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HIGHLIGHTS

o Eleven general streambank stabilization (SBS) techniques have been used worldwide.

Rules-of-thumb and practitioner experience are still heavily applied in SBS design.

Research needs include assessing the spatiotemporal variability of SBS and improving numerical simulation.
Future SBS experiments need to include design details with results that can be easily communicated to designers.

ABSTRACT. Streambank stabilization techniques, designed to maximize localized streambank shear strength and/or mini-
mize the forces acting on a streambank, have been in existence for centuries and are still a popular river management
technique used by practitioners worldwide. The purpose of this literature review is to identify common streambank stabili-
zation techniques, compile and summarize the recent peer-reviewed journal articles on these techniques, and determine
research needs. Eleven general streambank stabilization practices, consisting of both instream structures and streambank
management techniques, are identified in this literature review. Over 140 peer-reviewed journal articles on these techniques
have been published over the last 20 years. To improve design and implementation of streambank stabilization techniques,
two major research needs were identified: (1) further assess and quantify the spatiotemporal effects that streambank stabi-
lization practices have on bank erosion, hydraulics, sediment transport, and habitat and (2) continue to improve numerical
models for streambank stabilization design in order to holistically evaluate and address these effects. In addition, a list of
specific research needs for each stabilization technique is provided. To help address these research needs, it is recommended
that future streambank stabilization publications should (1) use consistent technique nomenclature, (2) provide character-
istic details about the techniques and channels studied, (3) justify the experimental setup, and (4) explain how the research

will improve streambank stabilization design.

Keywords. Bankfull bench, Barb, Bioengineering, Deflector, Dike, Dyke, Groin, Groyne, Jetty, Large woody debris,
LPSTP, Retarder, Revetment, Riprap bank, River training, Shaping, Spur, Stream restoration, Streambank erosion,

Streambank stabilization, Toe rock, Toe wood, Vane, Weir.

n many streams across the globe, excess sediment and
sorbed pollutants (e.g., phosphorus, pesticides, patho-
gens, etc.) are a leading water quality impairment,
threatening water supply availability, aquatic ecosys-
tem biodiversity, and the benefits that these ecosystems may
provide (Vorosmarty et al., 2010; Walling and Fang, 2003).
While sediment can originate from a variety of sources in-
cluding rill, gully, or channel erosion, the main source in
many impaired streams is channel erosion and primarily
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streambank erosion (Belmont et al., 2011; Gellis and Sani-
saca, 2018; Hassan et al., 2017; Juracek and Ziegler, 2009;
Trimble, 1997).

Over the years, streambank erosion has developed a rep-
utation as a process that needs to be halted, as it often puts
valuable infrastructure and land at risk. However, from a ge-
omorphic and ecological viewpoint, this belief is not always
valid. Streambank erosion is a natural and necessary geo-
morphic process that dissipates flow energy and introduces
both sediment and organic debris that are essential for the
creation, maintenance, and diversification of aquatic habitat
(Florsheim et al., 2008). Rates of streambank erosion depend
on streambank shear strength and the gravitational and hy-
draulic forces that act on it (Simon et al., 2000). These dom-
inant drivers are influenced by the streambank’s sediment
composition, pore-water pressure, bank geometry (Simon et
al., 2000), vegetation type and density (Pollen, 2007), and
location along the stream (Parker et al., 2008), as well as the
stream’s morphology (Papanicolaou et al., 2007), water
stage, flow regime, slope (Simon et al., 2000), chemical
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properties (Hoomehr et al., 2018), climate (Couper and Mad-
dock, 2001), and channel evolution phase (Simon and Hupp,
1986). With these in mind, streambanks can erode in three
general ways: via subaerial weakening and weathering, flu-
vial erosion, and/or mass wasting due to geotechnical failure.
Furthermore, dominant streambank erosion processes and
rates often vary through space and time, as boundary condi-
tions change and forces shift (Couper, 2004).

Disturbance within a drainage area can cause channel in-
stability through bed degradation and/or aggradation and, as
a result, accelerate streambank erosion. Channel instability
continues, with the channel cycling through a number of
evolutionary phases, until a dynamic equilibrium is reached
(Simon and Hupp, 1986). The process of channel evolution
could take decades to centuries to achieve, depending on
stream and watershed characteristics (Simon and Rinaldi,
2000). Channel instability and accelerated streambank ero-
sion are deleterious; they increase sediment and nutrient
loading downstream (Walling and Fang, 2003), lead to bio-
logical impairment (Vorosmarty et al., 2010), and may also
have adverse effects on infrastructure and land (Fox et al.,
2016; Morris et al., 1996). Both natural and anthropogenic
influences can cause stream instability. Natural influences
generally occur over a geological timescale and include
changes in climate, vegetation, topography, and sediment
source. Alternatively, anthropogenic influences can have an
almost immediate effect on channel stability. Examples of
anthropogenic influences include channelization, construc-
tion of dams and levees, deforestation, dredging, human-in-
duced climate change, urbanization, and conversion of land
for agricultural purposes (Goudie, 2006; Kondolf, 1997; Si-
mon and Rinaldi, 2000; Trimble, 1997).

In an attempt to mitigate the impacts of channel instabil-
ity and/or protect infrastructure and land, scientists and prac-
titioners have developed river management techniques with
the intent of reducing streambank erosion, and in some
cases, expediting the channel evolution process. One ap-
proach is to implement reach-scale to river-scale stream res-
toration on unstable systems. Stream restoration is often de-
fined as the design and construction of a vertically and later-
ally stable, floodplain-connected channel that is capable of
carrying the bankfull or effective discharge, which typically
occurs within a one-year to two-year return interval, and its
produced sediment load (Rosgen, 1996; Shields et al.,
2003a). Rather than “fixing” or “training” a stream, restora-
tion efforts assist in the improvement of physical and/or bi-
ological processes that may have been compromised due to
disturbance (Wohl et al., 2005). For example, by reconnect-
ing the stream to a low-lying floodplain, both flow energy
dissipation and habitat heterogeneity can be improved, mak-
ing the stream more physically and biologically resilient to
major flooding events (Palmer et al., 2005; Rosgen, 1996).
However, prior to implementing restoration efforts on the
reach to river scale, Wohl et al. (2005) noted the importance
of first addressing the watershed-scale issues that may have
caused channel instability and ecosystem degradation to oc-
cur in the first place. Due to the scale of these projects,
stream restoration can be difficult to promote and imple-
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ment, as projects tend to be expensive (Moerke and Lam-
berti, 2004) and may require cooperation from several land-
owners.

An alternative to stream restoration is streambank stabili-
zation. Streambank stabilization is defined as a single tech-
nique or system of techniques that maximize localized
streambank shear strength and/or minimize the forces acting
on a streambank with the intent of halting or minimizing lat-
eral retreat. Streambank stabilization systems are the oldest
(Evette et al., 2009; Uijttewaal, 2005) and arguably the most
popular river management technique used by practitioners.
Streambank stabilization systems can be a component of a
stream restoration plan, but they are often developed on a
site-by-site basis due to the societal need to protect local in-
frastructure or land. When implemented in this manner, crit-
ics have referred to these systems as a “one size fits all”
(Rosgen, 1996) or “Band-Aid” (Bernard and Tuttle, 1998)
approach to restoration, as they may not address the under-
lying cause of instability and/or may result in instability at
the stabilized site and elsewhere (Florsheim et al., 2008;
Rosgen, 1996; Wohl et al., 2005).

Streambank stabilization systems typically consist of
(1) hard engineering techniques, (2) plant-based bioengi-
neering techniques, or (3) a combination, often with the in-
tent of halting streambank erosion. Hard engineering ap-
proaches incorporate rock riprap, recycled construction ma-
terial, concrete, steel pilings, sand bags, gabion baskets, or
other inorganic material to build structures and/or harden
streambanks. Bioengineering solutions employ organic ma-
terial, living or non-living, such as wood, plants, and live
cuttings, to provide roughness and add tensile strength.

The design and implementation of streambank stabiliza-
tion systems began as early as the first century CE, when
bioengineering approaches were described by Columella, an
authority on agriculture in the Roman Empire (Evette et al.,
2009). Hard engineering and river training approaches were
developed several centuries later and have been described
and installed since at least the 16th century in Europe
(Uijttewaal, 2005) and, on a much larger scale, since the end
of the 19th century in both the U.S. and Europe (Evette et
al., 2009; Thompson and Stull, 2002). However, over the last
three decades, bioengineering techniques have regained in-
terest, as awareness of the need to protect and maintain eco-
systems has increased (Evette et al., 2009). Even though
many streambank stabilization techniques have been around
for centuries, the success of different techniques varies
widely (Miller and Kochel, 2010, 2013) and depends largely
on the location and conditions of the site, as well as the ex-
perience (Abad et al., 2008; Minor et al., 2007) and, frankly,
opinion of the designer (Rosgen, 2008; Simon et al., 2007).

Given the popularity of streambank stabilization systems
as well as the concerns regarding their use, this article fo-
cuses on streambank stabilization, providing a summary of
the techniques as well as an in-depth review of the research
and/or monitoring that has been implemented to assess the
physical and biological effects of these systems. Based on
this comprehensive review of streambank stabilization sys-
tems, a list of future research needs is also presented.
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METHODS
IDENTIFICATION OF STREAMBANK
STABILIZATION TECHNIQUES

Streambank stabilization techniques were identified by
(1) including practices that the author has designed, moni-
tored, and/or learned about in the past, (2) reviewing various
streambank stabilization and stream restoration design man-
uals, and (3) searching both academic literature databases
and the internet for keywords such as streambank stabiliza-
tion, streambank erosion mitigation, and stream restoration.
Based on this review, it was concluded that there are two
types of streambank stabilization approaches: (1) instream
structures and (2) streambank management techniques.
Streambank stabilization techniques can be further divided
by their intended function. There are four general functions
of streambank stabilization techniques: (1) shear strength ad-
dition, (2) gravitational force reduction, (3) hydraulic force
reduction, and/or (4) habitat improvement. Shear strength
addition includes increasing the strength of a streambank by
physically altering the bank material composition and/or
adding vegetation roots. Gravitational force reduction in-
volves removing and/or counteracting the streambank’s
weight. Deflecting and/or dissipating flow energy in the
eroding bank region reduces the applied hydraulic force. Fi-
nally, improving aquatic and riparian habitat can be achieved
by increasing habitat heterogeneity and/or providing cover.

