetation are often employed in
combination to establish a comprehensive streambank stabilization approach within the state of
Kansas. The following sections provide an overview of findings and monitoring outcomes
related to the common SBS techniques used in Kansas, which are the structures of interest in this
thesis.

1.1.1 Instream Flow Deflectors: Rock Vanes

Rock vanes, also known as stream barbs, cross vanes, and j-hook vanes, are single
protrusion, partially submerged rock piles positioned at an upstream angle on the outer bank of a
meander to deflect stream flow away from the toe (NRCS, 2013; Figure 1.2). Rock vanes are
sloped from the streambed to as high as bankfull elevation, ensuring that the vane’s tip (i.e.,
sometimes referred to as the vane nose) remains submerged even during low flow conditions
(Johnson et al., 2001). The presence of a submerged vane tip can lead to the misidentification of
rock vanes as J-hook vanes. Unlike rock vanes, J-hook vanes have a distinctive hook shaped rock
tip (Khosronejad et al., 2013, 2015). For the purpose of this literature review, the term "vanes" or
“rock vanes” will refer to stream barb structures without the hook shaped tip. In general, the

cross-sectional shape of a vane is either triangular or trapezoidal, depending on the crest width.



Furthermore, rock vane projects can be designed with variations in spacing, orientation (i.e.,
angle tangentially from the bank), vane geometry, and the total number of vanes depending on
the site’s unique hydrology and geomorphic condition (Johnson et al., 2001). For instance, some
design standards found in technical references and handbooks include the vane orientation being
20 to 30° from the bank tangent line at an upstream angle (Doll et al., 2003), and the length of a
single vane structure spanning 0.3 to 0.5 of the base flow channel width (Doll et al., 2003;
NRCS, 2013). These design parameters can have a substantial impact on the overall
effectiveness of the structure (Patel et al., 2023).

Figure 1.2 Downstream view of rock vanes on the Cottonwood River, Kansas.

» — p—

Several papers have directly assessed the effectiveness of rock vanes in reducing bank
erosion. One such monitoring study, conducted by Naisargi & Mittelstet (2017), evaluated the

effectiveness of SBS practices on portions of the Cedar River in Nebraska. They assessed aerial



imagery from the National Agricultural Imagery Program (NAIP) in ArcGIS over four periods of
time: pre-stabilization, post-stabilization, flood of 2010, and post-flood to quantify erosion and
deposition from 1993 to 2016. The case study evaluated two rock vanes that were constructed in
2000. Their report indicated an average reduction in streambank erosion for these two rock vane
structures of 47.2% for the post-stabilization to pre-flood (i.e., 2003 to 2009) period and 66.1%
for the overall period from 2003 to 2016 (Naisargi & Mittelstet, 2017). Several other case studies
also reported that rock vanes, and similar flow deflecting structures, decreased erosion rates on
rivers in the Midwestern US (Bressan et al., 2014; Elhakeem et al., 2017; Layzell, Peterson, et
al., 2022). However, while Naisargi & Mittelstet (2017) reported results that showed the
effectiveness of rock vanes, both structures failed after a breach of an upstream reservoir that
caused the flood of 2010. Similarly, Miller & Kochel (2010, 2013) observed that rock vanes and
other instream structures were prone to failure within a decade, especially after flood events. In
addition, Radspinner et al. (2010) demonstrated that the installation of more than one rock vane
may have a positive influence on the long-term success of a rock vane project. Even though the
two rock vanes studied by Naisargi & Mittelstet (2017) decreased streambank erosion, due to the
small sample size and complete structural failure, the overall effectiveness of rock vanes
depicted by this particular case study is inconclusive.

Russell et al. (2021b) conducted a study on NAIP aerial imagery of 24 stabilization
structures in ArcGIS to evaluate their impact over a pre-stabilization and post-stabilization
period. In contrast to previous studies, their research encompassed a larger reach scale of 1.5
meander wavelengths upstream and downstream of SBS structures. This wider scope enabled the
researchers to investigate streambanks beyond the stabilized portion, assessing their

susceptibility to the effects of SBS, such as degradation and/or aggradation in unstabilized



adjacent reaches due to SBS. The study's findings suggest that SBS structures, including rock
vanes, were successful in reducing streambank erosion at the installation location.

Furthermore, aerial imagery analysis of upstream and downstream meanders indicated that SBS
had no significant impact on the adjacent unstabilized reaches. However, Russell et al. (2021b),
recommended more advanced monitoring practices are necessary to accurately understand how
SBS projects affect the entire fluvial system.

Layzell, Peterson et al. (2022) conducted a study in which they examined the potential of
unmanned aircraft systems (UAS) to improve SBS monitoring and showcase the utility of UAS
as a restoration monitoring tool. The SBS projects that were evaluated consisted of a
combination of rock vanes, toe rock, bank shaping, and native vegetation. Layzell, Peterson et al.
(2022) used a UAS with pre-programmed flight plans to capture nadir imagery from
approximately 100 meters above the ground level, which could be georeferenced and combined
using photogrammetry to produce a sub-meter accurate digital elevation model (DEM). By
comparing the volumetric change in the DEM surfaces between multiple UAS flight surveys
from pre-stabilization and post-stabilization periods (i.e., adjusted for the respective discharge in
between each period), Layzell, Peterson, et al. (2022) found that streambank erosion continued at
every SBS site after construction. Fluvial erosion was most noticeable in the lower bank directly
above the toe rock in between rock vanes. The researchers attributed this to “accelerated flow
over the rock vanes resulting in increased hydraulic shear stresses and thus increased fluvial
erosion (pg. 10, Layzell, Peterson et al. (2022).” In some instances, the erosion was significant
enough to cause rotational failures. However, Layzell, Peterson, et al. (2022) concluded that
local scale erosion rates following stabilization were consistently lower than the pre-stabilization

rates. The researchers also acknowledged that some of the post-construction fluvial erosion in the



lower bank may be attributed to a “break-in period while the sites settle and adjust, as noted by
several other studies (e.g., Buchanan et al., 2014; Elhakeem et al., 2017; Kondolf & Micheli,
1995). This study highlights how UAS technology can enhance streambank monitoring practices
and should be considered in the future when trying to assess reach scale SBS impacts.

In other studies, the effectiveness of rock vanes in mitigating bank erosion was indirectly
evaluated through their ability to divert flow away from eroding streambanks and promote
sediment deposition in the near bank regions. Likewise, physical models were used as tools to
study the sediment transport patterns of fluvial systems that contain rock vanes, which helps
predict an instream structure’s efficacy in reducing bank erosion. Two such studies, both
conducted by Bhuiyan et al. (2009, 2010), used a large scale mobile bed channel to evaluate
vanes on meander bends. The experiments were conducted on a model channel with graded
sediment and flow conditions that were similar to those found in natural meandering rivers
(Bhuiyan et al., 2009, 2010). Using this configuration, the tests demonstrated that an array of
vanes sloped from bed to bankfull elevation at an upstream angle effectively relocated the scour
hole away from the outer bank of the meander and redirected the thalweg to the middle of the
channel. Their experiments showed that vanes “induce a stronger counter-rotating secondary
flow cell near the outer bank which opposes the major spiral flow pattern responsible for bank
erosion in the bend (pg. 593, Bhuiyan et al., 2010).”

These results were also corroborated by Hemmati et al. (2016) and Hemmati & Daraby
(2019), who found rock vanes to be more effective than bendway weirs at maximizing deposition
and reducing scouring in the near bank region. Moreover, 2D numerical models by Papanicolaou
et al. (2011) demonstrated that rock vanes, in combination with other stabilization techniques,

were successful in decreasing near bank velocities and lateral retreat rates, which was also



supported by research from Niezgoda and Johnson (2006). Additionally, Karki et al. (2018)
showed that vanes effectively decreased erosion rates in meandering channels with varying
sinuosity. However, stream restoration projects that incorporate several stabilization techniques,
as noted by Buchanan et al. (2014), Elhakeem et al. (2017) and Layzell, Peterson et al. (2022),
may require a “break-in” period, where the SBS features undergo subtle adjustments and
settlements before achieving stabilization and being effective at decreasing bank erosion.

Another important focus of rock vane research is the structure’s scouring potential. Rock
vanes typically develop a scour hole directly downstream of the vane tip due to the complex 3D
flow that occurs around the submerged rocks (NRCS, 2013; Patel et al., 2023; Uijttewaal, 2005).
It can be beneficial to have deep scour holes for habitat diversity, but excess scouring may
compromise the stability of the instream structure (Buchanan et al., 2014; Khosronejad et al.,
2013; Patel et al., 2023). In comparison to other instream structures, rock vanes that are designed
properly have the least impact on localized scour and deposition compared to impermeable spurs
and bendway weirs, as they typically do not generate a recirculation zone in the near bank area
(Bhuiyan et al., 2009, 2010). An emphasis should be placed on properly designing rock vanes, as
the dimensions and angle of the vanes, as well as the overall site conditions, can significantly
affect scour (Patel et al., 2023). Several studies have found that scour depth increases with an
increase in rock vane height, width, and length (Jamieson et al., 2013a, 2013b; Pagliara et al.,
2013; Pagliara & Mahmoudi Kurdistani, 2015). Furthermore, Hemmati et al. (2016, 2019) found
that scour depth increases with a decrease in crest slope.

The following four studies, which differed in bed sediment, flow conditions, planform,
spacing, and length, examined how scour is affected by the rock vane height. Bhuyian et al.

(2010) and Johnson et al. (2001, 2002) found that a bankfull vane height was the most effective
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way to reduce scour, while Matsuura & Townsend (2004) reported that vane heights between
33% and 50% of bankfull elevation were optimal. These same four studies also evaluated the
effects of vane orientation on scour, and all four supported using multiple vanes angled at 30° to
reduce scour near the structure (Bhuiyan et al., 2010; Johnson et al., 2001, 2002; Matsuura &
Townsend, 2004). Thus, it is necessary to carefully consider the dimensions and angle of rock
vanes as they affect the structure’s scouring potential.

Site conditions and channel geometry also have a significant effect on a rock vane’s
scouring potential. For instance, Bhuiyan et al. (2009) found through laboratory models that
multiple vanes are more advantageous than a single rock vane, because the multiple structures
“provide more control on the flow and sediment transport pattern,” while single structures
produce “abrupt changes in the flow pattern and sediment transport (pg. 346)” that cause
localized bed scour (Bhuiyan et al., 2009). Likewise, Ding et al. (2023) found through numerical
modeling that vanes arranged in ascending order with respect to their length along a mildly
meandering reach, help reduce scour near the vane field and promote sediment deposition. In
addition to this, Hemmati & Daraby (2019) found through a physical model that maximum scour
depth typically occurs at the tip of the furthest upstream and downstream vane, and Pagliara &
Kurdistani (2015) observed an increase in scour depth with an increase in meander bend radius
in laboratory experiments. Therefore, the arrangement of vanes, the presence of multiple
structures, the alignment with meandering reach, and the specific meander bend radius should all
be considered before implementing rock vanes to help optimize bank stabilization, while
minimizing bed scour.

In summary, several studies have evaluated the effectiveness of rock vanes in reducing

streambank erosion, with varying results. While some case studies have reported a decrease in
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erosion rates (e.g., Hemmati et al., 2016; Hemmati & Daraby, 2019; Karki et al., 2018; Russell et
al., 2021b), others have shown that rock vanes can be prone to failure within a decade (e.g.,
Naisargi & Mittelstet, 2017), particularly after large magnitude flood events. Nevertheless,
laboratory models and numerical simulations have shown that rock vanes can effectively relocate
scour holes away from the outer bank of meander bends and redirect the thalweg to the middle of
the channel, leading to increased sediment deposition and decreased scouring in the near bank
region. Research has also shown that attention to the dimensions, angles, orientation, and
quantities of rock vanes can effectively keep scouring potential to a minimum. Additionally, the
use of rock vanes in combination with other stabilization techniques, such as toe rock, can
decrease near bank velocities and lateral retreat rates. Overall, while rock vanes have shown
promising results, more research is needed to fully understand their long-term effectiveness and
impact on fluvial systems at a larger reach scale (Anstead et al., 2012; Bhuiyan et al., 2009;
Bigham, 2020; Enlow et al., 2018; Khosronejad et al., 2013; Russell et al., 2021b).
1.1.2 Streambank Management Techniques: Toe Rock, Bank Shaping, and
Vegetation

This section provides an overview of the streambank management techniques commonly
employed in the state of Kansas, which include bank shaping, toe rock, and vegetation. Often
SBS projects throughout the US use a combination of the same techniques used in Kansas. As a
result, many research papers assess the combined effectiveness of these techniques in reducing
bank erosion (e.g., Enlow et al., 2018; Frothingham, 2008; Layzell, Peterson, et al., 2022; Simon
& Steinemann, 2000). Therefore, this review will examine the combination of streambank

management techniques for a more comprehensive analysis.
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Bank shaping involves reducing the slope of the streambank. According to the Illinois
Department of Natural Resources (IDNR), the ideal slope for a streambank is 3H:1V or flatter.
Although, in situations that are restricted by space or have limited funding, a maximum slope of
2H:1V is acceptable (IDNR, 2018). By flattening the slope of the bank, the critical bank height is
increased. Critical bank height represents the maximum height that the bank can reach without
being vulnerable to erosion caused by mass wasting (Simon & Rinaldi, 2000). Despite the fact
that bank saturation can reduce bank stability, streambank shaping can minimize the risk of
failure caused by mass wasting due to the reduced impact of gravitational and hydraulic forces
(Simon & Rinaldi, 2000). Additionally, bank shaping can sometimes incorporate flat, low lying
benches, often referred to as bankfull benches, that connect high frequency flow events to a
mock floodplain. These benches are designed to carry specific return interval flows and enable
the water to spread out further, reducing fluvial erosion (Rosgen, 1996).

Once the streambank has been shaped, it is important to protect it against fluvial erosion
at the toe, which is where the streambank meets the streambed. One method is to place rock
riprap along the streambank toe. Longitudinal toe dikes, often called toe rock, protect against
fluvial erosion and help prevent the loss of basal support material (Lagasse et al., 2009; Shields
et al., 1998b). By preventing loss of basal support, toe rock helps maintain the overall bank
stability. Also, the rock’s weight at the bottom of the streambank can help counteract the pore
pressure and gravitational force acting on the streambank, which may lead to rotational failure
(Bigham, 2020). Therefore, toe rock is a useful streambank management technique that
complements bank shaping and helps ensure the long-term stability of the streambank.

Riparian vegetation is another streambank management technique that can help prevent

lateral erosion along the channel by mitigating the forces acting on a streambank. Geotechnical
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failures are typically caused by excessive pore pressure, gravitational force, or a combination of
the two (Fischenich, 1989). For instance, high moisture content within the bank leads to excess
pore pressure, which can overcome the soil’s effective stress that holds the particles together
(Coduto et al., 2011). Additionally, gravitational forces acting on an undercut streambank can
cause a geotechnical failure. The presence of vegetation on a streambank helps counteract the
geotechnical forces produced from excess pore pressure and gravitational instability by reducing
soil moisture levels and providing mechanical reinforcement through the root system (Bigham,
2020; Gray & Sotir, 1996; Simon & Collison, 2002; Wynn et al., 2004). In addition, streambank
vegetation can reduce the hydraulic forces acting on a streambank by dissipating stream flow
energy due to increased surface roughness (Bigham, 2020; Cavaillé et al., 2013, 2015; Gray &
Sotir, 1996; NRCS, 2013).

Riparian vegetation can grow naturally over time, but to speed up the process and ensure
effective stabilization, many SBS practitioners introduce a variety of native plants through
different seeding or planting techniques. The primary objective of incorporating riparian
vegetation is to jump start the growing process in an effort to allow sufficient time for the
vegetation to become established before major storm events occur. This is necessary to prevent
vegetation loss and bank failure due to inadequate bank protection (Logar & Scianna, 2005).
Moreover, using native species is preferred because they are well adapted to the streambank
conditions and are typically more resilient to local environmental stresses, such as flooding,
drought cycles, and disease (Correll, 2005).