Although the name and design specifications associated
with specific streambank stabilization techniques have var-
ied over time and among practitioners, eleven general cate-
gories of techniques were identified through this process
(table 1). Example images of all of these techniques (except
for a hardened streambank) are provided in figure 1. Table 1
also provides the intended function of each streambank sta-
bilization technique. Definitions and alternate names for
these techniques are provided in the “Recent Research and
Monitoring of Streambank Stabilization” section of this ar-
ticle.

Although stabilization of an incising streambed by in-
stalling grade control structures is considered an essential
prerequisite to streambank stabilization to reduce chance of
system failure (Enlow et al., 2018; Shields et al., 2004;
NRCS, 1996), streambed stabilization techniques are not re-
viewed in this article. For more information about grade con-
trol structures, see Radspinner et al. (2010).

GUIDELINES FOR STREAMBANK STABILIZATION
LITERATURE REVIEW

Streambank stabilization research and monitoring efforts
have been disseminated through reports, textbooks, maga-
zines, dissertations, etc., but in an effort to refine the reported
results, only peer-reviewed publications published in the last
20 years and written or translated in English are summarized
and discussed in this review article. Although a significant
effort was put forth in gathering all publications regarding
the aforementioned streambank stabilization techniques,
some publications may have been missed. This review arti-
cle focuses on the physical (hydraulics, bank erosion, and
sediment transport) and biological effects of streambank sta-
bilization systems, as assessed through physical models, nu-
merical models, and field studies.

RECENT RESEARCH AND MONITORING
OF STREAMBANK STABILIZATION

Overall, 146 peer-reviewed publications on streambank
stabilization systems were found. Tables A1 through A17 in
the Appendix provide each publication’s research objec-
tives, spatiotemporal scale, experimental design, and key
findings, sorted by streambank stabilization technique. Fig-
ure 2 shows the cumulative number of publications from
1998 to 2019 for each identified streambank stabilization
technique. Definitions of these techniques are provided in
later sections.

Based on figure 2, bendway weirs, impermeable spurs,
and rock vanes are the most commonly evaluated stream-
bank stabilization techniques. Publication rates for studies of
bendway weirs, rock vanes, and hardened streambank man-
agement techniques (i.e., retaining wall, riprap bank) have
increased over the last ten years, while the literature on im-
permeable spurs has plateaued. Furthermore, the literature
on soft streambank management techniques (i.e., vegetation,
toe rock, bank shaping, etc.) has stayed steady over this time
period at a rate of about one publication per year. Submerged
vanes and permeable spurs are the least studied techniques,
with a rate of one publication every two to three years, sug-
gesting that these techniques are not as common as the oth-
ers.

Of the research found on streambank stabilization, 80%
of the studies evaluated instream structures, while only 29%
evaluated streambank management techniques. There were
three main study types: physical modeling, field studies, and

Table 1. General streambank stabilization techniques and their intended function (names and specifications of each technique may vary).

Streambank Stabilization Techniques

Streambank Management Techniques

Instream Structures Soft Hard
Intended Impermeable Bendway Permeable  Submerged Woody Toe Bank Bankfull Hardened
Function Spurs Weirs Rocks Spurs Vanes Revetments Rock Shaping Bench  Bioeng. Bank
Shear ;tr'ength ) ) ) X X ) ) X X
addition
Gravltatloqal force ) ) ) . } X X X ) X
reduction
Hydraulic force X X X X X X B B x x R
reduction
. Habitat X X X R X R R X X R
improvement
& Bioengineering: includes all forms of bioengineering streambank management techniques, such as vegetative plantings, live stakes, etc.;
I Only woody revetments placed along the streambank toe (also known as toe wood).
63(2): 351-387 353



(2)

(b)

Figure 1. Examples of streambank stabilization techniques (white arrows indicate flow direction): (a) impermeable spur on Kansas River, Kansas,
(b) bendway weirs, toe rock, and streambank shaping on Big Blue River, Kansas, (¢) rock vanes, toe rock, and streambank shaping on Cowskin
Creek, Kansas, (d) permeable spurs on Solomon River, Kansas (photo courtesy of Wildhorse Riverworks, Inc.), (¢) concrete submerged vanes
(photo from Iowa DNR, 2006), and (f) woody revetment/toe wood, bankfull bench, and planted vegetation on Yampa River, Colorado.

numerical modeling. Physical modeling studies were the
most popular (41%), followed by field studies (32%), and
numerical modeling studies (28%), as shown in figure 3.
However, the majority of the instream structures studies
used a physical model, while streambank management tech-
niques were primarily assessed in the field (fig. 4). Since
2004, researchers have been working to improve numerical
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modeling of streambank stabilization techniques (fig. 3) us-
ing results from both physical modeling and field monitor-
ing. Ideally, application of numerical models that are capa-
ble of simulating all physical processes would replace and/or
enhance “rules of thumb” and assist designers in developing
effective designs with minimal unintended impacts
(Khosronejad et al., 2017).
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Figure 3. Cumulative publications by study type since 1998.

Four primary study objectives were identified across the
collection of studies reviewed: effects on bank erosion, hy-
draulics, sediment transport, and habitat (fig. 5). While many
studies evaluated more than one effect, the most common
study objective was the effect on sediment transport (90% of
the 146 studies), followed by the effect on bank erosion

-
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—
o

R Vanes

Weirs

Spurs

Pemn Spurs

(68%), hydraulics (63%), and habitat (34%). Interestingly,
the effect on bank erosion of streambank stabilization tech-
niques was not the most commonly studied physical effect
across all studies. However, the effect on bank erosion was
the most common study objective for streambank manage-
ment techniques, such as hard and soft engineering tech-
niques and woody revetments. Scour induced by stabiliza-
tion techniques can result in failure of any technique but is
more prevalent with instream structures. Therefore, it is not
surprising that the effect on sediment transport was the most
commonly studied objective with instream structures. Fur-
thermore, in addition to bank erosion mitigation, several in-
stream structures have also been applied for maintaining
navigation channels and improving pool habitat. The follow-
ing sections provide a more in-depth review of each stream-
bank stabilization technique, including definitions of struc-
tures, how each technique works, and the research and/or
monitoring that has been conducted over the last 20 years.

INSTREAM STRUCTURES

The primary purpose of all instream structures, as shown
in table 1, is to reduce applied shear stress, or the hydraulic
force acting on a streambank. Impermeable flow deflectors,

S Vanes Hard

Streambank Stabilization Technique

i Physical Model

 Field Study

Mumerical Model

Figure 4. Primary study type by streambank stabilization technique: Spurs = impermeable spurs; Weirs = bendway weirs; R Vanes = rock vanes;

Perm Spurs = permeable spurs; S Vanes = submerged vanes; Wood =

vegetation/bioengineering; and Hard = hardened bank.
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woody revetments; Soft = toe rock, bank shaping, bankfull bench, and
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Figure 5. Study objective by streambank stabilization technique: Spurs = impermeable spurs; Weirs = bendway weirs; R Vanes = rock vanes;
Perm Spurs = permeable spurs; S Vanes = submerged vanes; Wood = woody revetments; Soft = toe rock, bank shaping, bankfull bench, and
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often composed of rock, are likely the most common in-
stream structure. Typically placed as a series of structures,
impermeable flow deflectors are commonly used to redirect
the thalweg away from the streambank toe by disrupting the
natural, but erosive, helical flow pattern of meander bends
(Abad et al., 2008; Jia et al., 2005, 2009). This helical flow
pattern, or secondary current, is generated by the cross-sec-
tion’s velocity gradient and the centrifugal forces present
through a meander bend. Another benefit of rock instream
structures is that they can increase the spatial heterogeneity
of aquatic habitat through the creation of scour holes and
backwater areas (Shields et al., 1998a). In some cases, in-
stream structures are placed on both sides of the stream, of-
ten referred to as double-wing deflectors, either to enhance
navigation channels (Engelhardt et al., 2004, Sukhodolov et
al., 2004; Schwartz and Kozerski, 2003; Ten Brinke et al.,
2004) or pool habitat (Biron et al., 2004; Pretty et al., 2003;
Thompson, 2002), in addition to providing streambank pro-
tection. Examples of these structures include impermeable
spurs, bendway weirs, rock vanes, j-hook vanes, and stream
barbs. The remaining instream structures, including perme-
able spurs, submerged vanes, and woody revetments, allow
flow through and around them, dissipating flow energy and
promoting deposition in the near-bank region. Woody revet-
ments, both flow deflectors and toe wood, are included in
this section.

The following sections provides a summary of the research
and monitoring conducted from 1998 to 2019 on six types of
instream structures. Some studies may appear in multiple in-
stream structure summaries because (1) the researchers as-
sessed multiple types of structures and/or (2) the researchers
did not provide enough information about the instream struc-
ture to confidently place it in a particular category.

Impermeable Spurs

Impermeable spurs (fig. 1a) are tall structures built to the
bankfull elevation or higher that force most flows around
them, redirecting the current away from the streambank
(Lagasse et al., 2009). These structures are often placed per-
pendicular to flow. Other names for these structures include
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jetties, spur dikes (or dykes), and groins (or groynes). Imper-
meable spurs are the oldest form of instream structures and
have been documented in Europe as early as the 16th century
(Sukhodolov et al., 2002; Uijttewaal, 2005). Although these
structures have been used to stabilize streambanks in recent
years, historically they were installed primarily to improve
navigation by maintaining channel depth (Duan et al., 2009;
Engelhardt et al., 2004; Ettema and Muste, 2004; McCoy et
al., 2008; Uijttewaal, 2005; Sukhodolov et al., 2004; Tera-
guchi et al., 2011; Zhang et al., 2012).

The installation of impermeable spurs induces three-di-
mensional (3D) flow turbulence off the spur tip that is often
described as a horseshoe, necklace, whirlpool, or tornado-
like vortex (Duan, 2009; Koken, 2011; Koken and Con-
stantinescu, 2008a, 2008b; Kothyari and Ranga Raju, 2001;
McCoy et al., 2008; Zhang et al., 2009). These vortices cause
scour at the spur (Koken and Constantinescu, 2008b) and
have been found to be largely affected by spur dimensions,
spacing, and flow conditions (Fazli et al., 2008; Koken and
Gogus, 2015; Uijttewaal, 2005). In addition, impermeable
spurs create a recirculation zone just downstream of the
structure that has been found to induce deposition near the
toe of the streambank (Koken and Constantinescu, 2008b;
Sukhodolov et al., 2002; Uijttewaal et al., 2001). This recir-
culation zone has also been described as a wake vortex
(Zhang et al., 2009) or gyre (Sukhodolov et al., 2002).

Since 1998, 36 studies on impermeable spurs have been
published and are summarized in tables A1 through A3 in the
Appendix. The majority of these were site-scale studies
(92%), conducted by engineers (88%) in Asia (58%), with
physical modeling studies (56%) being the most popular ap-
proach (fig. 6). Of both the physical and numerical models
completed since 1998, the majority evaluated a single spur in
a straight channel with a fixed bank and a low width-to-depth
ratio. Numerical models (22%) and field studies (22%) have
also been conducted, as shown in figure 6. Of the eight nu-
merical modeling studies, the majority used 3D modeling ap-
proaches. The effect on sediment transport was the most com-
mon research objective for impermeable spurs (73%), while
the effect on habitat was the least common (8%; fig. 5).
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Figure 6. Temporal distribution of impermeable spur studies.

Most of the impermeable spurs evaluated in research
were placed to extend from the streambed to the top of the
streambank at an angle of 90° from the tangent of the bank
line, with the exception of a few studies (e.g., Acharya and
Gautam, 2012; Koken, 2011; Scurlock et al., 2015; Teragu-
chi et al., 2011; Wu et al., 2005). Impermeable spur lengths
and spacing varied, with lengths ranging from 1% to 58% of
the channel width and spacing ranging from 0.01 to 4 times
the length of the impermeable spur.

While some studies evaluated how spurs reduced veloci-
ties and induced deposition in the near-bank region (Acharya
and Gautam, 2012; Burele et al., 2012; Teraguchi et al.,
2011; Zhang and Nakagawa, 2009), Radspinner et al. (2010)
and Wu et al. (2005) were the only studies to note the effec-
tiveness of impermeable spurs in reducing bank erosion
rates. Wu et al. (2005) found that the addition of spurs along
a concave, eroding bank effectively reduced channel migra-
tion and that implementation of enough stabilization
measures could shift a stream of interest from a braided
channel form to a confined and meandering form. Similarly,
based on a survey of stream restoration designers, Radspin-
ner et al. (2010) found that instream structures, such as im-
permeable spurs, seemed to succeed in mitigating bank ero-
sion on channels with high width-to-depth ratios and when
multiple structures were installed.

Alternatively, most studies focused on the hydraulic and
sediment transport effects of impermeable spurs. Duan
(2009) and Duan et al. (2009) estimated that shear stress off
the tip of impermeable spurs increased by as much as three
to eight times the average, resulting in scour. Scour is a key
design consideration with impermeable spurs, as excessive
scour can result in structure failure (Zhang et al., 2012). Re-
searchers noted that scour dimensions and/or applied shear
stress increased (1) with increasing length (Fazli et al., 2008;
Koken and Gogus, 2015; Nasrollahi et al. 2008), turbulence
(Duan et al., 2009; Koken and Constantinescu, 2008a),
Froude number (Fazli et al., 2008; Pandey et al., 2016), and
sediment uniformity (Zhang et al., 2012) and (2) at locations
downstream of a meander apex (Fazli et al., 2008). Further,
Koken (2011) found that 90° spurs, or spurs placed perpen-
dicular to flow, resulted in the greatest bed shear stress, in
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contrast to 60° (pointed upstream) and 120° (downstream)
spurs. Alternatively, Deghani et al. (2013) and Ghodsian and
Vagheffi (2009) studied the bed scouring effect of adding a
wing to the spur tip (creating an L-shaped or T-shaped spur).
While investigating T-shaped spurs, Ghodsian and Vagheffi
(2009) found similar results as regular spurs, with scour in-
creasing with increasing length and Froude number, but they
also noted that scour was greatest on the upstream side of the
spur. For L-shaped spurs, Deghani et al. (2013) observed less
scour in the vicinity of adjusted spurs in comparison to reg-
ular impermeable spurs. Furthermore, the researchers found
that angling the wing of the spur upstream resulted in even
less scour (Deghani et al., 2013).

Using results from physical and numerical models, re-
searchers have developed scour prediction equations based
on spur dimensions (Fazli et al., 2008; Nasrollahi et al.,
2008; Pandey et al., 2016), side slopes (Rahman and Haque,
2004; Rahman and Muramoto, 1999), location (Fazli et al.,
2008), and flow conditions (Fazli et al., 2008; Nasrollahi et
al., 2008; Pandey et al., 2016). Kothyari and Ranga Raju
(2001) noted that impermeable spurs function similarly to
bridge abutments, and they successfully employed abutment
and pier scour prediction equations to predict scour depth for
spurs. Alternatively, Scurlock et al. (2015) developed equa-
tions to predict the hydraulic effects induced by rock flow
deflectors based on structure dimensions. As noted by Rah-
man and Muramoto (1999) and Scurlock et al. (2015), these
prediction methods should be used with caution, as they are
limited to systems that have channel, sediment, and/or de-
sign parameters similar to the parameters for which the pre-
diction method was developed.

The depositional zone in the wake region of a spur has
also been evaluated. Sukhodolov et al. (2002) studied veloc-
ity patterns for a range of spur lengths and spacings and
found that the greatest deposition occurred in the center of a
gyre, where the average velocity is lowest. The researchers
also developed a simplified depositional pattern classifica-
tion system of the plan view distribution of deposited sedi-
ment. Their classification system consists of seven classes,
from weak deposition to uniform and complete deposition
between spurs (Sukhodolov et al., 2002). On the Rhine River
in the Netherlands, Ten Brinke et al. (2004) found that ero-
sion of depositional features between spurs was caused pri-
marily by navigation and that deposition occurred after a
five-year return interval or greater flood event.

Effects on water quality parameters, such as suspended
sediment and contaminants, were also of interest. Duan and
Nanda (2006) were able to effectively model changes in sus-
pended sediment in a zone of multiple spurs using a two-
dimensional (2D) numerical model. The researchers showed
that suspended sediment concentrations increased near the
spur tip following construction. Further, Sukhodolov et al.
(2004) found that suspended sediment concentrations de-
creased from the tip of the spur to the bank and that velocities
within the spur field increased and then decreased from the
channel bottom to the free surface. This decrease was caused
by the turbulent nature of the free surface, which was at-
tributed to waves from either wind or navigation. Similarly,
Uijttewaal et al. (2001) showed that exchange of dissolved
matter was greatest at the spur-river interface, mainly due to
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the 2D nature of the wake vortices. Schwartz and Kozerski
(2003) were concerned with the mobility of fine-grained sed-
iment deposits during turbulent events, as contaminants are
often attached to these sediment particles, and recommended
removing these fine-grained deposits to prevent ecosystem
degradation. Finally, McCoy et al. (2008) used their 3D
model to better understand contaminant transport between
the spur field and the channel.

Engelhardt et al. (2004) was the only research team that
studied the direct effect that spurs have on biotic processes
by observing how various spur configurations affected phy-
toplankton residence times. Similar to Sukhodolov et al.
(2002), the field study by Engelhardt et al. (2004) showed
that water residence times and phytoplankton growth rates
increased with increasing spur spacing and decreasing dis-
charge. Giri et al. (2003) conducted the only reach-scale
study and observed a change in the velocity distribution
along the downstream, untreated meander bend following in-
stallation of spurs upstream.

A few research groups recognized the importance of de-
veloping laboratory and numerical models to assist with de-
sign. Ettema and Muste (2004) found that flow characteristic
distortions increased with decreasing physical model size. In
addition, Giri et al. (2004) and Nagata et al. (2005) reported
that a 2D or 3D model can effectively simulate the hydraulic
effects of spurs, but only a 3D numerical model can reliably
simulate the effects on sediment transport (Nagata et al.,
2005).