Live staking is a commonly used bioengineering technique that helps establish vegetation
on recently shaped streambanks. The technique uses dormant cuttings from the trunks of woody

riparian species such as willow (Bigham, 2020; Gray & Sotir, 1996). The stakes are planted
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upright into the bank in either rows or sporadically (Bigham, 2020). To prevent the live stakes
from drying out, they are planted deep enough to reach the phreatic zone (Anstead et al., 2012;
Watson et al., 1997). As the stakes take root, they create soil stability within the bank by
preventing mass movement of surface sediment on the streambank and promoting soil drying
through transpiration (Gray & Sotir, 1996; Niedzinski, 2021). Furthermore, live stakes are larger
in size compared to seeds, which reduces the risk of them being swept away by a runoff event
during the establishment period. As a result, they are capable of offering passive support to the
bank immediately after planting (Niedzinski, 2021).

Research into the effectiveness of soft streambank management techniques can be split
into field studies, numerical models, and physical models with field studies being the most
common type of research (Bigham, 2020). As mentioned in Section 1.1.1 on rock vanes, the field
study by Layzell, Peterson et al. (2022) monitored and assessed the effectiveness of multiple
SBS projects along the Cottonwood River in Kansas that included a combination of bank
shaping, toe rock, rock vanes, and native vegetation. Design parameters for the soft streambank
management techniques included (1) a layer of toe rock 1.2 to 1.8 meters high comprised of
individual rocks with an average diameter of 60 cm placed along the streambank toe, (2) bank
shaping at a ratio of 2-3H:1V, and (3) vegetation comprised of cottonwood and sycamore trees
spaced every 3 to 5 meters and annual ryegrass for immediate coverage (Layzell, Peterson, et al.,
2022). This study noted the possibility of a “break-in” period that may take place before the
management techniques settle and vegetation takes hold. Overall, the researchers found that the
local scale erosion rates following stabilization were consistently lower than the pre-stabilization

rates (Layzell, Peterson, et al., 2022).
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Simon and Steinemann (2000) evaluated the effectiveness of soft streambank
management techniques on three streams near Atlanta, Georgia. Stabilization techniques
included toe rock, log toe, bank shaping, live stakes, live fascines, and brush mattresses. While
several challenges in effectively monitoring these sites were identified, such as insufficient
baseline data, and short-term vulnerabilities due to flooding and vegetation failure, Simon and
Steinemann (2000) concluded that all three case studies showed a decrease in erosion and an
increase in bed stability at the stabilized site.

Researchers have also used numerical models as tools to evaluate the effectiveness of soft
streambank management techniques. For example, Enlow et al. (2018) developed a framework
that used sediment and hydraulic transport models CONCEPTS, HEC-RAS, and Bank Stability
and Toe Erosion Model (BSTEM), with several additional parameters, such as construction costs
and effectiveness, to model and assess stabilization practices. This framework allowed for the
testing of different techniques based on their sediment reduction and cost effectiveness.
According to Enlow et al. (2018), bank shaping with a 2H:1V slope and vegetation was the most
cost effective combination for bank stabilization in an Oklahoma stream using this tool.

Similarly, Simon et al. (2009) simulated the geotechnical and hydraulic processes
responsible for mass wasting using the BSTEM. Through their numerical model, Simon et al.
(2009) demonstrated that the use of toe rock reduced streambank erosion anywhere from 69% to
100% on the Upper Truckee River in California. Moreover, they found that vegetation on the
banks further reduced bank erosion rates (Simon et al., 2009), which was also supported by
Nassar (2019). Additionally, Frothingham (2008) used a stability threshold analysis of shear

stress and velocity to analyze the ability of potential SBS techniques in reducing erosion.
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Frothingham (2008) concluded that for Cazenovia Creek in New York, toe rock and vegetation
would result in the most effective SBS design.

Alternatively, researchers have also used physical models to assess the effectiveness of
soft techniques at reducing bank erosion. For example, Recking et al. (2019) conducted multiple
flume experiments that differed in SBS design, discharge, bed mobility, and meander curvature.
The study found that SBS techniques such as live fascines would often fail due to scouring
caused by water recirculation behind the protective structure (Recking et al., 2019). In addition,
toe rock and vegetation proved to be more effective on meanders with large radii of 22.5 to 30
meters (Recking et al., 2019). Overall, Recking et al. (2019) gave a glimpse of how physical
models could be used to test the effectiveness of soft streambank management techniques under
various conditions before they are implemented in the field.

In terms of field studies, Shields et al. (2000) noted that reaches that were only equipped
with toe rock experienced a rise in flow velocities, which may lead to increased scouring in the
near bank region, although there are no studies that actually quantify this effect (Bigham, 2020).
Nevertheless, several researchers suggest using some type of instream flow deflector in addition
to toe rock to promote the long-term success of projects (Anstead & Boar, 2010; Frothingham,
2008; Recking et al., 2019; Shields et al., 2000).

Soft streambank management techniques offer a promising approach to managing erosion
along streams and rivers. While challenges still exist, such as the need for more comprehensive
analyses of their reach scale and river scale effects (Buchanan et al., 2014; Cavaillé et al., 2018;
Enlow et al., 2018; Khosronejad et al., 2013), the evidence suggests that soft streambank
management techniques are a valuable tool for sustainable river management at the localized

scale.
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1.2 Research Gaps

Based on this literature review, several knowledge gaps that hindered the assessment of
instream structures and streambank management techniques were identified and summarized
here. The main research gaps with respect to SBS effectiveness include a need for longer
timeframe monitoring that encompasses both pre- and post-stabilization and a broader spatial
monitoring scale, such as reach scale (Anstead et al., 2012; Bhuiyan et al., 2009; Bigham, 2020;
Buchanan et al., 2014; Cavaillé et al., 2018; Enlow et al., 2018; Florsheim et al., 2008;
Khosronejad et al., 2013). Furthermore, Buchanan et al. (2014), Elhakeem et al. (2017), and
Layzell, Peterson et al. (2022) highlighted the presence of a "break-in" period following SBS,
during which SBS features undergo adjustments and settlements, a potential evolutionary stage
during post-stabilization. Further monitoring is essential to accurately differentiate between a
"break-in" phase and continued instability (Buchanan et al., 2014). Comprehensive collection of
terrain data before and after stabilization at a broader time scale is essential to perform a
thorough bank mobilization analysis and establish statistically significant results (Bigham, 2020).
Understanding the spatiotemporal effectiveness of SBS hinges on addressing these gaps.

Moreover, additional localized studies of instream structures and streambank
management techniques are necessary due to the inherent variability in site conditions and
configurations (Bigham, 2020). While localized scale studies have garnered some attention,
further research and modeling are still necessary to address these unique site specific challenges.

It is imperative to not only validate the effectiveness of SBS techniques at local and large
scales but to also be able to predict where future erosion is likely to occur, in order to ensure the
long-term success of these projects. While various types of stabilization techniques have been

studied more closely in recent years (e.g., Layzell, Peterson, et al., 2022; Naisargi & Mittelstet,
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2017; Russell et al., 2021b), this paper will evaluate the effectiveness of the SBS methods used
on two specific sites along the Cottonwood River in Kansas on a reach scale, and attempt to
answer the following question: “do streambank stabilization projects push the ‘erosion problem’

upstream or downstream?”
1.3 Hypothesis and Objectives

It is hypothesized that degradation will be the dominant fluvial adjustment directly
upstream of the stabilized site, and aggradation will take place downstream. This prediction is
based on the theory that SBS projects resemble the “area of maximum disturbance” (AMD) that
was briefly described in Simon and Hupp (1986) in regard to channel evolution. Most SBS
projects only focus on reducing and equalizing the sediment load on a localized scale but rarely
consider the channel evolution as described by Simon & Hupp (1986). In these situations, SBS
projects may produce segments of the river that act as “sediment transfer zones” or AMD (Cluer
& Thorne, 2014). Based on this theory, the upstream area of the modified reach should
experience channel degradation (perhaps localized aggradation following any over adjustment),
and the downstream portion of the reach should experience aggradation that increases linearly
with distance downstream of the SBS project.

With these hypotheses in mind, the following questions were answered in this research:

1. Does SBS decrease streambank erosion at the stabilized site?
2. Does SBS increase streambank erosion upstream or downstream of the SBS site?
3. Does SBS induce aggradation or degradation at the reach scale?
4. Does SBS affect stream power at the reach scale?
To answer these questions, a reach scale case study was conducted on two sites located

upstream of the John Redmond Reservoir on the Cottonwood River in east-central Kansas. The
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reaches studied had length to bankfull width ratios of 40 and 20, respectively. This included an
upstream unstabilized meander, a middle stabilized meander, and a downstream unstabilized
meander. The following research objectives were completed:
o Evaluate lateral erosion rates pre- and post-stabilization by comparing channel cross
sections from topographic surveys (Chapter 3).
o Assess reach scale bed erosion and/or deposition rates pre- and post-stabilization by
comparing surface models created in Civil3D using bathymetric data (Chapter 3).
o Assess stream power at a reach scale pre- and post-stabilization by modeling SBS site

configurations and reach conditions in HEC-RAS (Chapter 4).
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Chapter 2 - Site Description: Cottonwood River, Kansas:

This study focuses on two specific reaches along the Cottonwood River, located in Chase
and Lyon counties, in east-central Kansas, USA (Figure 2.1). The Cottonwood River, a tributary
of the Neosho River, has a 4,928 km? watershed that is located within the Flint Hills ecoregion.
This ecoregion is characterized by alternating layers of erodible shales and highly resistant
cherty and flinty limestones (Frye & Leonard, 1959). The banks of the Cottonwood River are
primarily composed of the Gunder Member of the DeForest Formation, which typically has silty
clay loam to loam textures and relatively high clay content (Beeton & Mandel, 2011). The higher
clay content in the soil of the Cottonwood River valley has been shown to be more resistant to
erosion caused by hydraulic forces compared to other members of the DeForest Formation
(Layzell & Mandel, 2014). However, high clay content streambanks tend to be more susceptible
to mass wasting processes under rapid drawdown conditions (Simon et al., 2000).

Figure 2.1 Study area overview, highlighting the locations of the SBS sites within Kansas.

Study Reach
— Stabilized Meander
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Land cover in the Cottonwood watershed is characterized as agricultural grassland (66%)
and cropland (24%) ( U.S. Geological Survey, 2014). The region’s climate consists of warm
humid summers and cold winters (Peel et al., 2007) with a mean annual precipitation that ranges
from 750 mm to 900 mm (PRISM Climate Group, 2011). The Cottonwood River has a
seasonally variable, storm generated flow regime with high flows normally occurring during the
spring and summer months when the majority of the rainfall in this region takes place (Layzell,
Peterson, et al., 2022). The stretch of Cottonwood River studied in this paper has a gravel to sand
bed with a low channel gradient (0.0004 m/m to 0.0008 m/m) and an average sinuosity of 2.2
(Layzell, Peterson, et al., 2022). The typical bank heights along the Cottonwood River range
from 7 to 12 m and the width-to-depth ratios range between 11 to 18 (Layzell, Peterson et al.,
2022).

In the Midwestern United States, it has been shown that streambank erosion can be a
leading contributor to sediment yield in a watershed (e.g., Fox et al., 2016; Juracek & Ziegler,
2007). In some cases, stream networks eventually transport this sediment into downstream
reservoirs causing increased rates of sedimentation (Fox et al., 2016), and thus decreasing their
storage capacity and overall effectiveness in reducing floods downstream, storing water, and
providing habitat. For John Redmond Reservoir, located downstream of the Cottonwood River,
this problem is especially troublesome, as this water is used for power generation, flood control,
recreation, and wildlife management. The incised channel and bank failures along the
Cottonwood River may suggest that the river system is undergoing channel degradation and
widening (Stages Il and 1V; Figure 1.1; Simon & Hupp, 1986). A combination of gravitational
forces acting on the channel’s banks and hydraulic forces acting on the channel boundary cause

bank erosion within the incised fluvial system (Layzell, Peterson et al., 2022).
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Moreover, landowners along the Cottonwood River are losing valuable farm ground to
bank erosion. Therefore, significant efforts are being made to stabilize the streambanks in an
effort to slow bank retreat rates and extend the design life of the John Redmond Reservoir by
reducing sedimentation rates. In fact, more than 350 streambank stabilization sites have been
identified upstream of the John Redmond Reservoir and approximately 42 sites (12%) have
already been completed by the State of Kansas Water Office in an effort to reduce downstream
sedimentation rates (KWO, 2015).

As previously mentioned, this study focuses on two specific reaches of the Cottonwood
River that are separated by approximately 11 river kilometers. Sites C102 and C112 (Figure 2.1)
have total reach lengths of 1820 m and 1145 m, stabilized lengths of 1030 m and 400 m,
drainage areas of 4478 km? and 4293 km?, and average bank heights of 9.3 m and 8.9 m,
respectively. These sites were identified as ideal locations for SBS projects due to historic bank
retreat rates. Both sites are situated between railroad tracks to the north and higher elevation
ground to the south. Approximately 350 meters of the reach immediately upstream of Site C112
is directly against the valley wall, with a nearly 10 meter high right bank and exposed limestone
bedrock. Additionally, both stretches of river are surrounded by a narrow and sometimes
sporadic buffer of deciduous trees before opening up to agricultural crop land. The channel slope
differs slightly between the two reaches, with Site C112 having a slope of 0.00072 m/m and Site
C102 having a lower slope of 0.0004 m/m.

Previous research conducted by Layzell et al., (2019, 2020, 2021, 2022) at sites C112 and
C102 determined the sediment size distribution of both reaches using the modified Wolman
pebble count and the wet sieve procedure. They reported the Dso within Site C112 to be 30 mm,

corresponding to the gravel size class. In contrast, the bed material composition at Site C102 was
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found to be primarily fine, characterized by a Dso less than 0.075 mm, corresponding to the silt
and clay size class (Layzell et al., 2020).

Each of the two study reaches consists of three meanders. The middle meander at each
location contains a SBS project comprised of rock vanes, toe rock, bank shaping, and
revegetation (Figure 2.2). The rock vanes were spaced 20 to 30 meters apart and angled upstream
at 30 to 90 degrees tangential to the bank. The rock vanes were built to a height of 1.5 to 2
meters and sloped from the streambed to the bankfull elevation to ensure the vane’s tip remains
submerged even during low flow. Additionally, the rock vanes and toe rock were constructed
using limestone rip rap with a Dso of 60 cm (Layzell, Peterson, et al., 2022). Toe rock was placed
along the toe of the stabilized streambank of both sites at a height of 1.2 meters. The
streambanks were shaped to a slope of 3H:1V, and a mix of sycamores and cottonwood trees
were spaced 3 to 5 meters along the top of the bank to help establish a riparian buffer zone. The
upstream and downstream meanders from the SBS project remained unmodified. Construction

on sites C112 and C102 concluded in 2022.
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Figure 2.2 Downstream view of the before and after construction at C112 illustrating the SBS
techniques used on both C112 and C102.
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This project utilized data from an USGS stream gage that is located between the two sites
at the intersection of County Road A and the Cottonwood River, where Lyon and Chase County
meet (Figure 2.3). USGS gaging station #07182250 has daily discharge data from March of 1963

to the present.
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Figure 2.3 Map showing the location of USGS gage 07182250 and both study reaches.
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The 60 years of annual peak discharge data were used to conduct a Log-Pearson Type I
Flood Frequency Analysis as shown in Figure 2.4. The bankfull discharge derived from this
Flood Frequency Analysis was 299 cubic meters per second corresponding to the 1.5-year return

interval flow event.
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Figure 2.4 Log Pearson Type Il Flood Frequency Plot for USGS Gage 07182250 near

Plymouth, KS (1963 to 2023)
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Chapter 3 - Effect of Streambank Stabilization on Reach Scale

Streambank Erosion and Bed Stability

3.1 Introduction

Streambank erosion presents a significant challenge to river and stream ecosystems, often
resulting in habitat loss, water quality degradation, and infrastructure damage (Arthington, 2012;
Dudgeon et al., 2006; Fox et al., 2016; Nassar, 2019). To mitigate this issue, streambank
stabilization (SBS) techniques have been developed and implemented, aiming to reduce erosion
rates and enhance bank stability. Researchers have assessed a wide variety of SBS techniques in
differing types and sizes of stream ecosystems. In particular, common methods of SBS in Kansas
included rock vanes, toe rock, bank shaping, and vegetation (Layzell, Peterson, et al., 2022).
While the overall effectiveness of SBS on the local scale is well documented (e.g., Hemmati et
al., 2016; Hemmati & Daraby, 2019; Johnson et al., 2002; Karki et al., 2018; Layzell, Peterson,
et al., 2022; Matsuura & Townsend, 2004; Naisargi & Mittelstet, 2017; Russell et al., 2021a,
etc.), there is a need for longer timeframe reach scale monitoring and evaluation (Anstead et al.,
2012; Bhuiyan et al., 2009; Bigham, 2020; Buchanan et al., 2014; Cavaillé et al., 2018; Enlow et
al., 2018; Florsheim et al., 2008; Khosronejad et al., 2013).

The questions to be answered in this chapter include: (1) does SBS decrease streambank
erosion at the stabilized site? (2) does SBS increase streambank erosion upstream or downstream
of the SBS site? and (3) does SBS induce aggradation or degradation at the reach scale? This
chapter will (1) evaluate lateral erosion rates pre- and post-stabilization by comparing channel
cross sections from topographic surveys, and (2) assess reach scale bed erosion and/or deposition
rates pre- and post-stabilization by comparing surface models created in Civil3D using

bathymetric data. Streambank lateral retreat rate in units of meters of retreat per cubic kilometer
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of streamflow (m/km?), net change in streambed volume in units of cubic meters (m%), and visual
overview maps showing the spatial extent of streambed elevation changes provide evidence of
the impact of streambank stabilization techniques on streambank and streambed dynamics.

3.2 Methods

Beginning in 2018, sites C112 and C102 were monitored in both pre- and post-
construction periods. Multiple topographic and bathymetric surveys were conducted on both
reaches of the Cottonwood River from 2018 until 2024. For Site C112, three topographic surveys
were completed prior to stabilization (surveyed in 2018, 2019, and 2021), and two were
conducted after the project’s completion (surveyed in 2022 and 2023). For Site C102, four
topographic surveys were completed before SBS (surveyed in 2018, 2019, 2021, and 2022), with
an additional two surveys executed after construction (surveyed in 2023 and 2024). The majority
of these surveys at both sites took place before the SBS projects’ implementation in order to
establish a baseline for modeling and analysis. By collecting data before and after the
implementation of the SBS, a before-after construction analysis could be conducted to examine
changes in channel geometry along the two reaches. The topographic data were collected using a
GeoMax Zoom90 Robotic Total Station. Each survey collected streambank surface data, as well
as bathymetric data using the robotic total station. Data recorded at each point included northing,
easting, elevation, point number, and point description.

At each site, paired rebar pins, with one on the right top of the bank and a counterpart on
the left bank top perpendicular to the stream flow, were utilized as permanent benchmarks for
cross sections, allowing for consistent monitoring. Sites C112 and C102 had 9 and 11
permanently marked channel cross sections, respectively. Each permanent cross section was

surveyed at intervals ranging from 0.5 to 2 meters between data points, depending on surface
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slope changes. This detailed approach captured cross sections with heightened resolution,
ensuring more accurate lateral retreat calculations.

The cross sections for Site C112 were situated in the upstream, middle, and downstream
meanders as shown in Figure 3.1. Cross Section 1 is positioned at the apex of the upstream
unstabilized meander, while Riffle Cross Section 1 is located midway between the upstream and
middle meander. Additionally, Cross Sections 2, 3, 4, and Riffle Cross Section 2 are spaced
approximately 80 meters apart in the middle stabilized meander. Finally, Cross Sections 5
through 7 are situated within the downstream unstabilized meander. The spatial distribution of
the cross sections allows for a reach scale assessment of lateral retreat rates, not only in the
immediate vicinity of the SBS techniques but also in the adjacent meanders.

Figure 3.1 Aerial image of Site C112 with the cross section in the upstream (bottom left), middle

(center), and downstream meanders (top right). XS refers to cross section, while RXS refers to
riffle cross section.

Site C112: Cross Section Layout
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The cross sections for Site C102 were strategically positioned across the upstream,
middle, and downstream meanders as shown in Figure 3.2. Riffle Cross Section 1 was located at
the furthest upstream location, followed by Cross Sections 1 and 2 within the upstream
unstabilized meander, and then Cross Sections 3 through 7 in the middle stabilized meander.
Moving downstream, Riffle Cross Section 2 and Cross Section, 8 and 9 were situated within the
downstream unstabilized meander. This spatial distribution of the cross sections allows for an
evaluation of lateral retreat rates of the entire reach.

Figure 3.2 Aerial image of Site C102 with the cross sections in the upstream (top), middle

(bottom), and downstream meanders (right). XS refers to cross section, while RXS refers to riffle
Cross section.

Site C102: Cross Section Layout

Supplementary channel data were gathered throughout the entire longitudinal extent of

each reach to fill in the spaces between permanent cross sections and enhance the triangulated
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irregular network (TIN) surface models produced in AutoCAD Civil3D. Non-benchmarked cross
sections were surveyed approximately every 10 meters down the length of the channel in order to
gather additional terrain data at key breakline features such as the streambank toe, edge of water,
scour holes, and other distinct changes in slope. When combined with the higher resolution
permanent cross sections, these non-benchmarked cross sections helped create detailed channel
TIN models.
3.2.1 Streambank Lateral Retreat Rate Analysis

Streambank lateral retreat rates were calculated for the pre- and post-stabilization periods
by comparing sequential channel cross sections. The average lateral retreat rate (R) for a given
channel cross section was calculated using the formula:

Equation 3.1 Normalized Lateral Retreat Rate
Ag
R =
V+«H

Where R represents the average lateral retreat rate (m/km?®), Aq represents the difference in area
between consecutive cross sections (m?), V represents the total streamflow volume that occurred
between survey missions (km®), and H represents the average bank height of the compared cross
sections (m). This equation normalizes the lateral retreat rate with the corresponding flow
volume observed between survey periods, allowing for direct comparisons across different time
period lengths with various flow volumes. In this context, positive lateral retreat rates represent
erosion, while negative lateral retreat rates represent deposition.

The streambank analysis began with importing station and elevation data from each
permanent cross section into Microsoft Excel. The concave bank of the meander served as the
focus for lateral changes (i.e., the bank of interest; Nunnally & Keller, 1979). The next step was

to calculate the area of the bank of interest between the top of the streambank and the
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streambank toe. The midpoint estimation method was used in Excel to calculate these areas.
After determining the area of each streambank, the difference in area (Aq) was obtained by
subtracting the area of the cross section surveyed in the previous year from that of the more
recent cross section. For example, Cross Section 2 at site C112 was surveyed in 2018 and 2019,
with calculated areas of 154.65 and 165.10 square meters, respectively, resulting in a positive Aq
of 10.45 square meters, as shown in Figure 3.3.

Figure 3.3 Elevation profile depicting the difference in cross-sectional area for the right bank of
Cross Section 2 at Site C112 between 2018 and 2019.

Site C112 Cross Section 2
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For Site C112 and C102, the differences in area for each cross section between all pre-
and post-stabilization monitoring periods were calculated and summarized in Appendix A.

The next step was to determine the total volume of streamflow that passed through the
cross sections between each survey. Daily streamflow data from the USGS stream gage (USGS
07182250) on the Cottonwood River near Plymouth, Kansas were downloaded and inserted into

Excel. The average daily streamflow rates were assumed to closely approximate the average
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daily streamflow that passed through each site, due to the relatively close proximity of the USGS
stream gage to both study sites, as shown in Figure 2.3. The average daily streamflow was then
converted into total daily flow volumes by multiplying the flow rate by seconds in a day. Finally,
the total daily flow volumes were summed together based on their corresponding timeframe.
Refer to Appendix A for the flow volumes at each site.

The final parameter needed to calculate the lateral retreat rate is the average bank height.
To obtain this value, the bank height for each cross section was derived from surveyed elevations
at the top of bank and the streambank toe. The bank heights were then averaged between
consecutive surveys. Appendix A has the complete summary of average bank heights for each
site. Lastly, the variables were input into Equation 3.1 to calculate the lateral retreat rates for
each of the timeframes between the survey missions.
3.2.2 Streambed Volume Surface Analysis

A streambed analysis was conducted using AutoCAD Civil3D 2019 to examine changes
in the streambed elevation during both pre- and post-stabilization periods. The process began by
importing topographic and bathymetric data from each survey mission into Civil3D, organizing
each survey into distinct point groups, and assigning them to their own TIN surface models.
Before analyzing the surfaces generated in Civil3D, adjustments were made to the TIN to ensure
the surface models captured distinct features observed in the field, such as rock vanes, scour
holes, and debris piles. After refining each individual streambed surface, consecutive streambed
surface models were overlaid to create volume surfaces. The output provided numerical net cut
(erosion) and fill (deposition) values, along with plan view maps for visually representing bed

changes spatially.
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3.3 Results and Discussion

3.3.1 Streambank Analysis Results

The cross section identification (XS ID), corresponding bank of interest (BOI), and
lateral retreat rates for Site C112 are summarized in Table 3.1. The retreat rates for Site C112
were predominantly erosional in the years leading up to construction, especially within the soon
to be stabilized portion of the reach. However, the majority of the stabilized cross sections
switched from positive retreat rates to negative lateral retreat rates, suggesting that the SBS
techniques caused the river to deposit sediment on the surface of the streambank at a localized
scale. In contrast, the majority of the unstabilized cross sections in the upstream and downstream

meanders became more erosional in the timeframe immediately after the project’s completion.

Table 3.1 Summary of Normalized Lateral Retreat Rates for Site C112. Bolded XS IDs

correspond to the stabilized cross sections. * denotes post-stabilization timeframe. A negative

retreat rate corresponds to streambank deposition.

Site C112 Lateral Retreat Rate (m/km?3)
XS ID - BOI 2018 to 2019 2019 to 2021 2021 to 2022 2022 to 2023*
XS 1 - Right -0.20 -0.30 -0.39 0.29
XS 2 - Right 0.47 0.55 0.71
XS 3 - Right 0.99 0.71 -2.45
XS 4 - Right 1.26 0.13 -1.92
RXS 2 -Right 1.74 0.11 -0.90
XS5 - Left -0.46 1.39 -0.14 2.87
XS 6 - Left 0.43 0.72 0.92 0.02
XS 7 - Left 0.25 0.29 0.44 5.00
Negative Retreat Rate = Deposition (Green) Positive Retreat Rate = Erosion (Red)

Taking a closer look at the results revealed several details. Starting at the upstream end of

Site C112, Cross Section 1 displayed a notable shift from deposition before and during

construction, with rates ranging from -0.20 to -0.39 m/km?, to an erosional rate post-construction

as shown by the positive lateral retreat rate of 0.29 m/km?3. Despite being the only cross section
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in the upstream unstabilized meander, Cross Section 1 provides evidence suggesting the potential
impact of downstream construction efforts on the upstream segment of Site C112; however,
more years of post-construction data are required to confirm.

Moving downstream, Riffle Cross Section 1 was positioned as a “control” cross section
on a nearly 350 meter long exposed bedrock riffle (see Figure 3.5). The yearly survey data and
streambed analysis confirm that this section of the reach is extremely stable, and thus the lateral
retreat rates for this riffle cross section were not included in Table 3.1. Furthermore, the presence
of bedrock serves as grade control, preventing knickpoints from migrating upstream.

For Cross Section 2 found within the SBS, the lateral retreat rates were determined to be
0.47 and 0.55 m/km? in the timeframes before construction. Following construction, the lateral
retreat rate slightly increased to 0.71 m/km?, consistently maintaining an erosional trend before
and after construction. Additionally, it is worth noting that Cross Section 2 is located at the
beginning of the construction zone and the end of a bedrock riffle. Therefore, Cross Section 2
may be influenced by the transition from the riffle’s steeper bed slope to the shallower slope of
the meander bend.

The right banks of cross sections 3, 4, and Riffle Cross Section 2, all found within the
SBS, exhibited erosional rates during the pre-construction periods, ranging from 0.11 to 1.74
m/km?. Following construction, these three cross sections transitioned to negative lateral retreat
rates spanning from -0.90 to -2.45 m/km?, indicating localized deposition. The reduced lateral
retreat rates within the stabilized zone are consistent with the decrease in streambank erosion
reported by Naisargi & Mittelstet (2017) and Russell et al. (2021b), who both evaluated rock

vane structures using aerial imagery. Additionally, the reduced erosion rates post-stabilization
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align with the findings of Layzell, Peterson, et al. (2022), who also observed lower local scale
erosion rates following stabilization.

In terms of the streambank downstream of the SBS, the left bank of Cross Section 5
displayed lateral retreat rates ranging from -0.46 to 1.39 m/km? before the completion of
construction. However, during the initial post-construction period, the lateral retreat rate
increased to 2.87 m/km?. In contrast, Cross Section 6 shifted from lateral retreat rates ranging
from 0.43 to 0.92 m/km?® to a nearly neutral retreat rate of 0.02 m/km?® during the post-
construction period. Meanwhile, Cross Section 7 maintained consistently low lateral retreat rates
in the pre-construction periods, ranging from 0.25 to 0.44 m/km?3, but then increased to 5.00
m/km? during the post-construction era. This increase in the lateral retreat rate at Cross Section 7
aligns with the broader trend observed in the unstabilized segments of C112, where numerous
cross sections experienced increased erosion rates immediately after construction.

The XS ID, corresponding BOI, and lateral retreat rates for Site C102 are summarized in
Table 3.2. The retreat rates for Site C102 were predominantly erosional in the years leading up to
construction, especially within the soon to be stabilized portion of the reach. After construction,
all of the stabilized cross sections switched from positive retreat rates to negative lateral retreat
rates, suggesting that the SBS techniques caused sediment to be deposited on the surface of the
streambank at the localized scale. In contrast, the majority of the unstabilized cross sections in
the upstream and downstream meanders became more erosional in the timeframe immediately
after the completion of Site C102.

Taking a closer look at the lateral retreat rates for C102 revealed several details. Starting
at the upstream end of the reach, cross sections 1 and 2 recorded their highest lateral retreat rates

during the post-stabilization timeframe, with rates of 1.94 and 2.17 m/km?, respectively. These
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two upstream cross sections provide evidence suggesting the potential impact of downstream

construction efforts on the upstream segment of Site C102, however, more years of post-

construction data are required to confirm.

Table 3.2 Summary of Lateral Retreat Rates for Site C102. Bolded XS IDs correspond to the
stabilized cross sections. * denote post-stabilization timeframe. A negative retreat rate
corresponds to streambank deposition.

Site C102 Lateral Retreat Rate (m/km?3)
XS ID - BOI 2018 t0 2019 | 2019to 2021 | 2021to 2022 | 2022 to 2023 | 2023 to 2024*
XS1 - Left 0.44 0.55 1.61 -6.39 1.94
XS2 - Left 0.06 0.57 0.32 2.17
XS3 - Right 1.00 0.67 -0.47 -4.44
XS4 - Right 0.85 0.02 2.50 -2.63
XS5 - Right 0.69 0.85 0.72 -2.72
XS6 - Right 0.56 1.29 0.23 -1.86
XS7 - Right 1.05 0.60 0.44 -5.65
XS8 - Left NA 0.63 -0.01 0.35 8.51
XS9 - Left NA 0.53 0.32 -1.93 -4.99
Negative Retreat Rate = Deposition (Green) Positive Retreat Rate = Erosion (Red)

For Cross Section 3 found within the SBS, the lateral retreat rates were determined to be
1.00, 0.67, and -0.47 m/km? in the timeframes before construction. Following construction, the
lateral retreat rate decreased to -4.44 m/km?, switching from mainly erosional retreat rates to a
large depositional retreat rate after construction. Similar observations can be made with cross
sections 4, 5, 6, and 7, all found within the SBS. The right bank of these cross sections exhibited
erosional rates during the pre-construction periods, ranging from 0.02 to 2.50 m/km?. Following
construction, these four cross sections transitioned to negative lateral retreat rates spanning from
-2.63 to -5.65 m/km?, indicating localized deposition. Notably, the post-construction retreat rates
for sites C102 and C112 and numerous papers that also found similar SBS techniques to be

effective at reducing erosion rates locally (e.g., Bressan et al., 2014; Elhakeem et al., 2017,
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Layzell, Peterson et al., 2022; Naisargi & Mittelstet, 2017; Russell et al., 2021b; Simon &
Steinemann, 2000).