Finally, several studies compared impermeable spurs to
other types of instream structures. Teraguchi et al. (2011),
Uijttewaal (2005), and Zhang and Nakagawa (2009) com-
pared impermeable spurs to permeable spurs. Uijttewaal
(2005) showed that impermeable spurs with a flat-sloped tip
were most effective at weakening the horizontal velocity
gradient between the spur field and the main channel and
thus reducing scour, as compared to steep-sloped tips and
permeable spurs. Zhang and Nakagawa (2009) evaluated im-
permeable spurs with a vertical tip and found that imperme-
able spurs had the greatest effect on channel flow structure.
Teraguchi et al. (2011) obtained similar results and noted
that impermeable spurs were not as effective as permeable
spurs at reducing scour and inducing deposition. Finally,
Acharya and Gautam (2012) conducted a field study on im-
permeable spurs, bendway weirs, and toe rock, noting that
impermeable spurs were the least effective in reducing near-
bank velocities. These studies and their comparison struc-
tures are discussed again in the following sections.

Bendway Weirs

Thomas Pokrefke of the U.S. Army Corps of Engineers
(USACE) first introduced bendway weirs in the late 1980s
as a means to improve navigation along meander bends of
the Mississippi River while also protecting the outside bank
from erosion (Dave Derrick, USACE, personal communica-
tion, 20 September 2019). Bendway weirs (fig. 1b) are low-
lying, flat-crested, impermeable structures that are often
pointed upstream. They are intended to force flow around
and, at times, over them (Biron et al., 2004; Khosronejad et
al., 2017). Because of their similarity to impermeable spurs,
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other names for bendway weirs include submerged spur
dikes and submerged groins.

A bendway weir is similar to an impermeable spur in that
it shifts the high flow velocity core to just off the tip of the
weir (Abt et al., 2016; Jia et al., 2005; McCoy et al., 2007).
The key difference is that a weir is also designed to be sub-
merged during certain flow events. This submergence results
in an even more complex 3D flow regime around and over
the structure (Kuhnle and Alonso, 2013; McCoy et al., 2007,
Uijttewaal, 2005), affecting both scour near the structure and
deposition in the wake region (Yossef and deVriend, 2010).
Although similar vortices along the cross-section and verti-
cal plane of a channel, as observed with an impermeable
spur, also occur with a bendway weir at low flow, flows that
overtop the weir result in additional turbulence of the longi-
tudinal plane of the channel that dominate scour depth pat-
terns around the bendway weir (Kuhnle and Alonso, 2013;
Kuhnle et al., 2008). In other words, as flow travels over the
top of a weir, a 3D circulation cell forms on the downstream
face of the weir, resulting in scour (Kuhnle et al., 1999,
2008). Additionally, submerged bendway weirs dampen
and/or reverse the natural helical flow pattern inherent to
meander bends (Jia et al., 2009). Bendway weirs also influ-
ence the water surface by creating a backwater effect on the
upstream side of the structure (Azinfar and Kells, 2007,
Elawady et al., 2000; Tritthart et al., 2009). Level of sub-
mergence, influenced by weir height and flow depth, as well
as the length of the weir, greatly affect backwater conditions
and, as a result, flow behavior and turbulence near a bend-
way weir.

A total of 38 bendway weir publications were identified
and are summarized in tables A4 through A6 in the Appen-
dix. Since 1998, site-scale studies (89%) with varying flows
(66%), conducted by engineers (82%) in North America
(71%), were the most common type of bendway weir study.
As shown in figure 7, physical modeling studies were the
most common assessment technique (45%), followed by nu-
merical studies (32%) and field studies (24%). Furthermore,
researchers were more interested in the effects of bendway
weirs on hydraulics (66%) and sediment transport (53%)
than the effects on bank erosion (39%) and habitat (26%)

(fig. 5).
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Figure 7. Temporal distribution of bendway weir studies.
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Until recently, many of the physical modeling studies
have evaluated a single bendway weir in a straight flume
with a fixed bank. Since 2010, more physical models have
been developed that assess how multiple weirs affect the hel-
ical secondary current induced by a meandering planform
(e.g., Abtetal., 2016; Cunningham and Lyn, 2016; Hemmati
and Daraby, 2019; Kinzli and Thornton, 2010; Scurlock et
al., 2015), and one study even incorporated an erodible bank
(Cunningham and Lyn, 2016). Most of the physical model-
ing studies were conducted in flumes with a low width-to-
depth ratio and slope. In numerical modeling studies, 3D
models have been applied the most since 1998. Further, the
majority of research groups that employed numerical models
to simulate multiple bendway weirs in meandering channels
used models that are publicly or commercially available, as
opposed to models that were custom-built by the research
group.

When evaluating the spatial characteristics of bendway
weir studies, only 16% of the studies investigated effects at
reach scale, and none were completed at river scale. Angles
of bendway weirs, pointed upstream from the tangent of the
bank line, ranged from 20° to 135°, meaning that some re-
searchers evaluated the performance of structures pointed
downstream. The height and length of bendway weirs also
varied, with height never exceeding the bankfull elevation
and length ranging from 4% to 58% of the channel width.
Biron et al. (2004) and Pretty et al. (2003) were the only
studies that evaluated double-wing bendway weirs, a com-
mon technique used to also improve fish habitat by creating
scour pools.

The effectiveness of bendway weirs in reducing bank ero-
sion was assessed in 15 studies. Most research groups meas-
ured hydraulic and sediment transport characteristics to infer
structure effectiveness in reducing bank erosion. Experi-
ments showed that the thalweg was effectively moved to the
tip of the weir, decreasing velocity near the bank and, in
some cases, inducing deposition (Acharya and Gautam,
2012; Cunningham and Lyn, 2016; Elawady et al., 2001;
Kuhnle et al., 1999, 2002). However, bank erosion may still
occur due to variation in structure dimensions (Biron et al.,
2004; Cunningham and Lyn, 2016; Kuhnle et al., 2002),
structure angle (Khosronejad et al., 2017), level of submerg-
ence (Abad et al., 2008; Biron et al., 2004), and location
along a meander bend (Cunningham and Lyn, 2016; Hem-
mati and Daraby, 2019; Khosronejad et al., 2017). Cunning-
ham and Lyn (2016) and Kuhnle et al. (1999) agreed that
taller weirs provide the greatest bank protection, but may re-
sult in more scour on the downstream side of the weir near
the streambank toe, likely due to induced wake vortices. This
finding is contrary to the results reported by Biron et al.
(2004) and Elawady et al. (2001), who found that low weirs
provided the greatest bank protection by minimizing scour.
These differences are likely attributable to variable study de-
sign parameters, such as type of flows tested, planform, bank
composition, and weir design characteristics (see table A4 in
the Appendix for more information).

Only a few research groups attempted to quantify bank
erosion rates following installation of bendway weirs. In the
physical modeling study that used an erodible bank, Cun-
ningham and Lyn (2016) noted that bank erosion might still
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occur downstream of the apex of a meander bend, likely due
to cross-channel flow that occurs during high flow events
(Jia et al., 2009). Furthermore, Cunningham and Lyn (2016)
observed erosion along the streambank following weir sub-
mergence due to an increase in localized shear stresses. A
similar observation was made by Abad et al. (2008) when
comparing their numerical modeling simulation to field con-
ditions. Increased erosion during submergence is contrary to
the results of Biron et al. (2004), who concluded that bank
erosion rates would increase when weirs were unsubmerged
due to an observed increase in bed scour near the structure.
Finally, as mentioned previously, Radspinner et al. (2010)
reported improved bank erosion protection when multiple
structures were placed on streams with high width-to-depth
ratios.

When comparing other stabilization techniques to bend-
way weirs, Hemmati et al. (2016) pointed out that bendway
weirs were more effective than rock vanes in redirecting
flow away from a streambank, but as a result, scour near the
tips of the weirs also increased (Hemmati and Daraby,
2019). Elhakeem et al. (2017), Bressen et al. (2014), and Pa-
panicolaou et al. (2011a) applied the 2D hydrodynamic
model FESWMS to show that using a combination of weirs
and rock vanes provided an optimal shift in flow character-
istics that can reduce bank erosion in streams in lowa. As
mentioned in the previous section, Acharya and Gautam
(2012) conducted a field study on impermeable spurs, bend-
way weirs, and toe rock and found that bendway weirs, in
combination with toe rock, were the most effective approach
for controlling flow velocities in the near-bank region. Fi-
nally, Dave and Mittlestet (2017) monitored and estimated
the installation costs of several stabilization techniques and
found that, while some treatment approach was better than
none, rock flow deflectors were the least cost-effective ap-
proach for reducing bank erosion.

Hydraulic effects of bendway weirs have been studied ex-
tensively. Hydraulic conditions are influenced by weir di-
mensions (Elawady et al., 2000; Kuhnle et al., 2008), angle
(Elawady et al., 2000), and shape (Kuhnle et al., 2008).
Kuhnle and Alonso (2013), Kuhnle et al. (2008), and
Uijttewaal (2005) focused their efforts on understanding the
3D hydraulic effects at and around 90° bendway weirs of
varying dimensions. Azinfar and Kells (2007) and Elawady
et al. (2000) investigated the backwater effect created by
submerged weirs, and both studies agreed that just-sub-
merged weirs had the greatest effect on backwater condi-
tions. Additionally, Azinfar and Kells (2007) developed a
model to estimate backwater effects that depends on weir
height, channel constriction (influenced by structure length
and angle), flow depth, and Froude number. Finally, Kinzli
and Thornton (2010) and Scurlock et al. (2015) developed
prediction equations for the hydraulic effects induced by
bendway weirs to assist with design, while Abt et al. (2016)
developed rock sizing criteria based on the estimated maxi-
mum velocity at the tip of a weir.