The left bank of Cross Section 8, in the downstream unstabilized cross section, displayed
lateral retreat rates ranging from -0.01 to 0.63 m/km? before the completion of construction.
However, during the initial post-construction period, the lateral retreat rate increased to 8.51
m/km?. In contrast, Cross Section 9 shifted from lateral retreat rates ranging from 0.32 to 0.53
m/km? to retreat rates of -1.93 and -4.99 m/km? during construction and post-construction,
respectively. This shift in the lateral retreat rate from erosional to depositional may be explained
by localized deposition stemming from a tree that fell down the left bank between the 2023 and
2024 surveys. The medium sized tree is positioned along the cross section line of Cross Section 9
and is anchored by the remaining roots still attached to the top of the bank.

The streambank analysis determined the pre- and post-stabilization lateral retreat rates of
17 permanent cross sections spread between the lengths of sites C112 and C102. For Site C112,
seven out of eight cross sections were consistently erosional pre-stabilization (see Table 3.1). For
Site C102, all of the permanent cross sections were erosional the majority of the time prior to
being stabilized (see Table 3.2). However, after implementing the SBS techniques, a pattern
emerged in the lateral retreat rates of both sites. In general, the streambank in the upstream and
downstream unstabilized meanders began to retreat laterally at even higher rates. This held true
even for Cross Section 1 at Site C112, which exhibited deposition throughout the periods leading
up to construction. Some exceptions to the pattern were observed, such as Cross Section 9 in the
downstream unstabilized meander of Site C102, which switched to deposition in the post-
stabilization period (Table 3.1). However, this anomaly could be explained by localized

deposition caused by a fallen tree along the cross section line.
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For the middle stabilized meanders at both sites, a new depositional pattern emerged. All
of the stabilized cross sections switched from erosional to depositional lateral retreat rates,
except for Cross Section 2 at Site C112 which is located just downstream of an exposed bedrock
shelf that acts as a grade control structure. This suggests that the SBS techniques were effective
at stabilizing the eroding banks at the localized scale, but may have increased streambed erosion
along the outside bend of the adjacent unstabilized meanders.

It is noted that these results are limited by a lack of post-stabilization data and only
encompasses one timeframe in the post-construction phase for both sites. This makes it difficult
to determine whether the initial post-stabilization results are indicative of a localized or perhaps a
reach scale "break-in" period, or if these patterns can be expected long-term.

While the streambank analysis was designed to be comprehensive, several factors made
this difficult. For instance, the analysis lacked survey data from 2020 due to restrictions during
the COVID-19 pandemic. Consequently, the timeframe from 2019 extends to 2021.
Additionally, the summer of 2022 survey for Site C102 was hindered by vegetation that
obstructed the line of sight between the total station and the survey rod. As a result, the
timeframe for Cross Section 2 extends from 2021 to 2023. Moreover, cross sections 8 and 9 were
added to Site C102 after the project received additional funding. Therefore, the assessment of
these two cross sections started in 2019 (refer to Table 3.2). Lastly, bank shaping activities
occurred between 2021 and 2022 for Site C112, and between 2022 and 2023 for Site C102. This
resulted in artificially high lateral retreat rates during these timeframes. Ultimately, this led to
neglecting the retreat rates for the stabilized cross sections during those periods, as evident by the

greyed out “construction” cells in Tables 3.1 and 3.2.
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3.3.2 Streambed Analysis Results

The location, monitoring timeframes, and estimates of sediment erosion and deposition
within the bed for both sites are summarized in Table 3.3. Additionally, Appendix B contains
plan view maps visually highlighting areas of streambed deposition and erosion within each
reach. The monitoring period from 2018 to 2019 contained a notable streamflow event on May
9th, 2019, reaching a peak of 892 m3/s and corresponding to a 10-year return interval flow as
derived from the Flood Frequency Analysis (Figure 2.4). This monitoring period exhibited
higher cut values for both reaches. At Site C112, a net streambed change of 2,311 cubic meters
was observed, with 62% attributed to erosion and 38% to deposition. The bed bathymetry
remained predominantly stable between cross sections 1 and 2, where the river is positioned
against the valley wall, exposing limestone bedrock. However, substantial erosion occurred
along the outer bend of the middle meander, extending from Cross Section 2 to Riffle Cross
Section 2 (refer to Appendix B, Figure B.1).
Table 3.3 Summary of reach scale streambed erosion (cut) and deposition (fill) for Sites C112

and C102. Shaded cells correspond to the timeframes when construction took place. Positive net
values correspond to net cut (erosion). APD refers to annual peak discharge.

2018 to 2019 2019 to 2021 2021 to 2022 2022 to 2023 2022 to 2024

Cut Fill | Net | Cut | Fill | Net | Cut | Fill | Net | Cut | Fill Net | Cut | Fill Net
(m3) | (m?) | (m) | (m3) | (M) | (m3) | () | (m3) | (m3) | (m3) | (m?) | (m3) | (m®) | (m®) | (m?)

Location

cl12 5,967 |3,656(2,311|3,453|3,691| -238 |4,967|2,016(2,951|1,947|1,985| -38

c102 10,464|4,311|6,153|7,908|4,402|3,506 (4,473 |4,060| 413 | 700 |4,503|-3,803 |2,223|7,673|-5,451

APD

Return 10-year 1.6-year 1.8-year < 1-year 1-year
Interval

Meanwhile, Site C102 experienced a net streambed change of 6,153 cubic meters,
characterized by 71% erosion and 29% deposition. This resulted in a lowering of the thalweg by

approximately 0.3 meters across the majority of the reach (refer to Appendix B, Figure B.5). The
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observed pattern during this timeframe highlights the potential impact of significant streamflow
events on streambed erosion. This monitoring period recorded substantial cut quantities, with
both sites displaying notable changes in streambed morphology, indicating a response to the
intensified flow conditions.

During the 2019 to 2021 timeframe which had a peak flow of 374 m%/s and a return
interval of 1.6 years (Figures 2.4 and 3.4), the streambed at Site C102 continued to lower along
the outer bank of meander bends, accounting for 64% of the observed changes, while deposition
only amounted to 36%. This resulted in a net cut of 3,506 cubic meters. In contrast, the active
streambed at Site C112 exhibited a nearly balanced net change of 238 cubic meters of fill, with
52% deposition and 48% erosion. This marked a significant switch from the previous monitoring
period, where a net export of sediment was observed in 62% of the reach.

Figure 3.4 Stream discharge data from USGS Gage 07182250 on the Cottonwood River and the
corresponding survey timeframes for sites C102 and C112. Blue bars denote construction period.
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The monitoring period from 2021 to 2022 marked the implementation of SBS techniques
at Site C112. During this timeframe, which had a peak flow of 408 m3/s and a return interval of
1.8 years (Figures 2.4 and 3.4), a notable shift was observed for Site C112, as the active bed
experienced 4,967 cubic meters of cut (71%). These results were similar to the 2018 to 2019
period. However, this timeframe was influenced by bank shaping activities and the fill volume of
six newly constructed rock vanes (Layzell et al., 2022). As a result, the formation of scour holes
off the tips of several rock vanes was observed (Figure 3.5). While these scour holes added to the
overall cut volume, the majority of streambed degradation took place in the downstream meander
as evident in Figure B.3 in Appendix B.

Figure 3.5 Site C112 streambed elevation map from August 2022 depicting newly formed scour
holes between Cross Section 3 and Riffle Cross Section 2.
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Meanwhile, Site C102 remained unmodified during the 2021 to 2022 period. The

streambed analysis revealed bed erosion and deposition to be nearly equivalent with 52% and
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48%, respectively. Despite a historical trend of greater cut than fill quantities in the previous
periods, the cut volume during this timeframe was considerably low compared to earlier periods.
The cause behind this observation remains unclear, and Layzell et al., (2022) questioned whether
these results are related to upstream construction activities, such as those on Site C112, or if they
represent a natural rate of bed change.

In the period from 2022 to 2023 in which the peak flow was 27 m®/s (Figure 3.4), both
sites exhibited a net deposition, shifting away from previous trends. Site C112 demonstrated the
closest value to zero net change compared to all other timeframes, with 38 cubic meters of
deposition, resulting from 1,947 cubic meters cut and 1,985 cubic meters fill. Notably, Site C102
experienced a dramatic shift towards streambed deposition, registering a net fill of 3,803 cubic
meters, with 13% cut and 87% fill. This major shift aligns with the SBS construction and lack of
large magnitude floods at Site C102 during this timeframe. Field observations also supported the
streambed analysis, noting extreme sedimentation within the active streambed following the
bank shaping activities. Additionally, the streambed analysis for Site C102 during this timeframe
focused exclusively on the stabilized portion of the reach. Limited topographic data availability
in the upstream and downstream meanders restrained a comprehensive evaluation of the entire
streambed during this timeframe for Site C102 (Appendix B, Figure B.8).

To combat the lack of streambed data in the upstream and downstream meanders from
the 2023 survey of Site C102, an additional timeframe was developed to span from 2022 to 2024,
encompassing the 2023 survey and the SBS construction. During this period, in which the peak
flow was 118 m®/ corresponding to a 1 year return interval (Figures 2.4 and 3.4), Site C102

exhibited a net deposition of 5,451 cubic meters, with 22% cut and 78% fill.
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The post-stabilization depositional trend is likely due to the low stream flow that both
sites experienced after construction. While the net change during the timeframe was mainly
depositional throughout both sites, the streambed in the upstream and downstream unstabilized
meanders did experience erosion along the outside bank as evident by the majority of the erosion
coming from these locations (Appendix B, Figures B.4 and B.9). Table 3.4 illustrates how each
section of the reach—upstream unstabilized meander, middle stabilized meander, and
downstream unstabilized meander—varied in the ratio of cut to fill. By comparing the relative
percentages of cut and fill for the entire reach to those of the segmented sections, it becomes
clear that the upstream and downstream meanders often had a higher percentage of erosion
compared to the overall percentage of cut for the entire reach. Although the net change tended to
remain depositional, the higher relative percentage of streambed erosion in the adjacent
unstabilized meanders is consistent with increased lateral retreat rates in those same unstabilized
areas, suggesting a connection between SBS, streambed dynamics, and streambank retreat.
However, it’s worth noting that the post-stabilization streambed analysis for C102 lacked
streambed data from 2023 within the adjacent unstabilized meanders. Therefore, the analysis for
C102 spans from 2022 (pre-construction) to 2024 (post-construction), which may contribute to
the subtle differences in the cut and fill percentages between the two sites. Additional data
collection from the post-stabilization timeframe is needed to better understand the effects of SBS

on the streambed of both sites.
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Table 3.4 Summary of post-stabilization streambed erosion (cut) and deposition (fill) for Sites
C112 and C102 categorized by location within the reach as both volume and relative percent
volume. Green cells correspond to the timeframes with net deposition. Red cells correspond to
timeframes with net erosion (positive net values). * denotes the timeframe for C102 encompasses
construction activities.

Location: Entire Reach Upstream Middle Downstream
) Unstabilized Meander | Stabilized Meander Unstabilized Meander
Site Cut Fill Net Cut Fill Net Cut Fill Net Cut Fill Net

(Timeframe) | (m?) | (m?) | (m?) [ (m?) | (m®) | (m®) | (m®) | (m®) | (m®) | (m®) | (m®) | (m®
€112 (2022 | 1947 | 1985 | -37 | 1113 | 610 | 503 | 424 | 602 | -179 | 410 | 771 | -361
to 2023) 49.5% | 50.5% 64.6% | 35.4% 41.3% | 58.7% 34.7% | 65.3%

€102 (2022 | 2,223 | 7,673 | -5451 | 731 | 1,288 | -556 | 596 | 4,760 | -4164 | 895 | 1,625 | -730
to 2024%) 22.5% | 77.5% 36.2% | 63.8% 11.1% | 88.9% 35.5% | 64.5%

The elevated percentage of fine material in Site C102, in contrast to Site C112, likely
contributes to the increased bed lowering observed in the streambed analysis, as the
unconsolidated fine bed material (Dso = 0.075mm) in Site C102 can be mobilized more easily
over a broader range of flow events. In comparison, the prevalence of coarser sand and gravel
sediments (Dso = 30mm), as well as the bedrock riffle in Site C112 may explain the slightly
greater streambed stability (Layzell et al., 2020).

The streambed analysis determined the pre- and post-stabilization streambed volume
changes of sites C112 and C102 (see Table 3.3). The first monitoring timeframe experienced a
high net loss of streambed material due to the 10-year return interval flow event that occurred
during this period. In the subsequent periods leading up to the construction activities, the
streambed cut values dwindled towards zero. This reduction in streambed erosion is most likely
attributed to the corresponding decrease in the frequency and intensity of flow events.

For Site C112, the combination of lower flow events and larger streambed particle size
compared to Site C102 resulted in a net gain of streambed material during the 2019 to 2021

timeframe leading into the construction phase. However, the similarities between the two sites
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diverged during their respective construction phases. Site C112 recorded its highest net cut value
during this timeframe, while Site C102 recorded its lowest cut value, resulting in a high net fill
(Table 3.3). Several factors may have contributed to these differences. For example, during the
construction phase of Site C112, three flow events greater than the 1.5-year return interval flow
were measured at the USGS stream gauge. These flow events, ranging between 300 to 400 m®/s
(see Figure 3.4), helped remove loose sediment caused by bank shaping activities. In contrast,
during the construction phase of Site C102, the greatest flow event was recorded at 27 m?/s.
This, combined with the increased sediment load from nearby bank shaping activities, resulted in
a high net fill value.

During the post-stabilization timeframes, the USGS stream gage recorded zero flow
events that exceeded the 299 m®/s bankfull discharge threshold (Figure 3.4). This resulted in net
streambed deposition for both sites (Table 3.3). The streambed deposition observed post-
stabilization for both sites may be attributed to additional sediment being mobilized from the
streambank as a result of the bank shaping activities and the absence of substantial flow events
necessary to transport sediment. Further analysis into the most recent streambed survey from the
post-stabilization phase of Site C102, which was hindered by a lack of bathymetry data in the
upstream and downstream meanders from the 2023 survey, reveals that a net deposition of
sediment occurred throughout the entire reach.

The hypothesis presented in Chapter 1 proposed that degradation would dominate
upstream of the stabilized site, with aggradation occurring downstream. However, the data
collected during the initial post-construction period did not support this hypothesis. Instead, both
upstream and downstream reaches predominantly experienced deposition. This suggests that the

stabilized site did not function as expected as a "sediment transfer zone." The sediment
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deposition occurred in both directions from the stabilized site, contrary to the predicted patterns
of erosion and deposition. This discrepancy may be attributed to fluctuations in stream flow,
particularly the low magnitude flows following stabilization, which were insufficient to transport
sediment effectively.

However, despite both sites favoring deposition at the reach scale during the post-
stabilization timeframe, the streambed maps presented in Appendix B depict erosion along the
outside bend of the upstream and downstream meanders, suggesting potential areas where the
bank toe is being destabilized. Simultaneously comparing the streambank and streambed
analyses reveals that the localized bed erosion along the outside of meander bends aligns with
the increased lateral retreat rates recorded in the upstream and downstream permanent cross
sections. This connection between the streambank and streambed analyses, which were based on

field data, helps provide a deeper understanding of the river’s dynamics.

3.4 Summary

This chapter evaluated reach scale lateral retreat rates and bed erosion and/or deposition
rates pre- and post-stabilization by comparing channel cross sections and TIN surface models,
respectively. The streambank analysis of sites C112 and C102 offered insights into the
morphological changes along the Cottonwood River. For example, the streambank analysis of
both sites showed a decrease in lateral retreat rates within the stabilized meander, whereas the
upstream and downstream unstabilized meanders displayed an increase in retreat rates.

The streambed analysis conducted on both Site C112 and Site C102 offered insights into
the bed dynamics of the Cottonwood River. Notably, considerable variations in net streambed

volume change were observed across different timeframes for both sites, likely influenced by
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fluctuations in flow conditions and the implementation of SBS techniques. The analysis
highlighted a connection between the magnitude of net volume change and the particle size
distribution of each site, with Site C102, which was characterized by finer particles, consistently
exhibiting greater cut and fill values compared to Site C112. Over the period from 2018 to 2024,
the streambeds of both sites experienced a net sediment loss, totaling 4,986 m? for Site C112 and
4,621 m? for Site C102, pointing to an overall lowering of the streambed during this survey
timeframe. However, it's important to note that most of the streambed surveys were conducted
before the implementation of SBS, possibly skewing the data towards pre-stabilization
conditions. Therefore, further monitoring is crucial to assess the long-term effects of SBS and

accurately understand the ongoing dynamics of the Cottonwood River's streambed.
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Chapter 4 - Effect of SBS on Reach Scale Stream Power

4.1 Introduction

Streambank erosion poses a major threat to the stability of river and stream ecosystems,
often resulting in habitat loss, water quality degradation, and infrastructure damage (Arthington,
2012; Dudgeon et al., 2006; Fox et al., 2016; Nassar, 2019). In response, SBS techniques have
been developed to reduce erosion rates and enhance bank stability. The State of Kansas, for
instance, has implemented various methods such as rock vanes, toe rock, bank shaping, and
vegetation (Layzell, Peterson, et al., 2022). While the local-scale effectiveness of these
techniques is well-documented (e.g., Hemmati et al., 2016; Hemmati & Daraby, 2019; Johnson
et al., 2002; Karki et al., 2018; Layzell, Peterson, et al., 2022; Matsuura & Townsend, 2004;
Naisargi & Mittelstet, 2017; Russell et al., 20214, etc.), there remains a crucial gap in longer-
term, reach scale monitoring and evaluation (Anstead et al., 2012; Bhuiyan et al., 2009; Bigham,
2020; Buchanan et al., 2014; Cavaillé et al., 2018; Enlow et al., 2018; Florsheim et al., 2008;
Khosronejad et al., 2013). This chapter aims to analyze the effects of SBS on the reach scale by
using stream power as an indicator of channel morphology and erosion (Bizzi & Lerner, 2013).

The question to be answered in this chapter is: does SBS affect stream power at the reach
scale? To answer this, stream power was assessed at a reach scale for both pre- and post-
stabilization periods by modeling site configurations and reach conditions in HEC-RAS using 2D
hydrodynamic numerical modeling. According to Miller (2022), HEC-RAS is often utilized as a
hydraulic modeling tool to aid in the design of streambank stabilization practices across various
locations and organizational affiliations in the U.S. This chapter describes the development of
two HEC-RAS 2D models for the study sites along the Cottonwood River, where SBS projects

have previously been executed. The HEC-RAS models help provide insight into the effects of
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SBS on stream power along the Cottonwood River. Results from the RAS model can be used to

better understand observed bank erosion and bed dynamics, as discussed in Chapter 3.

4.2 Methods

4.2.1 HEC-RAS 2D Modeling

HEC-RAS is capable of computing a wide range of hydraulic calculations. The numerical
methods for hydrodynamic modeling are briefly described in this section. Foundational equations
in the 2-dimensional HEC-RAS models are described below. The mass conservation equation
(Equation 4.1) ensures both the conservation of mass and the continuity of water volume within
the models, assuming that water is incompressible.

Equation 4.1 Mass Conservation Equation (USACE, 2024b)

dh

StV (W) =q

Here, h is water depth, t is time, V is the gradient operator, V is the velocity vector, and q is a
source/sink flux term.

The Shallow Water Equations (SWE) and the Diffusion Wave Equations (DWE) are the
two equation sets capable of routing 2-dimensional unsteady flow through the models (Equations
4.2 and 4.3). While DWE is faster and more stable, it approximates the more mathematically
robust SWE. The SWE accounts for the acceleration term, making it suitable for natural channels
and more precise computations around structures characterized by mixed flow regimes. The
SWE also has options for modeling Coriolis effects and turbulence (USACE, 2024b). The
primary advantages of the simplified momentum equation in the DWE are its stability and
computational efficiency, while also being reasonable accurate in steady and consistent stream

flow scenarios (USACE, 2024b).
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Equation 4.2 SWE Conservation of Momentum (USACE, 2024b)

av 1 T, T
§+(V-V)V+fck><V=—gVZS+EV-(vthVV)—p—R+ Vpa

1
ph p
Here, V is the velocity vector, tis time, V is the gradient operator, f. is the Coriolis parameter, k
is the unit vector in the vertical direction, g is the gravitational acceleration, zsis the water
surface elevation, h is the water depth, v is the horizontal eddy viscosity coefficient, 1, is the
bottom shear stresses, p is the density of water, R is the hydraulic radius, ts is the surface wind

stresses, and pa is the atmospheric pressure.

Equation 4.3 DWE Conservation of Momentum (USACE, 2024b)

1 T

Vz, + —Vpa — ==

V:_R2/3 % T pg P27 pgh
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Vz, + —Vpa — /2
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Here, V is the velocity vector, R is the hydraulic radius, n is Manning’s roughness coefficient, V
is the gradient operator, zs is the water surface elevation, p is the density of water, g is the
gravitational acceleration, pa is the atmospheric pressure, 1s is the surface wind stresses, and h is
the water depth.

The Manning’s equation (Equation 4.4) is used to calculate flow velocity in open
channels. The shear stress equation calculates the magnitude of shear stress exerted on a surface
by water (Equation 4.5). The stream power equation is closely linked to shear stress and can be
used as in indicator of fluvial dynamics (Equation 4.6; Bizzi & Lerner, 2013).

Equation 4.4 Manning’s Equation (USACE, 2024b)

1.486
V=
n

* R2/3 « §1/2

Here, V is flow velocity (m/s), n is Manning’s Roughness Coefficient, R represents the hydraulic

radius (m), and S is the friction slope (m/m).
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Equation 4.5 Shear Stress Equation (USACE, 2024b)
T=y*Rx*5f

Here, T symbolizes shear stress (Pa), y represents the specific weight of water (kg/m?), R
represents the hydraulic radius (m), and S represents the friction slope (m/m).

Equation 4.6 Stream Power Equation (USACE, 2024a)

Ww=V*T

In this equation, ® symbolizes stream power (kg*m?/s®), v represents flow velocity (m/s), and t
represents shear stress (Pa). For a more in-depth explanation of the calculations performed by
HEC-RAS refer to the United States Army Corps of Engineers HEC-RAS Hydraulic Reference
Manual (USACE, 2024b).
4.2.2 HEC-RAS Model Development

Figure 4.1 illustrates the step-by-step process of developing the HEC-RAS models of
sites C112 and C102, encompassing data collection through result analysis. The process of
developing 2D hydrodynamic models for the two sites began using HEC-RAS 6.3 (USACE,
2024b). A geometry file was generated within the RAS project, and the spatial reference system
was set to "North American Datum of 1983 Kansas South State Plane FIPS 1502" and units to
meters. A terrain layer was generated, and the TIN surface derived from topographic data was
converted into a digital elevation model (DEM) and imported into the HEC-RAS software. In
addition to bed and bank topographic data collected using a robotic total station (see Chapter 3),
annual UAS surveys were conducted to complement the yearly topographic surveys. These UAS
surveys focused on acquiring detailed DEMs of the post-stabilization streambank surface,
providing a high resolution depiction of the streambank following bank shaping activities. The
UAS data bridged the gap between the topographic survey of the channel and the LiDAR data of

the surrounding floodplains. For further details on the UAS survey methods, refer to Layzell,
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Peterson et al. (2022). The 2018 LiDAR data captured the elevation of the surrounding terrain
and floodplain. The assumption was that the surrounding terrain remained constant from the pre-
to post-stabilization timeframe.

Figure 4.1 Flowchart of 2D HEC-RAS modeling process.
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The total station, UAS, and LiDAR data were all processed into DEMs in the tiff file
format to import into HEC-RAS. The total station data were positioned above the UAS data and
the UAS data was positioned above the LIDAR data, ensuring field-collected data took priority
over the other data sources. This resulted in a complete DEM with each raster pixel assigned an
elevation value. Once the appropriate terrain layer was generated, it was associated with the
geometry file, thereby connecting the terrain with the geometry for future computation.

Land use and cover data were sourced from the National Land Cover Database (NLCD)
and used as a baseline for Manning’s n values (Equation 4.4) and spatial extent of various land
cover types. The NLCD data, which is a raster with 30 by 30 meter resolution, was imported into
a newly established land cover layer. This created an approximation of the land cover in general
locations. However, this resolution did not accurately represent the actual land cover in specific
areas. To address this limitation, a sub layer was generated, and classification polygons were
created over the latest aerial imagery to precisely delineate the boundaries between land cover
types. Next, each distinct land cover was assigned an initial Manning’s n value based on the
values reported by Chow (1959). In addition, the classification polygons were modified for the
post-construction simulations to align with the anticipated land cover. The land cover layers were
associated with the corresponding geometry file.

Once the terrain and land cover layers were incorporated into the project file, the next
steps involved creating the 2D flow area and boundary condition lines. First, a perimeter
outlining the boundary of the 2D flow area was developed (Appendix C, Figure C.1). To guide
the perimeter placement, a Log Pearson Type Il Flood Frequency Analysis was used to
determine the return intervals of streamflow events during the monitoring timeframe, with the

largest flow event in May 2019 estimated to have a 10-year return interval (Figure 2.4). The
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boundary was then delineated based on terrain features with higher elevations, guided by the
FEMA floodplain map, representing the 1% AEP flood. For example, both sites utilized the
railroad tracks as the northern boundary because they were situated above the FEMA floodplain.
Additionally, higher elevation features such as roads and hills were used to define the southern
boundary for both sites (refer to Appendix C, Figure C.1).

The 2D flow area configurations enabled the western and eastern borders to serve as the
inlet and outlet, respectively, for simulated flow events. Careful consideration was given to select
these boundaries to align with straight sections of the river, ensuring one-dimensional flow along
the perimeter. The boundary lines were designed to encompass the study sites, while also
accommodating the potential extent of floodplains in future simulations.

During this process, the standard cell mesh size for the entire 2D flow area was
established at 30 meters by 30 meters, resulting in hundreds of cells, each containing
computation points that could be refined and adjusted to prevent errors. One common issue
encountered was cells with more than eight sides, which were flagged in red by HEC-RAS.
These cells could be fixed by either adding or removing cells to reduce the number of sides.
Additionally, further refinements to the standard cell size could be made in specific areas that
require more detail (i.e., main channel, roads, etc.).

The next step involved integrating breaklines into the 2D flow area. Breaklines align the
cell faces to important features such as top of bank, river centerline, roads, ditches, creek
channels, and swales. These features, where terrain slopes vary, affect the flow of water and
require more detail to be properly computed by the model. The breaklines were configured to
refine the resolution in the adjacent cells to be as detailed as 7.5 meters by 7.5 meters depending

on the breaklines location. The main channel required the highest resolution, while less
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significant features, such as swales far from the study sites, were set to relatively larger cell sizes
(Appendix C, Figure C.2).

After incorporating the breaklines into the 2D flow area, refinement regions were
introduced to provide additional resolution and detail within the main river channel. The
refinement regions allowed for the adjustment of mesh resolution within a designated multipoint
polygon. The refinement regions were placed along the main channels of Site C112 and Site
C112, with a cell size of 7.5 meters by 7.5 meters (Appendix C, Figure C.3).

Finally, boundary condition lines were established just outside the 2D flow area to mark
the inlet and outlet of the models. Positioned parallel to the perimeter of the computational mesh,
these lines delineated where the flow would initiate and terminate through the computational
mesh. Figure 4.2 provides a visual representation of the final computational mesh and boundary

lines for each site.
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Figure 4.2 HEC-RAS boundary condition lines for Site C112 (top) and Site C102 (bottom). The
pink line corresponds to the upstream boundary condition (west), and the blue line corresponds
to the downstream boundary condition (east).

The upstream boundary condition for both sites utilized a flow hydrograph derived from
observed daily flow data obtained from the USGS stream gage. Hydrologic data were collected
from USGS Gage 07182250 from September 5, 2018, to December 31, 2023, and the flow

hydrograph was used to calibrate, validate, and simulate various flow conditions in the 2D HEC-
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RAS models. Precipitation was not factored into the models, and the sole flow into the systems
occurred through the western boundary. Conversely, the downstream boundary condition was set
as the normal depth, which was calculated in HEC-RAS using the quasi-equilibrium friction
slope of the respective reaches. Based on the annual surveys, friction slopes were determined to
be 0.00072 m/m and 0.0004 m/m for sites C112 and C102, respectively. The model for Site
C102 also needed to incorporate the bridge located approximately 1.5 kilometers upstream of the
monitored reach at the intersection of the Cottonwood River with County Road A (location of
the USGS stream gage). The bridge deck and piers were modeled into HEC-RAS using surveyed
bridge dimensions (Figure 4.3).

Figure 4.3 HEC-RAS bridge plan view map (top) and cross section view (bottom).
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4.2.3 HEC-RAS Model Simulations
After creating the models, the next step was to run HEC-RAS simulations (refer to Figure 4.1).
Unsteady flow analysis simulations were conducted in HEC-RAS utilizing the flow hydrograph

data spanning from April 15th, 2019, to May 15th, 2019. This simulation timeframe included the
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largest flow event observed during the monitoring period, which was chosen for its significance
in assessing the model's response to extreme hydraulic conditions.

The "Geometry Preprocessor” and "Unsteady Flow Simulation™ options were enabled,
followed by the selection of time step controls. A maximum Courant number of 1 and a
minimum Courant number of 0.4 were specified, with 5 steps below the minimum before
doubling. Additionally, the maximum number of doubling base time steps was set to 3 (80
seconds), and the maximum number of halving base time steps was also set to 3 (1.25 seconds).
The Courant methodology was defined as velocity/length. Moreover, the "Initial Conditions
Time" was configured to 48 hours to ensure the channel was filled with water before
commencing the simulation.

The final step before running the unsteady flow analysis plan was to select the “Equation
Set.” Initially, both sites were set to the DWE due to its faster computation time and stability.
The models were executed, and the results were saved within RAS Mapper. Then, both HEC-
RAS models were switched to use the full SWE. The results for the SWE plan were also saved
into RAS Mapper and the two different equation sets were compared using RAS Mapper. As
previously depicted in Figure 4.1, if the water surface elevations and velocities produced by both
equation sets are similar, then the DWE would be chosen for all future simulations due to its
computation speed and comparable results (refer to Equation 4.3). However, if the two equation
sets produced different results, then the SWE would be preferred for its enhanced accuracy in
calculating flow velocities and water surface elevations within natural channels and around
structures (refer to Equation 4.2).

After conducting simulations with both the DWE and the SWE, discrepancies were

observed between the outputs of the two equation sets. Specifically, the SWE yielded flow
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velocities ranging from 0.61 m/s faster to 1.31 m/s slower than those calculated by the DWE,
varying depending on the specific location within the channel. Similarly, there were notable
variations in water surface elevations between the two equation sets. Therefore, for the
remainder of this study, simulations were conducted exclusively using the SWE to ensure more
mathematically sound and accurate results.
4.2.4 HEC-RAS Model Calibration

The next phase, as depicted in the flowchart in Figure 4.1, involves calibrating the 2D
HEC-RAS models. The model for Site C112 is located approximately 10 river kilometers
upstream of the USGS stream gage, while Site C102 encompasses the stream gage near the
upstream extent of the model. Due to each site’s proximity to the USGS stream gage, two
different approaches were used to calibrate the models. Site C112 was calibrated to a flood event
that drowned crops in a field, leaving behind a prominent high stage mark captured in an aerial
image. In contrast, the calibration of Site C102 relied on stream flow data recorded by the USGS
stream gage.

4.2.4.1 C112 Model Calibration

For the calibration of Site C112, aerial images captured in October 2019 were utilized,
providing clear indications of a high stage mark resulting from a recent flood event. The flow
hydrograph from the preceding growing season was analyzed, identifying the flow event with the
highest magnitude as the probable cause of the high stage mark. Figure 4.4 highlights the high

stage mark in the 2019 aerial image.
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Figure 4.4 Aerial image from October 12, 2019, highlighting the high stage mark at Site C112.

The flow event occurring from May 6th to May 12th, 2019, with a peak flow of 892
mq/s, was the largest stream flow event, surpassing other flow events by nearly 150 m%/s. This
event was identified as the likely cause of the high stage mark captured in the aerial image. To
calibrate the model to this mark, adjustments were made to the Manning’s n values within the
land cover layer until the water surface elevation aligned with the observed aerial image. All
adjustments adhered to the recommendations outlined by Chow (1959), and the final adjusted
Manning’s n values are detailed in Table 4.1. Figure 4.5 shows the water surface elevation
matching the high stage mark captured in the aerial image using the finalized Manning’s n values

from Table 4.1.
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Table 4.1 Finalized Manning’s n Values for Site C112 HEC-RAS model.