Similar to impermeable spur research, scour prediction is
a key component in design, not only for stability of the struc-
ture and streambank but also for habitat improvement
through the creation of pools. Research showed that scour
depth off the tip of a weir increased with increasing structure
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height (Biron et al., 2004; Cunningham and Lyn, 2016;
Elawady et al., 2001) and below the apex of a meander bend
(Cunningham and Lyn, 2016; Hemmati and Daraby, 2019;
Jia et al., 2009; Khosronejad et al., 2017). Furthermore,
scour volume near a bendway weir increased with decreas-
ing crest slope (Hemmati and Daraby, 2019) and with in-
creasing length (Elawady et al., 2001), weir submergence
(Elawady et al., 2001; Kuhnle et al., 1999), and angle
(Kuhnle et al., 2002). Kuhnle et al. (1999) developed an
equation to predict the scour volume for weirs placed per-
pendicular to flow. Additionally, based on results from a
physical model, Elawady et al. (2001) reported that scour
was greatest on the upstream side of a bendway weir. In
terms of effects on deposition, Yossef and deVriend (2010)
observed net deposition within the weir field under both sub-
merged and unsubmerged flow conditions, while
Khosronejad et al. (2014a) observed dune formation just
downstream of bendway weirs and rock vanes in their 3D
numerical model simulation.

Shields et al. (1998a, 1998b, 2000) provided the most
case studies on the effects of bendway weirs on habitat.
Their research on aggradational, warmwater streams in Mis-
sissippi found that bendway weirs created wide pools and
increased shoreline, resulting in a shift of fish composition
along the site from a run-dwelling assemblage of cyprinids
to large, pool-dwelling centrarchids. Similarly, Shih et al.
(2008) noted improvements to fish habitat for endemic spe-
cies in Taiwan if the number and spacing of the structures
and the Froude number were considered in the design. In
contrast, Pretty et al. (2003) found that rock flow deflectors
that induced physical changes to streams had minimal posi-
tive effects on fish habitat. They noted that this could have
been due to the poor water quality of the streams surveyed
in their study. Finally, Papanicolaou et al. (2011b) showed
that notching submerged weirs that were already installed on
the Missouri River in the U.S. did not increase shallow water
habitat.

In terms of benthic macroinvertebrate habitat, Li et al.
(2018) observed improved habitat quality at weir sites. Al-
ternatively, Cooperman et al. (2007) were unable to decipher
benthic habitat changes due to the lack of pre-construction
data, but they noted increases in vegetation and decreases in
channel width at stabilized sites. Tritthart et al. (2009) eval-
uated the effects that weirs have on flow field water resi-
dence times, and thus phytoplankton growth and nutrient dy-
namics, noting that just-overtopped weirs provided the long-
est residence times and the greatest benefits for phytoplank-
ton growth. Finally, McCoy et al. (2007) studied contami-
nant exchange between the weir field and main channel,
finding that contaminant transport increased during times of
weir submergence.

Rock Vanes

Rock vanes, or stream barbs (fig. 1c), are partially sub-
merged flow deflectors first described in the 1990s (Johnson
et al., 2001; Rosgen, 1996). They are similar to bendway
weirs except that the crests of these structures slope from as
high as the bankfull elevation to the streambed. Rock vanes
can have either a triangular or a trapezoidal cross-sectional
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shape, depending on the crest width. J-hook vanes are iden-
tical to rock vanes but also incorporate a hooked-shaped rock
sill at the tip of the structure (Khosronejad et al., 2013,
2014a; Pagliara et al., 2013; Pagliara and Kurdistani, 2015;
Zhou and Endreny, 2012). Because the tips of rock vanes are
always submerged, complex 3D flow occurs in and around
these structures (Uijttewaal, 2005). When placed in a series
along the outside of a meander bend, a secondary flow cell
is created that opposes the flow created by the bend itself
(Bhuiyan et al., 2010; Johnson et al., 2001) and shifts the
flow from the bank to the center of the channel (Matsuura
and Townsend, 2004; Zhou and Endreny, 2012). Due to the
angled crest of the structure and its continuous submergence,
scour hole depths near the tip of the structure tend to be shal-
lower in comparison to those created by bendway weirs and
impermeable spurs (Bhuyian et al., 2009, 2010; Hemmati et
al., 2016; Hemmati and Daraby, 2019). Unlike impermeable
spurs and bendway weirs, wake vortices are generally not
formed (Bhuyian et al., 2010) but depend mainly on vane
dimensions and/or flow depth (Fox et al., 2005; Jamieson et
al., 2013a, 2013b; Zhou and Endreny, 2012).

Since 1998, 33 rock vane studies have been published and
are summarized in tables A7 through A9 in the Appendix.
The majority of these have been site-scale studies (85%) on
a meandering stream (79%) with varying flow conditions
(73%). Furthermore, engineers (82%) in North America
(73%) have conducted most of these studies. Almost half of
the studies have been conducted in laboratory flumes (48%),
followed by field studies (27%) and numerical modeling
studies (24%), as shown in figure 8. The effect of rock vanes
on bedload transport was the leading study objective (85%),
followed by bank erosion (58%), hydraulics (52%), and hab-
itat (15%, fig. 5).

Modeled structure and stream characteristics were much
more variable, as compared to studies of impermeable spurs
and bendway weirs. While fixed bank conditions and low
width-to-depth channels were still commonly used in rock
vane physical models, more recent models have incorporated
varying site characteristics, such as Hemmati et al. (2016),
Jamieson et al. (2013a, 2013b), and Karki et al. (2018).
When reviewing the numerical modeling studies, 2D and 3D
models have been equally employed. Similar to the bendway
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Figure 8. Temporal distribution of rock vane studies.
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weir numerical models, most numerical modeling studies of
rock vanes used codes that are publicly or commercially
available.

Although some research groups, especially those con-
ducting field studies, did not report structure design proper-
ties, the reported angles ranged from 20° to 120° upstream
from the bank tangent line (i.e., both upstream and down-
stream pointed vanes have been evaluated). Lengths ranged
from 20% to 75% of the channel width, while maximum
height was at bankfull stage. Thompson (2002) and Pretty et
al. (2003) were the only rock vane studies that also evaluated
double-wing flow deflectors. Unlike the studies of imperme-
able spurs and bendway weirs, several research groups in-
vestigated the effects of rock vanes at reach scale, although
not at river scale.

Similar to other rock flow deflector studies, understand-
ing and quantifying bank erosion reduction after implemen-
tation of rock vanes was not a top research objective. In the
studies that investigated bank erosion, the conclusions on
bank erosion reduction were often based on the structure’s
ability to shift the flow and scour away from an eroding bank
and potentially induce deposition in the near-bank region.
Based on these kinds of studies, researchers noted that bank
erosion can be reduced by the implementation of rock vanes
if the structure size (Bhuyian et al., 2010; Jamieson et al.,
2013a, 2013b; Matsuura and Townsend, 2004), angle
(Bhuyian et al., 2010; Matsuura and Townsend, 2004), num-
ber (Bhuyian et al., 2010; Elhakeem et al., 2017; Jamieson
et al., 2013a, 2013b; Radspinner et al., 2010), and spacing
(Elhakeem et al., 2017; Fox et al., 2005; Jamieson et al.,
2013a, 2013b) are properly considered in the design. Fur-
thermore, Hemmati et al. (2016) and Hemmati and Daraby
(2019) noted that rock vanes were more effective than bend-
way weirs in reducing scour and maximizing deposition in
the near-bank region.

Several case studies directly evaluated the effectiveness
of rock vanes in reducing bank erosion. As mentioned in the
previous section, the monitoring studies conducted by Bres-
san et al. (2014), Dave and Mittlestet (2017), and Elhakeem
et al. (2017) showed that rock flow deflectors decreased ero-
sion rates on streams in the Midwestern U.S. Additionally,
using 2D numerical models, researchers showed that rock
vanes, in combination with other stabilization techniques,
were effective in reducing near-bank velocities (Papanico-
laou et al., 2011a) and lateral retreat rates (Niezgoda and
Johnson, 2006). Furthermore, Karki et al. (2018) showed
that vane installation reduced erosion rates in meandering
channels with varying sinuosity. Alternatively, Buchanan et
al. (2014) found that stream restoration projects using rock
vanes and other stabilization techniques might have a
“break-in” period, meaning that a few years may be required
for the restoration project to settle, adjust, and stabilize be-
fore the project objectives are met. Elhakeem et al. (2017)
also observed this break-in period for a stabilization project
in Iowa. In response to this observation, Buchanan et al.
(2014) emphasized the importance of understanding sedi-
ment yields, designing resilient and conservative structures,
establishing vegetation, preparing for maintenance activi-
ties, and conducting long-term monitoring.
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Miller and Kochel (2010, 2013) obtained different
streambank erosion monitoring results. Their research found
that channel realignment and the incorporation of rock
vanes, j-hook vanes, and root wads were prone to failure in
less than ten years, especially after flood events. However,
Miller and Kochel (2010, 2013) also observed that rock
vanes and j-hook vanes were less susceptible to failure than
rood wads in North Carolina streams. Additionally, Radspin-
ner et al. (2010) showed that design and site features, such
as the number of rock vanes installed and the channel’s
width-to-depth ratio, might affect long-term project success.
When assessing reach-scale effects, Thompson (2002) noted
that failing structures that are not maintained may make it
difficult for the stream to self-adjust and regain stability over
the long run. In addition, several researchers noted that fail-
ure to incorporate an understanding of sediment transport in
the design of instream structures may result in increased
bank erosion rates downstream (Bhuiyan et al., 2009; Bu-
chanan et al., 2014; Khosronejad et al., 2013). However,
Bhuiyan et al. (2009) noted that properly designed rock
vanes have the smallest impact on localized scour and depo-
sition, when compared to impermeable spurs and bendway
weirs, as they generally do not create a recirculation zone in
the near-bank region (Bhuiyan et al., 2010).