NLCD ID Name Manning's n
1 Main Channel 0.04
11 Open Water 0.04
21 Developed, Open Space 0.035
22 Developed, Low Intensity 0.08
23 Developed, Medium Intensity 0.12
24 Developed, High Intensity 0.15
31 Barren Land Rock-Sand-Clay 0.03
41 Deciduous Forest 0.08
42 Evergreen Forest 0.15
43 Mixed Forest 0.12
52 Shrub-Scrub 0.05
71 Grassland-Herbaceous 0.045
81 Pasture-Hay 0.045
82 Cultivated Crops 0.04
90 Woody Wetlands 0.07
95 Emergent Herbaceous Wetlands 0.045

Figure 4.5 Calibrated HEC-RAS model depicting water surface elevation aligning with the high
stage mark at Site C112.
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4.2.4.2 C102 Model Calibration and Validation

For Site C102, the calibration process involved comparing the simulated flow at the
bridge cross section with the flow recorded by the USGS stream gage (USGS 07182250)
between September 10th, 2018 to November 10th, 2018. Initially, the model utilized Manning’s
n values from recommendations from Chow (1959). Adjustments were made systematically to
the main channel and deciduous forest Manning’s n values. It was determined that the model was
most sensitive to changes to these two land covers and were therefore the focus of adjustment.

A spreadsheet was developed in Excel to compare the simulated versus measured flows
by calculating several goodness-of-fit statistics including Nash-Sutcliffe Efficiency (NSE),
percent bias (PBIAS), and root mean square error (RMSE, Moriasi et al., 2007; Koehn, 2023).
Moriasi et al., (2007) states that if the NSE approaches 1 and the PBIAS and RMSE both
approach zero, then there is a good fit between measured and simulated. Table 4.2 summarizes
the goodness-of-fit statistics for each calibration trial and presents the finalized Manning’s n
value for the main channel and deciduous forest. In addition, the calibrated model was validated
using the timeframe from July 1%, 2020 to August 31%, 2020, as well as a post-stabilization
timeframe from April 20", 2023 to May 30", 2023. The validation results, as depicted in Table
4.3, show the model’s ability to estimate stream flow in timeframes outside of the calibration
window. Table 4.4 summarizes the finalized Manning’s n values for Site C102.

Table 4.2 Summary of goodness of fit statistics for Site C102 calibration trials.

Calibration Manning's n for Manning's n for

Number Main Channel Deciduous Forest NSE PBIAS RMSE
1 0.045 0.10 0.9904 3.856 10.22
2 0.040 0.10 0.9960 2.085 6.61
3 0.035 0.10 0.9988 0.702 3.68
4 0.035 0.11 0.9984 0.905 4.17
5 0.035 0.09 0.9990 0.493 3.32
6 0.035 0.08 0.9992 0.274 3.04
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Table 4.3 Summary of goodness of fit statistics for Site C102 validation trials.

Validation Trials Manning's n for | Manning's n for NSE PBIAS RMSE
Stream Channel Deciduous Forest

Summer 2020 Flow

Event 0.035 0.08 0.9984 0.1881 2.6941

Post-construction

Spring 2023 Flow Event 0.035 0.08 0.9975 -0.3500 0.1688

It is important to note that none of the flow events during the monitoring periods from

2018 to 2024 resulted in a scenario where the water surface matched the bridge chord elevation.

However, if such a situation were to occur, the model would require recalibration to account for

pressurized flow, and potentially weir flow if floodwaters reached a level where they could

overtop the bridge deck.

Table 4.4 Finalized Manning’s n Values for Site C112 HEC-RAS model.

NLCD ID Name Manning's n
1 Main Channel 0.035
11 Open Water 0.035
21 Developed, Open Space 0.035
22 Developed, Low Intensity 0.08
23 Developed, Medium Intensity 0.12
24 Developed, High Intensity 0.15
31 Barren Land Rock-Sand-Clay 0.03
41 Deciduous Forest 0.08
42 Evergreen Forest 0.15
43 Mixed Forest 0.12
52 Shrub-Scrub 0.05
71 Grassland-Herbaceous 0.045
81 Pasture-Hay 0.045
82 Cultivated Crops 0.04
90 Woody Wetlands 0.07
95 Emergent Herbaceous Wetlands 0.045

When comparing the finalized Manning’s n values between Site C112 and Site C102, it's

evident that the calibrated values were remarkably similar, with only one notable difference

observed in the land cover values for the "main channel™ or "open water”. For Site C112, the
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Manning’s n for open water was determined to be 0.040, whereas for Site C102, the value was
slightly lower at 0.035. This discrepancy could potentially be attributed to subtle variations in the
streambed sediment size distribution between the two reaches. Site C112 exhibited more gravel
and sand compared to the predominantly silt and clay composition of Site C102. This difference
in sediment composition may result in a slightly rougher channel surface at Site C112, thereby
leading to a marginally higher Manning’s n value.

Additionally, the models underwent testing with the conservative turbulence model
option activated in HEC-RAS. This feature allows the user to adjust the longitudinal mixing
coefficient, transverse mixing coefficient, and the Smagorinsky coefficient. All three coefficients
were left at the default values during the testing. Results indicated that when the turbulence
model was activated, overall stream power values were lower compared to simulations without
the turbulence model, as depicted in Figure 4.6. This discrepancy is likely due to the turbulence
model's capability to consider energy losses caused by expansions and contractions within the
channel, leading to turbulence and eddies in the streamflow (Equation 4.2). While simulations
without the turbulence model enabled may overpredict stream power for individual scenarios, the
analysis method in this paper evaluates the differences in stream power between pre- and post-
stabilization simulations. This shifts the focus from the absolute values to relative changes in
stream power and helps bypass errors associated with not using the turbulence model. Moreover,
due to the lack of necessary data such as stream velocity profiles from an acoustic doppler
current profiler (ADCP), accurately calibrating the turbulence model coefficients would be futile.
Given the models' relatively low sensitivity to the turbulence model when comparing multiple
scenarios and the absence of ADCP data, the turbulence model was disabled for the remainder of

simulations for sites C112 and C102.
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Figure 4.6 HEC-RAS stream power results for Site C112 at the 892 m®/s flow depth. The top
image displays the simulation with the turbulence model disabled, while the bottom image shows
the simulation with the turbulence model enabled.
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4.2.5 Modeling Scenarios for Sites C112 and C102

In the post-calibration phase shown in Figure 4.1, the calibrated HEC-RAS models for
Site C112 and Site C102 were used to simulate various scenarios to assess the effectiveness of
streambank stabilization techniques and their impact on flow dynamics. These scenarios aimed
to explore different stages of channel stabilization and alternative stabilization strategies to
inform future management decisions.

The first scenario involved simulating the pre-stabilization conditions using terrain data
from 2018. This scenario served as a baseline to understand the natural flow dynamics of the
river before any stabilization techniques were implemented. In addition, the models simulated
the post-stabilization conditions using terrain data from 2022 and 2023 for Sites C112 and C102,
respectively, which included the physical locations of the rock vanes, toe rock, and the actual
bank shaping. This post-stabilization scenario allowed for an assessment of the effectiveness of
the stabilization techniques implemented at each site in mitigating erosion. By comparing the
pre- and post-stabilization scenarios to the observed field data, insights were gained into the
models’ ability to simulate different flow conditions, how flow patterns change with stabilization
efforts, and the overall effectiveness of the stabilization projects.

In the next scenario, a mock floodplain bench was introduced as part of the streambank
stabilization techniques. Positioned midway up the right bank, this bench was 15 meters wide or
approximately one-third to a half of the channel width. The bench was integrated into the 3:1
bank shaping and aimed to replicate a small floodplain within the channel (Figure 4.7). The
purpose was to establish a connection between high frequency flow events and the mock
floodplain, thereby mitigating the impacts of gravitational and hydraulic forces (Bigham, 2020).

Unlike the actual post-stabilization scenario, this approach excluded the use of rock vanes and
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toe rock for simplicity, focusing solely on evaluating the effectiveness of the bench. By
comparing the results of this scenario with those of the pre-stabilization scenario, valuable
insights could be gained regarding the potential advantages and disadvantages of a mock
floodplain bench.

Figure 4.7 Diagram depicting the mock floodplain bench as modeled in HEC-RAS
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The final scenario focused on assessing the effectiveness of bank shaping without the use
of rock vanes, toe rock, or a bench. This approach aimed to evaluate the effect of the rock vanes
and toe rock within the post-stabilization model. By comparing this scenario with the pre-
stabilization scenario, the results could quantify the impact of the rock vanes and toe rock on

flow dynamics, and thereby evaluate their significance in streambank stability.
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For this study, all of the previously described scenarios were simulated using hourly
stream flow data spanning from April 15th, 2019 to May 15th, 2019. This timeframe
encompassed the low flow leading up to the rising limb, the peak flow, and the receding limb of
the May 9™, 2019 10-year return interval flow event. The objective was to analyze the scenarios
under the most intense stream flow conditions recorded during the monitoring period. By
focusing on this timeframe, the models could provide insights into the effectiveness of different
stabilization techniques and their resilience to extreme hydrological events.

4.2.6 HEC-RAS Output

The next phase of Figure 4.1 is outputting the results from the calibrated simulations.
HEC-RAS offers a wide range of result map layers including water depth, flow velocity, and
water surface elevation, among others. In this specific case study, a stream power map layer was
generated for each HEC-RAS simulation to aid further analysis and comparisons between
different scenarios. A stream power analysis, as mentioned by Bizzi and Lerner (2013), offers a
targeted approach to evaluating channel sensitivity to erosion and deposition process. By
utilizing stream power as an indicator of fluvial dynamics, critical zones susceptible to erosion or
deposition were identified, aiding in decision making and future stream restoration efforts (Bizzi
& Lerner, 2013). The following equations show the relationship between stream power and shear
stress, a commonly used indicator of erosion and deposition processes (e.g., Clark & Wynn,
2007; Frothingham, 2008; Layzell, Peterson et al., 2022).

Equation 4.7 Shear Stress Equation (Rosgen, 1996)
T=yx*xdx*S5f

This shear stress equation is similar to the equation used by HEC-RAS (Equation 4.5) except the
hydraulic radius was substituted for the average depth of water. The channel width is assumed to

be wide, as described by Rosgen (2009), allowing the hydraulic radius, R, to be simplified to the
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depth, d. This simplification allows depth to be used as a tool for identifying potential deviations
in shear stress. Erosion can occur when the shear stress acting on the streambank exceeds the
critical shear stress of the soil particles. The direct relationship between shear stress and erosion
rate is depicted in the following equation.

Equation 4.8 Excess Shear Stress Equation (Clark & Wynn, 2007)

& =ka* (1 —7)*

Here, & symbolizes the erosion rate (cm/s), kq represents the erodibility coefficient (cm®/Ns), ta
represents the average applied shear stress on the soil boundary (Pa), tc represents the critical
shear stress of the soil (Pa), and a represents the empirical exponent usually assumed to be 1.

Shear stress and stream power, equations 4.7 and 4.6, respectively, have a direct
relationship. The velocity term in stream power helps emphasize areas with higher flow
velocities, potentially indicating areas with more potential for dislodging soil particles. New
RAS results layers were generated to analyze the differences in stream power between scenarios
on a reach scale. These new layers produced color coded plan view maps for the max flow depth,

highlighting areas where the scenarios diverged.

4.3 Results and Discussion

4.3.1 Stream Power Analysis of SBS

4.3.1.1 Site C112

In Figure 4.8, red indicates areas where the stream power for the post-stabilization
scenario was greater than the pre-stabilization scenario, green identifies areas where the post-
stabilization scenario resulted in smaller stream power values, and blue depicts areas where the
two models had similar stream power results. With this symbology, green highlights favorable

areas that had a decrease in stream power (Bizzi & Lerner, 2013).
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Figure 4.8 Difference in stream power (SP, kg*m?/s®) between Pre- and Post-simulations at Max
Flow Depth 892 m3/s. Map output is Pre-Stabilization SP minus Post-Stabilization SP. A
negative value means the stream power increased.

Stream Power

(kg*m?/s?)

Notably, the toe on the right bank between stations 525 to 800 is a cyan color indicating a
decrease in stream power of approximately 5 to 10 kg*m?/s® from the pre- to post-scenario.
However, in the region directly above the identified toe, in the low to mid bank region, the
stream power increased by 5 to 16 kg*m?/s®along the right bank as shown by the yellow spots
within the SBS meander (similar trends were observed for the 1.5-year return interval and
floodplain flow depths). This increase in stream power directly above the toe rock aligns with

observed scouring reported by Layzell, Peterson, et al. (2022).
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To understand these findings, the components of stream power (Equation 4.6), including
velocity, depth, and stream slope, were isolated and compared in HEC-RAS. Analysis revealed
that velocity and depth had the greatest impact on the stream power results for the pre- and post-
stabilization scenarios, while changes in stream slope were negligible between the two. In
particular, notable changes were observed in velocity and flow depths within the stabilized
portion of the reach due to the bank shaping activities.

The greatest increase in flow velocity was approximately 1 m/s near station 680, while
the flow depth increased by up to 6 meters across much of the bank shaped area, as illustrated in
Figure 4.9, which depicts the differences in flow velocity and depth between the pre- and post-
stabilization scenarios for Site C112. Furthermore, Figure 4.10 provides a detailed look at the
pre- and post-stabilization flow velocity and corresponding channel profiles for Cross Section 3,

which underwent bank shaping.
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Figure 4.9 HEC-RAS layers showing the velocity (top) and flow depth difference (bottom) by
taking the pre-stabilization value minus the post-stabilization value. A negative value means the
velocity or depth increased.
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Figure 4.10 HEC-RAS velocity during the max flow depth for the pre- and post-scenarios.
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Figure 4.10, located in the stabilized meander, demonstrates how bank shaping activities
increased the flow velocity on the right bank above the toe. This heightened flow velocity in the
low to mid-bank region could potentially be responsible for the observed scouring above the toe
rock, which was evident in all of the stabilized cross sections. In contrast, Figure 4.10 also shows
that the flow velocity was reduced on the left bank, middle of the channel, and up to the toe on
the right bank for Cross Section 3. This aligns with the decrease in stream power shown within
the stabilized meander in Figure 4.8. The Manning’s n within the stabilized portion of the reach
was updated from barren land with a roughness coefficient of 0.030 during the pre-stabilization
scenario to a roughness coefficient of 0.045 for the post-stabilization scenarios to be more
representative of the vegetation established on the bank after construction. While an increase in

the roughness coefficient should have resulted in reduced flow velocities within the stabilized

75



meander post-construction (refer to Equation 4.1), the bank shaping activities increased the flow
depth and area enough to overcome this relationship.

The results in the upstream meander, specifically at Cross Section 1, are likely
significantly influenced by the exposed bedrock spanning from station 50 to 450 in Figure 4.8.
This bedrock layer serves as grade control, as indicated in the streambed analysis and surveys of
Riffle Cross Section 1 (Section 3.3.2, Appendix D), and could potentially isolate the upstream
meander of Site C112 from downstream activities. It is unknown whether the differences in
stream power between the pre- and post-stabilization models are directly caused by the SBS
activities downstream or if upstream factors, such as other SBS projects or bank erosion events,
are impacting the post-stabilization terrain model and consequently the stream power
calculations. Despite the uncertainty regarding the upstream meander’s differences between the
pre- and post-scenarios, the corresponding differences in flow velocities and depths shown in
Figure 4.9 align reasonably well with the changes in stream power. At Cross Section 1 and Riffle
Cross Section 1, the depth in the middle of the channel increased approximately 0.20 and 0.15
meters, respectively, during the post-stabilization simulation. This increase in flow depth caused
higher stream power values. Additionally, the dark red spot on the left bank of Riffle Cross
Section 1 at station 200 indicates an increase in stream power between the pre- and post-
scenarios. This was supported by a 1-meter drop in the left top of the bank in the field
measurements between 2018 and 2023 (see Appendix D, Figure D.2).

After examining the downstream meander, notable differences in stream power between
the two scenarios were apparent. The dark red and yellow area between stations 800 and 830 in
Figure 4.8 corresponds to the section where the SBS bank shaping technique merges with the

existing streambank. This creates a contraction area where the channel width narrows back to the
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existing streambank, and consequently increasing the flow velocity, as depicted in Figure 4.9
(top picture). The peak difference in this transition zone is approximately -54.27 kg*m?/s® This
heightened zone of stream power extends downstream along the outside bend of the unstabilized
meander, aligning with the increased lateral retreat rates calculated during the post-stabilization
timeframe for the downstream meander (see Table 3.1).

4.3.1.2 Site C102

The entire reach of Site C102 was compared using the RAS mapper calculator to
compute the differences in stream power between the different scenarios. Figure 4.11 shows the
difference between the pre- and post-simulation stream power values on a reach scale using the

same color coded symbology described in the previous section.

Figure 4.11 Difference in stream power (SP, kg*m?/s®) between Pre- and Post-simulations at
Max Flow Depth 892 m3/s. Map output is Pre-Stabilization SP minus Post-Stabilization SP. A
negative value means the stream power increased.

Site C102: Pre Vs
Post Stream Power
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The cyan color between stations 580 and 1480 aligns with the extent of the SBS. This
color indicates a decrease in stream power of approximately 5 to 10 kg*m?/s® from the pre- to
post-scenario. However, in the low to mid bank region above the toe, the stream power increased
by 5 to 16 kg*m?/s®along the right bank as shown by the yellow areas within the SBS meander,
once again aligning with the results of Layzell, Peterson, et al. (2022).

The components of stream power (i.e., velocity, depth, and stream slope) were isolated
and compared in HEC-RAS to help understand these results. This approach revealed notable
changes in velocity and flow depths within the stabilized portion of the reach due to the bank
shaping activities. The greatest increase in flow velocity was approximately 0.7 m/s near station
820, while the flow depth increased by up to 5 meters across much of the bank shaped area.
Figure 4.12 shows the flow velocity and corresponding channel profiles for Cross Section 6
before and after stabilization. Additionally, Figure 4.13 depicts the differences in flow velocity
and depth between the pre- and post-stabilization scenarios for Site C102.

Figure 4.12 HEC-RAS velocity during the max flow depth for the pre- and post-scenarios.
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Figure 4.13 HEC-RAS layers showing the velocity (top) and flow depth difference (bottom) by
taking the pre-stabilization value minus the post-stabilization value for Site C102. A negative

value means the velocity or depth increased.
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Figure 4.12 of Cross Section 6 in the stabilized meander demonstrates how bank shaping
activities increased the flow velocity and depth on the right bank above the toe. In contrast, the
figure also shows that the flow velocity was reduced on the left bank, middle of the channel, and
up to the toe on the right bank for Cross Section 6. These observations align with the results
shown within the stabilized meander in Figure 4.11.

The stream power results in the upstream meander seem to correspond closely with
differences in flow depths shown in Figure 4.13. While changes in flow velocity were detected in
the upstream meander of Site C112 (Figure 4.9, top picture), very little change in flow velocity
was observed in the upstream meander of Site C102. Furthermore, the increase in flow depth in
the upstream portion of Site C102 (Figure 4.13, bottom picture) seems to align with the observed
increases in stream power. Additionally, the small green spot on the top left bank of Cross
Section 1 at station 132 indicates a decrease in stream power between the pre- and post-
scenarios. This matches the calculated depositional lateral retreat derived from field
measurements taken in 2022 (pre-stabilization) and 2023 (post-stabilization, see Table 3.2).

Notable differences in stream power between the two scenarios were apparent in the
downstream unstabilized meander. The yellow and orange areas between stations 1480 and 1870
in Figure 4.11 correspond to a stream power increase between 4 to 12 kg*m?/s®. This increase in
stream power appears to be the direct result of the widespread increase in flow velocity in the
downstream meander (e.g., 0.2 m/s increase downstream of SBS). These results suggest that the
SBS activities in the middle stabilized meander affected the flow dynamics and stream power in
the downstream meander during the post-construction simulation.

The models of sites C112 and C102 reported similar findings within both the stabilized

and unstabilized meanders. In general, the stabilized portion of both reaches had a decrease in
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stream power in the post-stabilization scenario, which is consistent with the findings of Layzell,
Peterson, et al. (2022), who also observed lower local scale erosion rates following stabilization.
Conversely, the unstabilized meanders generally showed an increase in stream power post-
stabilization, enhancing the understanding of how SBS affects the adjacent unstabilized
meanders.

Furthermore, when comparing the findings of the HEC-RAS modeling with those of the
streambed analysis, it becomes evident that the outer bends of the upstream and downstream
meanders at both sites experienced localized bed erosion and exhibited heightened stream power
(see Appendix B, Figures B.4 and B.9; Figures 4.8 and 4.11). This suggests that the increased
stream power caused by the SBS contributes to localized bed erosion.

After analyzing the pre- and post-construction scenarios and comparing the findings to
the field data and lateral retreat rates, it becomes clear that the models are capable of generating
relatively accurate results. Hence, the HEC-RAS model of sites C112 and C102 can serve as an
effective tool for analyzing other SBS design scenarios, including alternatives such as bank
shaping without rock vanes or toe rock, and a mock floodplain bench, as presented in the
following section.

4.3.2 2D Analysis of Alternative SBS Designs

4.3.2.1 Site C112 SBS Alternatives

This section evaluates two hypothetical post-stabilization scenarios that have slightly
different SBS techniques than the ones implemented in the field to see how changing the
stabilization methods affects stream power on the reach scale. It is worth noting that all post-
stabilization scenarios have the same Manning’s n values. Figure 4.14 depicts the difference in

stream power between pre-stabilization and bank shaping only scenarios.
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Figure 4.14 Difference in stream power (SP, kg*m?/s®) between Pre and Bank Shaping Only
simulations at Max Flow Depth 892 m®/s. Map output is Pre-Stabilization SP minus Bank
Shaping Only SP. A negative value means the stream power increased.

Site C112: Pre Vs Bank Shaping Only
Stream Power

In Figure 4.14, the green area spanning the majority of the stabilized meander
demonstrates how bank shaping only at a 3H:1V slope, is capable of reducing stream power.
However, when comparing these results to the pre- versus post-stabilization scenarios shown in
Figure 4.8, it is apparent that the stream power in the low to mid bank region of the stabilized
meander between station 500 and 800 appears to increase as shown by the expansion of the
yellow region. This may be attributed to the absence of rock vanes in the bank shaping only
scenario, which would otherwise slow the flow and perhaps redirect the streamflow toward the
middle of the channel. In contrast, Figure 4.14 shows a decrease in stream power in the
unstabilized area upstream of the construction zone when compared to Figure 4.8. This may be
attributed to the 0.10 to 0.30 meter decrease in flow depth from the post-stabilization scenario to

the bank shaping only scenario.
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Additionally, in Figure 4.14, there is a dark red region near station 810 where the bank
shaping transitions back into the existing stream bank. The peak difference in this transition zone
is approximately -36.35 kg*m?/s®. This area of increased stream power may warrant additional
consideration when designing future SBS projects, as it is observed consistently across all
stabilization scenarios (i.e., Figure 4.8, Figure 4.14, Figure 4.15).

Another notable observation from Figure 4.14 is the absence of significant yellow and red
areas in the downstream meander when compared with the pre- versus post-stabilization
scenarios depicted in Figure 4.8. This observation can be attributed to the consistently higher
velocity values for the post-stabilization simulation, suggesting that the rock vanes in the post-
stabilization scenario effectively redirect the stream flow towards the middle of the channel,
leading to increased stream power values in the downstream unstabilized meander. Bhuiyan et al.
(2009) also noted the capability of rock vanes to redirect flow towards the center of the channel.

Figure 4.15 compares stream power between pre-stabilization and the bench scenario. In
Figure 4.15, the mock floodplain bench appears to reduce stream power even more than the bank
shaping only scenario. The vast majority of the stabilized meander is a darker green than in
Figure 4.14. In the low to mid bank region between stations 475 and 750, the extent of the
yellow stream power area increased slightly when compared to the other SBS scenarios.
However, this can be explained by the increase in flow depth and velocity caused by cutting a
bench into the streambank. Although the bench itself may experience higher fluvial stress, due to
increased flow depths locally, the mock floodplain was able to reduce the stream power

elsewhere by spreading out the streamflow.
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Figure 4.15 Difference in stream power (SP, kg*m?/s®) between Pre and Bench simulations at
Max Flow Depth 892 m®/s. Map output is Pre-Stabilization SP minus Bench Stabilization SP. A
negative value means the stream power increased.

Furthermore, the transition zone between the SBS and the unstabilized downstream
meander also appears to benefit from the bench, with the peak difference being the smallest
among all the SBS scenarios at -16.16 kg*m?/s*. This reduction in stream power extends
downstream along the outside bend of the meander, as evidenced by the presence of cyan and
light blue areas.

When comparing Figure 4.14 to Figure 4.15, subtle variations in the location and
intensity of stream power values were observed in the upstream meander. In general, the bench
scenario had slightly higher velocity values in the upstream meander when compared to the bank
shaping only scenario, which contributed to the subtle differences between the two hypothetical

alternatives.
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Overall, the pre- and post-stabilization scenarios helped validate the accuracy of the
models by comparing the simulated results to what was recorded in the field. Also, the two
alternative SBS scenarios were necessary for understanding how changes in the SBS techniques
directly affect the stabilized meander and the adjacent meanders at Site C112.

4.3.2.2 Site C102 SBS Alternatives

This section evaluates two hypothetical post-stabilization scenarios for Site C102 that
have slightly different SBS techniques than the one that was implemented in the field. This will
help identify how changing the stabilization methods affect stream power on a reach scale.
Figure 4.16 shows the stream power difference between the pre-stabilization and bank shaping
only scenarios for Site C102.

Figure 4.16 Difference in stream power (SP, kg*m?/s®) between Pre and Bank Shaping Only

simulations at Max Flow Depth 892 m®/s for Site C102. Map output is equal to Pre-Stabilization
SP minus Bank Shaping Only SP. A negative value means the stream power increased.
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In Figure 4.16, the green areas between stations 580 to 1480 in the stabilized meander
depict a notable reduction in stream power even with only bank shaping at a 3H:1V slope as the
sole SBS technique. However, when comparing these results to the pre- versus post-stabilization
scenarios shown in Figure 4.11, it is evident that bank shaping alone is not as effective at
reducing stream power within the stabilized meander. This is illustrated by the reduction of green
in the toe, middle, and left bank regions.

Additionally, Figure 4.16 indicates a decrease in yellow in the low to mid bank region
when compared to Figure 4.11. These results may be attributed to the absence of rock vanes in
the bank shaping only scenario. Interestingly, this contradicts what was observed in the model of
Site C112. One potential factor contributing to the differing results between the two sites is the
presence of a small bench constructed during the bank shaping activities in the post-stabilization
scenario of Site C102 (Figure 4.17). This bench, located two-thirds up the right bank within the
entire stabilized meander, is approximately three meters wide and was only modeled in the post-
stabilization simulation (i.e., not incorporated into the bank shaping only scenario). Therefore,
the flow depth and velocity on the right bank in the location of the bench are higher in the post-
stabilization scenario, resulting in greater stream power values in these areas. Moreover, the
bench may function as a small floodplain, helping reduce the velocity in the middle of the
channel and left bank. This could explain the greater extent of green in the pre- versus post-
stabilization comparison (Figure 4.11) compared to the pre- versus bank shaping only scenario

(Figure 4.16).
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Figure 4.17 Profile view of Cross Section 4 at Site C102 showing the small as-built bench
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In the upstream meander, Figure 4.16 indicates an increase in stream power compared to
Figure 4.11, likely due to the 0.03 to 0.12 m/s increase in flow velocity from the post-
stabilization scenario to the bank shaping-only scenario. Since the Manning’s n layer remained
constant between the post-SBS and bank shaping-only scenarios, this increase in flow velocity,
and consequently stream power, in the upstream meander is likely due to the change in SBS
techniques. In the downstream meander of Site C102, Figure 4.16 illustrates a notable absence of
yellow and red when compared with the pre- versus post-stabilization scenarios shown in Figure
4.11. This suggests that the rock vanes in the post-stabilization scenario redirected the stream
flow towards the middle of the channel, resulting in the observed increase in flow velocity and
stream power in the downstream unstabilized meander. In the bank shaping-only simulation, the
downstream meander experienced flow velocities 0.1 to 0.2 m/s slower than the post-
stabilization simulation, which likely explains the differences in stream power between the two

figures. This is consistent with the results observed in the model of Site C112.
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The bank shaping-only scenario seemed less effective at reducing stream power at the
local scale when compared to the other two SBS alternatives. However, it also appeared to have
the least detrimental effect on the upstream and downstream meanders, consistently yielding
lower stream power values in these unstabilized meanders at both C112 and C102.

Figure 4.18 compares stream power between pre-stabilization and the bench scenario.
The mock floodplain bench appears to reduce stream power even more than the post-stabilization
and bank shaping only scenarios. The vast majority of the stabilized meander is a darker green
than in Figures 4.11 and 4.16. In the low to mid bank region of the stabilized zone, the extent of
the yellow stream power area increased slightly when compared to the other two SBS scenarios.
However, similarly to Site C112, this can be explained by the increase in flow depth and velocity
caused by cutting a bench into the streambank. While the bench itself experienced higher fluvial
stress, due to its geometry, the mock floodplain reduced the stream power elsewhere by

spreading out the streamflow.
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Figure 4.18 Difference in stream power (SP, kg*m?/s®) between Pre and Bench simulations at
Max Flow Depth 892 m®/s. Map output is Pre-Stabilization SP minus Bench Stabilization SP. A
negative value means the stream power increased.
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When comparing the upstream meander of Figures 4.11, 4.16, and 4.18, it is evident that
the bench scenario recorded the highest stream power values. This could be attributed to the
bench scenario spreading out the stream flow within the stabilized meander, resulting in reduced
stage levels and a steeper energy slope in the upstream meander. Consequently, this led to
consistently higher stream flow velocities upstream compared to any other alternative. In
contrast, the downstream meander of the bench scenario had the lowest stream power values,
which could be attributed to the reduced stream flow velocities.

For sites C112 and C102, the theoretical scenario featuring a 15-meter-wide bench
halfway up the outside bank of the stabilized meander seemed to have the greatest impact on

reducing stream power locally within the channel and along the toe of the stabilized meander.
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However, this design also appeared to increase flow velocity and the corresponding stream
power values in the upstream meander.

The HEC-RAS models, created using actual pre- and post-stabilization terrain and
streamflow data from sites C112 and C102, offered an additional avenue for understanding the
effects of SBS. While the stream power analysis in Chapter 4 indicates that SBS activities may
increase stream power and influence scouring above the toe rock, a substantial portion of the
stabilized reach below the toe rock, in the middle of the channel, and on the left bank exhibited
lower stream power values in the post-stabilization scenario (see Figures 4.8 and 4.11). This
suggests that the SBS is effective at reducing erosion within the stabilized zone.

However, the modeling also revealed that the current SBS techniques, as well as two
alternative SBS designs tested in HEC-RAS, affect stream power in the adjacent unstabilized
meanders. The SBS technigques themselves seemed to have an impact on how much and where
stream power was affected. For example, the scenario of the mock floodplain bench reduced
stream power within the toe region of the stabilized meander more than any other scenario, while
also limiting stream power in the downstream meander (see Figures 4.15 and 4.18). However,
this scenario had the greatest increase in stream power in the upstream meander, while the bank
shaping only scenario had the least effect on stream power upstream. This may suggest that there
is a smaller bench size somewhere in the middle of the current design (15 meters wide) and the
bank shaping only design with no bench that maximizes the reduction in stream power within the
stabilized zone while minimizing the upstream and downstream effects.

Furthermore, the rock vanes appeared to reduce stream power in the low to mid bank
region (see Figures 4.8, 4.11, 4.14, and 4.16). If included on a smaller mock floodplain bench

design, they could offset some of the inherent stream power increases resulting from increasing
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the flow depth and velocity on the flat bench. Additionally, special attention is needed when
designing the transition between SBS and the existing channel to minimize the effects of channel
contractions.

The analyses of the streambank, streambed, and HEC-RAS modeling were closely
intertwined and supported each other. For example, the HEC-RAS simulations revealed a distinct
pattern in stream power across the three meanders, which was consistent with the retreat rates
derived from the field data. The correlation between increased stream power and heightened
streambank retreat rates upstream and downstream of the SBS demonstrates the predictive
capability of the HEC-RAS models. Furthermore, the decrease in stream power observed within
the stabilized meander, attributed to SBS, corresponds with the post-construction analyses of the
streambed and streambank that indicated a net deposition of streambed material and a reduction
in lateral retreat rates. The connection of these three analyses contributes to a more
comprehensive understanding of the fluvial dynamics occurring on the Cottonwood River.