The hydraulic effects of rock vanes and their impact on
sediment transport have also been studied extensively. Fox
et al. (2005) observed that rock vanes have three distinct
flow regions: the main core, shear layer, and stagnant wake.
The main core region contains the fastest flow and highest
shear stress and occurs just off the tip of the structure, fol-
lowing the downstream direction of flow. The stagnant wake
region, located just downstream of the structure near the
streambank, occurs when vanes are not fully submerged. Fi-
nally, the shear layer is located between these two regions
and is the area that is most affected by overtopping of the
structure. The shear layer only occurs when structure angles
are greater than 50°, as smaller angles do not create this ex-
cessive energy dissipation. These flow regions have been ap-
plied to other rock flow deflectors, and Abad et al. (2008)
confirmed these regions when measuring flow characteris-
tics around bendway weirs.

Rock vane dimensions and angle, as well as overall site
conditions, can have a large effect on scour. Researchers
noted that scour depth increased with increasing rock vane
height, width, and length (Jamieson et al., 2013a, 2013b;
Pagliara et al., 2013; Pagliara and Kurdistani, 2015) and de-
creasing crest slope (Hemmati et al., 2016, 2019). Bhuyian
et al. (2010) and Johnson et al. (2001, 2002) found that a
maximum vane height at bankfull was most effective at min-
imizing scour, as compared to Matsuura and Townsend
(2004), who found that vane heights between 33% and 50%
of bankfull height were best. Key differences among these
four studies include varying flow conditions, planform, bed
sediment, length, and spacing, as summarized in table A7 in
the Appendix. In terms of rock vane angle, Bhuyian et al.
(2010), Johnson et al. (2001, 2002), and Matsuura and
Townsend (2004) agreed that multiple vanes angled at 30°
minimized scour near the structure. Alternatively, in terms
of site conditions, an increase in scour depth was observed
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with increasing meander bend radius (Pagliara and Kurdi-
stani, 2015) and at the upstream and downstream ends of a
meander (Hemmati and Daraby, 2019). Furthermore, Pagli-
ara et al. (2013) observed that the scour hole moved toward
the structure when the Froude number decreased.

Numerical simulations were performed to optimize the
design and observe the sediment transport effects of vanes.
Minor et al. (2007) and Khosronejad et al. (2014b) success-
fully employed 3D numerical models to assess sediment
transport processes around vanes with varying arrange-
ments. Effects on both scour and deposition were evaluated
by Khosronejad et al. (2013, 2014a) using a calibrated 3D
numerical model. Both studies reported that the sediment
scoured by rock vanes moved slowly downstream in the
form of dunes.

Finally, four studies evaluated the effects of rock vanes
on aquatic habitat. Thompson (2002) and Pretty et al. (2003)
agreed that rock and wood deflectors generally do not meet
pool depth expectations and/or enhance fish habitat. In con-
trast, Shields et al. (1998a) found that vane installation could
improve pool availability for some warmwater fishes, espe-
cially in aggradational zones of unstable streams. Addition-
ally, Schiff et al. (2011) found localized improvements in
macroinvertebrate habitat along stabilized sites that used
rock flow deflectors, woody revetments, and/or bioengineer-
ing approaches but observed no improvement in macroinver-
tebrate habitat at reach scale, suggesting a larger watershed-
scale problem.

Permeable Spurs

The purpose of permeable spurs is to slow stream veloci-
ties and induce deposition in the vicinity of the protected
streambank by allowing flow through the structure (Gu et al.,
2011; Lagasse et al., 2009; Zhang and Nakagawa, 2009).
Permeable spurs can be made with a variety of materials;
figure 1d shows an example of a fence-type spur. Other
names for these structures include permeable spur dikes, re-
tardance spurs, retarders, bandal-type structures, and jetties.

Seven studies were identified that investigated the physi-
cal effects of permeable spurs. These studies are summarized
in table A10 in the Appendix. Most studies were conducted
by engineers (100%) in Asia (71%). Research groups mainly
evaluated site-scale (100%) bedload effects (86%) of perme-
able spurs during a single flow event (71%) in a laboratory
setting (86%), as shown in figure 9. All physical modeling
studies were conducted in straight flumes with a fixed bank.
Porosity, or the ratio of the void area to the total area, of the
evaluated spurs varied between 0.2 and 0.9, while the length
of the spurs was not greater than 40% of the channel width.

The effects of permeable spurs on bank erosion was an
objective of three of the seven studies. As previously dis-
cussed, research groups showed that permeable spurs were
more effective than impermeable spurs at reducing velocities
(Uijttewaal, 2005; Zhang and Nakagawa, 2009) and scour
depths (Nasrollahi et al., 2008; Teraguchi et al., 2011), while
inducing deposition in the near-bank region (Teraguchi et
al., 2011). However, Teraguchi et al. (2011) found that using
a hybrid structure, called a bandal-like structure, resulted in
optimal scour at the tip of the structure and deposition in the
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Figure 9. Temporal distribution of permeable spur studies.

near-bank region, while Zhang and Nakagawa (2009) rec-
ommended using a combination of permeable and imperme-
able spurs to achieve an optimal channel morphology. Addi-
tionally, Dave and Mittlestet (2017) showed that permeable
spurs were more cost-effective than rock vanes, hardened
streambanks, woody revetments, toe rock, or bank shaping
for reducing bank erosion on a stream in the Midwestern
U.S. Their long-term monitoring study reported that perme-
able spurs reduced erosion rates by more than 70% following
installation (Dave and Mittlestet, 2017).

Researchers also investigated effects on sediment
transport (86%) and hydraulics (43%). Nasrollahi et al.
(2008) and Rahman et al. (2006) developed equations to es-
timate variations in scour depth near permeable spurs. Gu et
al. (2011) evaluated the effects of permeable spurs on sus-
pended sediment, reporting that concentrations decreased
gradually through a permeable spur field due to fine sedi-
ment deposition on the upstream end of the spur field. In
terms of the hydraulic effects, physical models showed that
the direction of flow changes very little within a permeable
spur field (Gu et al., 2011; Zhang and Nakagawa, 2009).

Although no studies directly focused on assessing the
physical effects of permeable spurs using a numerical model,
Zhang and Nakagawa (2009) calibrated a 3D model for use
in permeable spur design and monitoring based on results
from a laboratory model. Finally, the effects that permeable
spurs might have on habitat have not yet been assessed.

Submerged Vanes

Based on the aerodynamics of a wing, submerged vanes,
also referred to as lowa vanes (fig. 1e), were developed by
Odgaard and Kennedy (1983) at the lowa Institute of Hy-
draulic Research as an economical means to stabilize stream-
banks. Submerged vanes are angled arrays or rows of foils
placed near the toe of an eroding meander bend that are de-
signed to diminish secondary currents and thus reduce ap-
plied shear stress (Odgaard and Kennedy, 1983) and induce
deposition (Ouyang et al., 2008; Ouyang, 2009; Ouyang and
Lin, 2016; Ouyang and Lu, 2016). They are the only in-
stream structure that does not attach to the streambank.
When optimally placed along a bend, submerged vanes
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weaken the secondary current by generating two counter-ro-
tating vortices and a horseshoe vortex for high-angled vanes
(>40°) or a single vortex for low-angled vanes (Sinha and
Marelius, 2000; Sharma et al., 2016; Voisin and Townsend,
2002). In addition to bank stabilization, these structures have
been employed to control sediment deposition (Gupta et al.,
2010) and improve navigation (Flokstra, 2006).

Since 1998, twelve studies have been published on sub-
merged vanes and are summarized in tables A11 and A12 in
the Appendix. Although this technique was first introduced
in North America, research groups in Asia have conducted
the majority of these studies (67%). Furthermore, all of the
studies found were conducted by engineers, reviewing only
the site-scale effects induced by a single flow event. Most of
the modeling studies used a low width-to-depth, meandering
channel with a fixed bank and mobile bed. Unlike the previ-
ously mentioned instream structures, numerical models were
the most popular approach (58%), followed by physical
models (42%), as shown in figure 10. Of the numerical mod-
els presented, a one-dimensional (1D) model developed by
Ouyang (2009) was the most commonly used. Although
some field studies have been conducted, none were found
that have been peer-reviewed and therefore are not included
in this summary.

The primary objective for 83% of the studies was to eval-
uate the effect on bedload transport. Only one study physi-
cally measured changes in bank erosion rates following in-
stallation of submerged vanes in a laboratory flume with an
erodible bank (Dey et al., 2017), while five studies evaluated
hydraulic and sediment transport effects that might influence
bank erosion rates (Ouyang et al., 2008; Ouyang, 2009;
Ouyang and Lin, 2016; Ouyang and Lu, 2016; Voisin and
Townsend, 2002). The effects of submerged vanes on hy-
draulics were assessed in 42% of the studies. Finally, no
studies were found that evaluated the effects that these struc-
tures might have on habitat (fig. 5).

Nine of the 12 studies on submerged vanes provided op-
timal design dimensions and spacing, largely based on the
bedload transport effect of the structures and, in some cases,
bank erosion reduction. Definitions of “optimal” varied
across the studies. While most researchers wanted to
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Figure 10. Temporal distribution of submerged vane studies.
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(1) minimize scour while maximizing flow turbulence to in-
duce deposition (Dey et al., 2017; Gupta et al., 2010; Ouyang
et al., 2008; Ouyang, 2009; Ouyang and Lin, 2016; Ouyang
and Lu, 2016; Voisin and Townsend, 2002), others wanted
to (2) maximize flow turbulence to induce deposition and
improve the design of submerged vanes to withstand the
scour that would occur (Marelius and Sinha, 1998; Sharma
etal., 2016; Tan et al., 2005).

Voisin and Townsend (2002) pointed to vane height and
angle as having the greatest effects on hydraulics and sedi-
ment transport in meandering streams with low width-to-
depth ratios. Alternatively, Ouyang et al. (2008) and Ouyang
and Lu (2016) found that vane spacing had the greatest effect
on hydraulics and sediment transport in meandering streams
with varying width-to-depth ratios. In addition to differences
in width-to-depth ratios, these contradictory results may also
be due to varying vane design characteristics (see tables A1l
and A12 in the Appendix for more information). Ouyang et
al. (2008) and Ouyang and Lu (2016) also noted that increas-
ing the spacing and number of submerged vanes resulted in
more deposition. In terms of angle, results varied for designs
with the same objective, with reported optimal angles rang-
ing from 2° to 40° to meet objective 1 above and from 30°
to 40° to meet objective 2. Furthermore, only two of the stud-
ies provided an optimal height (Tan et al., 2005; Voisin and
Townsend, 2002), with different results likely due to varying
design objectives.

Alternatively, some researchers used modeling ap-
proaches to determine design features that most influenced
the ability of vanes to achieve stated objectives. Ouyang
(2009) and Ouyang and Lin (2016) tested various shapes to
achieve objective 1 and found that trapezoidal submerged
vanes were more effective than rectangular and parallelo-
gram-shaped submerged vanes. Additionally, Gupta et al.
(2010) provided a novel approach to improve a rectangular
submerged vane design by incorporating a circular collar at
the base of the vane to decrease scour and prevent dislodg-
ing. Finally, Flokstra (2006) observed differences in the flow
characteristics described by submerged vane developers
(Odgaard and others) and the results from their 2D model
simulation, thus questioning the validity of the wing theory
to describe flow patterns near submerged vanes.

Woody Revetments

Woody revetments (fig. 1f) are large, non-living woody
debris structures that are anchored in the streambank, and at
times in the streambed, to provide roughness and redirect
flow from the toe of the streambank. Trees can be placed
parallel with the flow along the toe, often referred to as toe
wood, acting as both flow deflection and toe protection (e.g.,
Shields et al., 2006) or at an angle pointed in the upstream
or downstream direction (e.g., Pagliara and Kurdistani,
2017; Pagliara et al., 2015a, 2015b) on one or both sides of
a stream (e.g., Thompson, 2002). Woody revetments placed
within the stream have also been called log deflectors (Pagli-
ara and Kurdistani, 2017). An obvious advantage of rock
structures versus non-living, organic structures is the longer
design life. If organic material is not always submerged, the
structures will decay rapidly and may need to be replaced
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(NRCS, 1996). The estimated design life for woody struc-
tures ranges from 10 to 70 years (Thompson, 2002; Veller
and Doyle, 2001).

Twenty woody revetment studies were found that have
been published in the last 20 years and are summarized in
table A13 in the Appendix. Most of the studies were con-
ducted by environmental scientists (60%) in North America
(75%). Field studies were most common (80%; fig. 11), as
modeling woody structures in a lab or numerically is diffi-
cult, given the nature of the structures. Although site-scale
projects were most common, reach-scale projects were also
common. Furthermore, most studies, except for the physical
modeling studies, evaluated woody revetments in natural
stream systems (i.e., meandering with mobile bed). Similar
to other instream structures, bedload transport studies (90%)
were most common in woody revetment research, followed
by studies evaluating bank erosion (80%), hydraulics (35%),
and habitat (35%) (fig. 5).

Multiple field monitoring studies have been conducted on
assessing effectiveness of toe wood at reducing near-bank
velocities and protecting streambanks from erosion.
Niezgoda and Johnson (2006) showed numerically that toe
wood could be effective at reducing bank erosion over the
long run if installed with rock riprap banks. Dhital et al.
(2013) also reported short-term field application success in
Nepal. Dave and Mittlestet (2017) and Veller and Doyle
(2001) assessed the ability of toe wood using coniferous
trees placed parallel to the streambank in dissipating flow
energy and inducing deposition. Although this type of
woody revetment tends to be inexpensive, these structures
were not found to be as cost-effective in reducing bank ero-
sion as permeable spurs and toe rock on a stream in the Mid-
western U.S. (Dave and Mittelstet, 2017). Furthermore, Vel-
ler and Doyle (2001) noted that the effectiveness of conifer-
ous woody revetments improved with additional anchoring
measures and streambank management techniques, such as
bank shaping and vegetation planting. In fact, incorporating
additional anchoring in woody revetment design was a key
finding in numerous monitoring studies (D’Aoust and Mil-
ler, 2000; Miller and Kochel, 2013; Shields et al., 2003b,
2004, 2006, 2008; Veller and Doyle, 2001). D’Aoust and
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Miller (2000) provided a theoretical approach for determin-
ing anchoring requirements for single and multiple log de-
flectors based on a factor of safety analysis, finding that the
gravitational body force, the frictional force on the
streambed, and the fluid drag force are the dominant forces
acting on a log deflector. Alternatively Shields et al. (2004)
found that the buoyancy force is often more prominent than
the fluid drag force in low-gradient, sand-bed streams and
recommended using both high-density wood and earth an-
chors in woody revetment designs. Shields et al. (2003b,
2004, 2006, 2008) also noted that rapid vegetation establish-
ment is critical for the site to remain stable after the woody
revetments deteriorate.

In terms of log deflectors, Brooks et al. (2004) showed
that reintroducing wood into a river that had been histori-
cally cleared, or de-snagged, of wood resulted in decreased
bank erosion rates and improved in-stream sediment storage,
bed morphology and material composition, and aquatic hab-
itat. Furthermore, Pagliara et al. (2015a, 2015b) and Pagliara
and Kurdistani (2017) demonstrated in a laboratory flume
how log deflectors reduce bank erosion by shifting the scour
hole away from the eroding bank. The researchers found that
two log deflectors anchored by rock provided better protec-
tion against toe erosion than a single log deflector (Pagliara
and Kurdistani, 2017). Additionally, tailwater depth, struc-
ture length, and angle all play a role in scour and deposition
patterns around log deflectors (Pagliara et al., 2015a, 2015b).
Based on these results, Pagliara et al. (2015a, 2015b) and
Pagliara and Kurdistani (2017) developed empirical rela-
tionships to assist with predicting scour geometry near a log
deflector.

As mentioned, 35% of studies evaluated the effects that
woody revetments have on habitat. Sudduth and Meyer
(2006) showed that toe wood increased the organic material
and improved macroinvertebrate habitat in urban streams.
Schiff et al. (2011) and Testa et al. (2010) reported similar
observations, but only at site scale and not at reach scale,
suggesting that a larger watershed issue may exist that has
yet to be addressed. Similarly, Shields et al. (2003b, 2006)
and Testa et al. (2010) noted temporarily improved site-scale
habitat, which diminished after channel incision migrated
into the site, ultimately causing the installed woody revet-
ments to fail. Finally, Cooperman et al. (2007) were unable
to decipher changes in habitat after installation of woody re-
vetments and pointed to the lack of pre-construction habitat
data to use for comparison.

STREAMBANK MANAGEMENT TECHNIQUES

Streambank management techniques include any inor-
ganic or organic approach that in some way increases the
shear strength of the streambank but does not necessarily re-
duce the shear stress applied to the streambank. Unlike in-
stream structures, separating streambank management tech-
niques is more difficult, as various approaches are often as-
sessed in research projects. This is especially true for “soft”
or bioengineering approaches. Therefore, the research sum-
marized in this section is separated into ‘“hardened” and
“soft” streambank management techniques. Hardened
streambanks include only fully hardened banks, from toe to
top. Toe rock is included with the “soft” techniques, as it is
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often applied in combination with bank shaping, bench cre-
ation, and/or bioengineering approaches. Furthermore,
woody revetments were included with the instream structure
research summarized previously in this article, as these
structures can act as both shear strength addition and flow
deflection, depending on the design. Table A13 in the Ap-
pendix notes the woody revetment studies that assessed toe
wood, or woody structures placed continuously along the
streambank toe. For more information on toe wood studies,
refer to the “Woody Revetments” section earlier in this arti-
cle.

The following sections provide a summary of streambank
management research and monitoring conducted from 1998
to 2019, divided into the two aforementioned categories.
Again, some studies may appear in both categories if the re-
searchers assessed both types of streambank management
techniques.

Hardened Streambank Management

Probably the most obvious form of streambank manage-
ment is the design and implementation of a rigid structure,
such as a fully riprapped streambank, concrete retaining
wall, or gabion basket wall (stackable, rectangular structures
made of rock fill held together by a wire mesh). This option
tends to be cost-prohibitive but, if designed correctly, will
completely halt streambank erosion (Dave and Mittelstet,
2017). Twenty-one published studies were found on hard-
ened streambanks since 1998 and are summarized in
tables A14 through A16 in the Appendix. The majority of
these studies were site-scale (67%) with varying flows
(90%) conducted by environmental scientists (62%) in North
America (62%). Field studies were the most popular form of
assessment (52%), followed by numerical models (33%) and
physical models (14%), as shown in figure 12.