Various papers have indicated the success of SBS at reducing streambank erosion locally
(Layzell, Peterson, et al., 2022; Naisargi & Mittelstet, 2017; Russell et al., 2021b), which is
consistent with the findings of this paper. The aerial imagery analysis used by Russell et al.
(2021b) found no significant impact of SBS on adjacent unstabilized reaches. However, they
recommended more advanced monitoring techniques to accurately assess the influence of SBS
projects on the entire fluvial system. The monitoring and modeling methods employed in this
study indicate that SBS does indeed have a measurable effect on streambank erosion in adjacent
unstabilized meanders. This contradiction to Russel et al. (2021b) suggests that it is necessary for

additional monitoring and research to fully comprehend the reach scale impacts of SBS.
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Several limitations were identified within this analysis. The availability of survey data
from the post-stabilization period was limited, hindering the ability to discern between long-term
trends or a "break-in" period. Additionally, the absence of stream velocity profiles from an
ADCP impeded the calibration of turbulence model coefficients. Furthermore, the simulations
were based solely on a 10-year return interval flow event. This restricts the understanding of how
stream power is affected within the models to that specific flow event, rather than considering

variations in stream flow magnitudes, intensities, and durations.
4.4 Summary

The models of sites C112 and C102 revealed consistent findings across both stabilized
and unstabilized meanders. Generally, the stabilized portions of both reaches exhibited a
decrease in stream power from pre- to post-stabilization scenarios, while the unstabilized
meanders typically showed an increase in stream power post-stabilization. The effects of SBS on
stream power at the reach scale align with the lateral retreat rates derived from field data in
Chapter 3, which indicated that SBS is effective locally at reducing erosion but can exacerbate it
in adjacent meanders.

The accuracy of the models was validated by comparing pre- and post-stabilization
results to field observations. Additional simulations were conducted to assess how altering SBS
techniques would affect stream power at the reach scale. For sites C112 and C102, a theoretical
scenario featuring a 15-meter-wide bench had the greatest impact on reducing stream power
locally but increased flow velocity and stream power upstream. The actual post-stabilization
terrain scenario also reduced stream power within the stabilized zone but exhibited higher stream
power values downstream. Conversely, the bank shaping-only scenario was less effective locally

but had the least impact on upstream and downstream meanders.

92



The SBS alternative scenarios showed varying success in reducing stream power and
erosion rates within the stabilized zone compared to the pre-stabilization baseline. Each
scenario—whether involving bench construction, bank shaping alone, or modeling the actual
post-stabilization terrain—had its advantages and limitations. These findings underscore the need
for careful consideration of SBS techniques in future designs to achieve desired outcomes while

minimizing unintended consequences on the broader river system.
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Chapter 5 - Conclusion and Future Work

The need for SBS arises from centuries of human alterations to fluvial systems and the
surrounding environment, leading to increased channel instability and erosion rates. These
modifications, which were intended to satisfy economic and social needs, have disrupted the
natural geomorphic processes and worsened erosion and sedimentation issues in river systems
worldwide. In regions such as Kansas, where erosion threatens valuable land and infrastructure,
and sedimentation undermines the functionality of reservoirs, the adoption of SBS has become a
prominent strategy in combating streambank erosion. However, despite the optimism
surrounding SBS, its long-term effectiveness at the reach scale remained uncertain, necessitating
further research to fully understand its impact on fluvial systems. The literature review in
Chapter 1 identified several research questions for this case study on SBS. The research
questions included:

1. Does SBS decrease streambank erosion at the stabilized site?

2. Does SBS increase streambank erosion upstream or downstream of the SBS site?
3. Does SBS induce aggradation or degradation at the reach scale?

4. Does SBS affect stream power at the reach scale?

To answer these questions, a reach scale case study was conducted on two sites located
upstream of the John Redmond Reservoir on the Cottonwood River in east-central Kansas. The
following research objectives were completed:

o Evaluate lateral erosion rates pre- and post-stabilization by comparing channel cross

sections from topographic surveys (Chapter 3).
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o Assess reach scale bed erosion and/or deposition rates pre- and post-stabilization by

comparing surface models created in Civil3D using bathymetric data (Chapter 3).

o Assess stream power at a reach scale pre- and post-stabilization by modeling SBS site

configurations and reach conditions in HEC-RAS (Chapter 4).

After the literature review and site description in chapters 1 and 2, the subsequent
chapters focused on the objectives and answering the research questions. In Chapter 3, the lateral
erosion rates and bed erosion and/or deposition rates were calculated before and after SBS at the
reach scale. The streambank results showed that SBS reduced lateral erosion at the stabilized
sites during the initial post-stabilization timeframes. The results also indicated an increase in
streambank erosion upstream and downstream during the same timeframes. The streambed
results indicated that SBS and a lack of flow events induced aggradation at the reach scale after
stabilization. However, these results are based on the limited post-stabilization terrain data, and
more monitoring is necessary to determine the long-term effects of SBS on the streambank and
streambed of these two sites.

The hypothesis posed in Chapter 1 stated that degradation would be the dominant fluvial
adjustment directly upstream of the stabilized site, and aggradation would take place
downstream. However, this hypothesis was incorrect as the sites did not act as “sediment transfer
zones” during the initial post-construction period. This was evident by the majority of both
reaches experiencing deposition.

Chapter 4 focused on modeling stream power using HEC-RAS. The two-dimensional
models predicted that all of the combinations of SBS studied in this paper would affect stream

power at the reach scale. The simulations indicated stream power would increase in the upstream
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and downstream meander while decreasing locally in the stabilized zone. These results were
influenced by changes in flow velocity and depth caused by channel alteration from SBS.

This research has many potential avenues for future work. One such avenue is simulating
various flow events with different durations and magnitudes, which could provide valuable
insights and enhanced understanding of the impacts of streambank stabilization across the entire
reach. While this study focused on a 10-year return interval flow event, smaller and more
frequent flow events, such as the bankfull discharge occurring within a 1-year to 2-year return
interval, play a significant role in sediment transport within the stream (Leopold et al., 1964).
These modest events, despite their lower magnitude, contribute substantially to geomorphic
processes due to their frequency (Leopold et al., 1964). Therefore, future research should
consider incorporating simulations corresponding to a 1.5-year flow event to capture the effects
of these more frequent events on sediment transport dynamics. Moreover, it may be necessary to
simulate larger stream flow events, such as the 25-year, 50-year, and 100-year return interval
flow events, which are responsible for sediment movement on a less frequent, but more extreme
basis (Whiting et al., 1999). This paper is limited to the simulation of a single flow event, and a
broader range of simulated flow events is necessary to fully understand the impacts of
streambank stabilization across different flow conditions.

Sediment transport modeling is another aspect of this research that should be evaluated in
great detail. A viable option is to use one-dimensional sediment transport modeling in HEC-RAS
to analyze how these SBS projects are impacting the transportation of streambank sediment
directly. In addition, HEC-RAS offers a two-dimensional option as well that may be able to run
more detailed sediment analyses. Valuable insights could be gained by quantifying how the reach

scale sediment load changes in response to site specific SBS construction. Along with the
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sediment transport modeling, HEC-RAS is also capable of performing one-dimensional bank
erosion modeling which could be utilized as another method of analyzing SBS.

Furthermore, it may be worth considering an alternative approach to estimating the input
flow hydrograph at Site C112. Instead of assuming that the input hydrograph mirrors the flow
recorded at the downstream USGS stream gage, a potential option would be to use a HEC-HMS
model to simulate the watershed upstream of Site C112. This approach involves using inflow
hydrographs from multiple USGS stream gages located on tributaries upstream of Site C112,
alongside the original downstream USGS stream gage on the Cottonwood River for calibration
and validation against observed data. By using a HEC-HMS model, future analyses could derive
a more accurate inflow hydrograph at the boundary of the RAS model for Site C112, mitigating
the errors associated with assuming identical input hydrographs for both sites. A preliminary
HEC-HMS model was briefly developed for this study. However, more data collection, model
refinement, and testing were needed before integrating it into the methodology.

Finally, alternative methods for surveying the river’s bathymetry emerge as possible
avenues for future work. While the current use of a robotic total station offers precision, cost-
effectiveness, and minimal risk, it's inherently time consuming and tedious. Alternative
techniques such as GNSS and sonar surveying present promising avenues for overcoming these
limitations. GNSS-based methods offer rapid data acquisition capabilities, enabling more
efficient coverage of larger areas within the reach. Similarly, sonar surveying methods provide a
non-invasive and time-efficient means of collecting detailed bathymetric data, especially in
deeper sections where traditional methods may prove challenging. Exploring these alternative
surveying methods not only enhances the efficiency of data collection but also provides an

opportunity to extend the reach boundaries. By enabling data collection further upstream and
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downstream of the SBS projects, these surveying methods allow for a more comprehensive
understanding of the hydraulic conditions, morphological changes, and impacts of SBS projects
across even broader spatial scales.

Through comprehensive analyses of lateral erosion rates, changes in streambed
morphology, and simulations of stream power, this study provided insights into the overall
impact of SBS techniques on streambank erosion at a reach scale. While more research is needed
to determine if the net amount of sediment that is carried by the river was reduced by these
projects, it is clear that localized SBS has reach scale impacts that can increase streambank
erosion. Therefore, when designing projects, it is important to consider the entire reach instead of
just the site. Additionally, HEC-RAS can help designers make decisions and reduce impacts.
Ultimately, these findings contribute to a deeper understanding of the effectiveness and broader
implications of SBS projects on river systems, guiding future monitoring and decision-making

for sustainable river management practices.
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Appendix A - Streambank Lateral Retreat Rate Analysis Tables

Appendix A Table A.1 Differences in cross-sectional area (Aqd) between consecutive yearly
surveys for streambank analysis at Site C112.

Site C112: Difference in Area (m?)

Cross SELLSE 201802019 | 2019t02021 | 2021t02022 | 2022 to 2023
Section ID it

XS 1 Right -2.87 -1.90 -1.83 0.16
XS 2 Right 10.45 5.62 0.32
XS 3 Right 22.23 7.58 -0.92
XS 4 Right 26.90 1.27 -0.88
RXS 2 Right 37.23 1.02 -0.44
XS 5 Left -3.90 4.89 -0.37 0.99
XS 6 Left 11.48 8.71 8.52 0.02
XS 7 Left 5.42 2.85 3.38 4.73

Appendix A Table A.2 Differences in cross-sectional area (Aq) between consecutive yearly
surveys for streambank analysis at Site C102.

Site C102: Difference in Area (m?)

g:z:lson Bank of | 515 162019 | 2019 t0 2021 | 2021 to 2022 | 2022 to 2023 | 2023 to 2024
D Interest

XS 1 Left 9.94 6.26 10.95 -4.59 5.16
XS 2 Left 1.17 5.78 2.13 4.83
XS 3 Right 21.53 7.10 -3.04 -6.39
XS 4 Right 18.74 0.18 13.84 -4.08
XS 5 Right 15.96 9.67 4.92 -4.28
XS 6 Right 10.37 11.67 1.23 -2.63
XS 7 Right 22.46 6.22 2.68 -7.61
XS 8 Left 5.29 -0.03 0.18 15.48
XS 9 Left 5.86 2.15 -1.39 -12.84
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Appendix A Table A.3 Illustrates the total streamflow volumes in cubic kilometers for the
timeframes at both Site C112 and Site C112. The variations in flow volumes across the two site’s
timeframes are due to differences in the exact dates of the survey missions.

Site C112: Total Streamflow Volume (km?3)

Site C102: Total Streamflow Volume (km?3)

2018to | 2019to | 2021to 2022 to 2018to | 2019to | 2021to | 2022to | 2023 to
2019 2021 2022 2023 2019 2021 2022 2023 2024
2.26 1.01 0.76 0.09 2.25 1.11 0.67 0.07 0.25

Appendix A Table A.4 Summary of Average Bank Heights for each cross section at Site C112.

Site C112: Average Bank Height (m)
Cross
Section | 2aMKOF | 5018102019 | 201902021 | 2021t02022 | 2022 to 2023
D Interest
XS1 Right 6.40 6.34 6.17 6.01
XS 2 Right 9.85 10.03 4.88
XS3 Right 9.98 10.51 4.05
XS4 Right 9.49 9.80 4.92
RXS 2 Right 9.46 9.43 5.32
XS5 Left 3.76 3.47 3.42 3.71
XS 6 Left 11.77 11.86 12.14 12.31
XS7 Left 9.74 9.83 10.04 10.17

Appendix A Table A.5 Summary of Average Bank Heights for each cross section at Site C102.

Site C102: Average Bank Height (m)
Cross
Section | Bank of 2018 to 2019 | 2019 to 2021 | 2021 to 2022 | 2022 to 2023 | 2023 to 2024
ID Interest
XS1 Left 10.02 10.28 10.17 10.30 10.64
XS 2 Left 9.22 9.22 9.11 8.89
XS3 Right 9.57 9.55 9.64 5.75
XS4 Right 9.79 9.31 8.28 6.22
XS5 Right 10.31 10.29 10.31 6.29
XS 6 Right 8.26 8.14 8.04 5.64
XS 7 Right 9.46 9.32 9.20 5.39
XS 8 Left 7.52 7.75 7.44 7.28
XS 9 Left 9.91 10.11 10.35 10.29
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Appendix B - Streambed Analysis Maps
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Appendix B Figure B.1 Site C112 Streambed Cut and Fill Map from 2018 to 2019
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Appendix B Figure B.2 Site C112 Streambed Cut and Fill Map from 2019 to 2021
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Appendix B Figure B.3 Site C112 Streambed Cut and Fill Map from 2021 to 2022
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Appendix B Figure B.4 Site C112 Streambed Cut and Fill Map from 2022 to 2023
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Appendix B Figure B.5 Site C102 Streambed Cut and Fill Map from 2018 to 2019
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Appendix B Figure B.6 Site C102 Streambed Cut and Fill Map from 2019 to 2021
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Appendix B Figure B.7 Site C102 Streambed Cut and Fill Map from 2021 to 2022
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Appendix B Figure B.8 Site C102 Streambed Cut and Fill Map from 2022 to 2023
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Appendix B Figure B.9 Site C102 Streambed Cut and Fill Map from 2022 to 2024
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Appendix C - HEC-RAS Modeling Components

Appendix C Figure C.1 HEC-RAS perimeters for Site C112 (top) and Site C102 (bottom).
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Appendix C Figure C.2 HEC-RAS pre-stabilization breaklines for Site C112 (top) and Site
C102 (bottom).
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Appendix C Figure C.3 HEC-RAS refinement regions for Site C112 (top) and Site C102
(bottom).
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Appendix D - Cross Section Overlays

Appendix D Figure D.1 Site C112 Cross Section 1 Overlays
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Appendix D Figure D.2 Site C112 Riffle Cross Section 1 Overlays
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Appendix D Figure D.3 Site C112 Cross Section 2 Overlays
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Appendix D Figure D.4 Site C112 Cross Section 3 (Stabilized) Overlays
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Appendix D Figure D.5 Site C112 Cross Section 4 (Stabilized) Overlays
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Appendix D Figure D.6 Site C112 Riffle Cross Section 2 (Stabilized) Overlays
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Appendix D Figure D.7 Site C112 Cross Section 5 Overlays
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Appendix D Figure D.8 Site C112 Cross Section 6 Overlays
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Appendix D Figure D.9 Site C112 Cross Section 7 Overlays
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Appendix D Figure D.10 Site C102 Riffle Cross Section 1 Overlays
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Appendix D Figure D.11 Site C102 Cross Section 1 Overlays
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Appendix D Figure D.12 Site C102 Cross Section 2 Overlays
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Appendix D Figure D.13 Site C102 Cross Section 3 (Stabilized) Overlays
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Appendix D Figure D.14 Site C102 Cross Section 4 (Stabilized) Overlays
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Appendix D Figure D.15 Site C102 Cross Section 5 (Stabilized) Overlays
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Appendix D Figure D.16 Site C102 Cross Section 6 (Stabilized) Overlays
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Appendix D Figure D.17 Site C102 Cross Section 7 (Stabilized) Overlays
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Appendix D Figure D.18 Site C102 Riffle Cross Section 2 Overlays
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Appendix D Figure D.19 Site C102 Cross Section 8 Overlays
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Appendix D Figure D.20 Site C102 Cross Section 9 Overlays

Elevation (ft)

1000

990

985

965

960

40

60

Site C102: Cross Section 9

80 100 120
Station (ft)

140

160

180

141