Because the purpose of hardened banks is to stop bank
erosion, it is not surprising that 62% of studies evaluated
their ability to achieve this objective. All bank erosion stud-
ies showed that hardened banks are effective at reducing or
stopping bank erosion at the site of interest, if properly de-
signed and maintained. However, other issues with this ap-
proach were identified. For example, field monitoring stud-
ies found that riprap banks can reduce or stop bank erosion
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Figure 12. Temporal distribution of hardened bank studies.
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in streams in the Midwestern U.S. but were not as cost-ef-
fective as other streambank stabilization approaches (Bres-
san et al., 2014; Dave and Mittlestet, 2017). Site-scale to
reach-scale impacts on morphology over the long run were
also observed. Thompson (2002) and Thompson et al. (2016)
showed that failing stabilization techniques could impact
channel stability. In fact, based on a long-term study evalu-
ating gabion walls on a stream in the northeastern U.S.,
Thompson et al. (2016) recommend not using gabion baskets
for bank protection, as the mesh that contains the rock mate-
rial can break, causing failure of the stabilization measure as
well as an increase in sediment supply. Similarly, based on
their long-term reach-scale simulation of bank protection
measures that included riprap banks, Niezgoda and Johnson
(2006) observed an increase in sediment deposition along the
inside of the stabilized meander bed, causing an increase in
applied shear stress on the riprap that would likely result in
loss of rock and require long-term maintenance of the bank
stabilization project. Finally, based on results from 1D lat-
eral migration and sediment transport model simulations,
riprap placement for bank stabilization was found to increase
bed and/or bank erosion downstream of the stabilized site
(Larsen and Greco, 2002; Reid and Church, 2015).

Because some studies showed that hardened banks may
become less effective over time (Thompson, 2002; Niezgoda
and Johnson, 2006), researchers proposed design improve-
ments for these systems. Similar to the findings of Niezgoda
and Johnson (2006), Roca et al. (2007, 2009) observed ex-
cessive scour near the toe of a concrete retaining wall used
for bank stabilization. In an effort to reduce repair costs due
to this observed scour, the researchers optimized the depth
and width of a wall’s footing. They found that a footing
placed at one-third the maximum scour depth and with a
width of two-thirds the maximum scour depth would reduce
scour around the studied meander bend by 40% by weaken-
ing the secondary flow cell (Roca et al., 2007, 2009). How-
ever, the researchers noted that their findings are likely not
replicable for all bend geometries and bed sediment and em-
phasized the importance of site-scale evaluations to properly
design a footing for a vertical wall. In terms of improving
riprap banks, researchers developed rock sizing equations
for loose riprap banks based on a factor of safety equation
(Froehlich, 2013) and for individually placed riprap banks
based on expected flow conditions (Jafarnejad et al., 2019).
In addition, Jafarnejad et al. (2017) developed a probabilistic
assessment model to determine failure based on expected
changes to flow and/or sediment transport conditions. Fi-
nally, Zhang et al. (2019) showed that using larger, more du-
rable material in combination with other stabilization tech-
niques, such as multiple rows of timber piles and vegetation,
improved the effectiveness of riprap banks in reducing bank
erosion.

Instead of quantifying bank erosion reduction, many re-
search groups were more interested in the effects that hard-
ened streambanks have on riparian and aquatic habitat
(59%). Both positive and negative effects on habitat were
observed. In comparison to other soft streambank manage-
ment techniques, riprap banks had the lowest plant species
richness, plant functional diversity, and beetle diversity
(Cavaille et al., 2013, 2015) and were also most susceptible
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to exotic plant invasion (Cavaille et al., 2013) in French and
Swiss Alps streams. Based on these results, Cavaille et al.
(2018) recommended not fixing a bank in place in order to
maximize aquatic habitat diversification. Sudduth and
Meyer (2006) also reported a decrease in organic habitat
available to macroinvertebrates on riprap banks versus banks
with live cuttings on urban streams in the southeastern U.S.
Furthermore, Thompson (2002) found that riprap banks in
combination with woody revetments offered less fish cover
and riparian vegetation than natural banks on 40 to 60 year
old projects. Similarly, through a numerical simulation,
Jorgensen et al. (2013) showed that both the installation of
riprap banks and human-induced climate change could re-
duce shallow water habitat for fish along a stream in the Pa-
cific Northwest of the U.S.

Alternatively, positive effects on fish habitat at a local
scale were reported for highly impacted streams with low
aquatic habitat diversity. Although Massey et al. (2017) re-
ported detrimental effects on instream cover and riparian
vegetation following riprap installation on pristine streams
in Canada, they observed increased bed slope, coarsened bed
material, and thus improved fish habitat on disturbed, low-
gradient streams near riprap banks. Similarly, Gidley et al.
(2012) showed that riprap bank installation increased fish
abundance and provided year-round habitat for fish in a
stream in the Pacific Northwest. White et al. (2010) obtained
similar results on a highly impacted stream in the Midwest-
ern U.S., showing that mean fish species diversity and rich-
ness were significantly higher near banks stabilized with
riprap versus natural banks.

Soft Streambank Management

The remainder of the streambank management tech-
niques, including toe rock, bank shaping, bankfull bench,
and vegetation and bioengineering, are summarized in this
section. Rock riprap placed at the toe of a streambank, often
called toe rock (figs. 1b and 1c), protects against fluvial ero-
sion and loss of basal support (Lagasse et al., 2009; Shields
etal., 1998b). Toe rock also adds weight to the bottom of the
streambank, counteracting the gravitational force that may
be acting on a streambank, and may prevent rotational fail-
ure. Other names include longitudinal peaked stone toe pro-
tection (LPSTP) and longitudinal toe dikes.

Streambank shaping (figs. 1b and 1c) flattens the slope
and increases the critical bank height, or the maximum
height of the bank that is not susceptible to bank erosion due
to mass wasting. Although bank saturation can reduce bank
stability, even on a shaped streambank, this technique re-
duces the likelihood of failure due to mass wasting (Simon
and Rinaldi, 2000). Banks are typically shaped to a maxi-
mum slope of 2H:1V (NRCS, 2005).

Alternative ways to reduce bank height include infilling
the channel, if it is incised, or adding a low-lying bench. In-
filling can be accomplished either manually or with the in-
stallation of downstream grade control that promotes chan-
nel aggradation (Simon and Rinaldi, 2000; Thorne, 1999).
Although bank erosion from mass wasting and geotechnical
failure may decrease with aggradation, lateral migration
from fluvial erosion might increase as the stream adjusts its
slope (Thorne, 1999). Alternatively, adding a low-lying or
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bankfull bench (fig. 1f) may reduce the bank height subject
to fluvial erosion and mass wasting and let the vertical bank
behind the bench flatten over time (Thorne, 1999). A bench
can also decrease applied shear stress by allowing high-flow
events to spread over a floodplain (Rosgen, 1996; Simon et
al., 2000).

There are a variety of bioengineering streambank man-
agement techniques that incorporate riparian plants (Gray
and Sotir, 1996; NRCS, 1996). A detailed list of techniques
is not provided in this review, but these techniques are usu-
ally placed on a shaped streambank to add streambank
roughness and increase shear strength by providing tensile
strength from root networks and increasing streambank
drainage (Gray and Sotir, 1996; NRCS, 1996; Watson et al.,
1997). In addition to providing structure to the streambank,
established vegetation also provides an array of riparian eco-
system benefits (Cavaille et al., 2013, 2015, 2018). As men-
tioned previously, bioengineering is the oldest streambank
stabilization technique (Evette et al., 2009).

The simplest form of bioengineering is the unsystematic
planting of riparian plant species on a stabilized streambank,
such as native riparian trees or dormant cuttings (also known
as live stakes). Other examples of bioengineering techniques
that are discussed in this section are timber piles, live fas-
cines, brush mattresses, willow spiling, vegetated geogrids,
and crib walls. A brief description of each is provided below.
Additional techniques are described by Gray and Sotir
(1996) and NRCS (1996).

Live stakes incorporate the use of dormant cuttings of a
riparian woody species’ trunk (e.g., willow, sycamore) that
are manually placed into the phreatic zone of a streambank,
where the cuttings eventually sprout roots and begin to grow
(Watson et al., 1997). They can be placed sporadically or in
rows, also known as brush layers (Frothingham, 2008). Tim-
ber piles function similar to live stakes except that they do
not grow over time and only provide temporary roughness
until vegetation is established (Zhang et al., 2019). Live fas-
cines are long, circular bundles of dormant cuttings (Li et al.,
2006), and wattles or coir rolls are rolls of geotextile fabrics
(Frothingham, 2008), both of which can be placed on top or
in trenched rows along the contour of an angled streambank.
Brush mattresses consist of dormant cuttings either placed
on top or trenched into an angled streambank to provide full
coverage (Li et al., 2006). Willow spiling, a technique com-
mon in European countries, is similar to brush mattresses ex-
cept that it is used on actively eroding streambanks and in-
cludes vertical cuttings woven with additional horizontal
cuttings (Anstead et al., 2012). Erosion control blankets are
geotextile fabrics stapled or staked to the streambank (Froth-
ingham, 2008). A vegetated geogrid is a series of soil lifts
wrapped with geotextile that rebuilds a streambank at a flat-
ter slope and is typically planted with live stakes (Gray and
Sotir, 1996). Finally, a crib wall is a wooden structure placed
at the bottom of an eroding streambank that is filled with soil
and planted with vegetation (Krymer and Robert, 2014).

Twenty-eight studies were found on soft streambank
management techniques published over the last 20 years and
are summarized in table A17 in the Appendix. Most of the
studies were conducted in the field (79%) by environmental
scientists (82%) in North America (61%), observing site-
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scale effects (93%) of techniques under varying flow condi-
tions (85%). Of the four soft engineering techniques men-
tioned, vegetation/bioengineering (64%) and toe rock (54%)
have been the most studied, followed by bank shaping
(29%). Only one physical modeling study (fig. 13) was
found on bioengineering, toe rock, and bank shaping (Reck-
ing et al., 2019). Furthermore, no studies were found that
(1) explicitly stated that a bankfull bench was installed as
part of the streambank stabilization project or (2) assessed
projects at river scale. Finally, of the numerical modeling
studies conducted, the majority were 1D simulations using
publicly available models.

Unlike the previously mentioned streambank stabiliza-
tion techniques, effect on bank erosion was the most popular
research objective (57%), followed by habitat effects (54%),
bedload effects (29%), and hydraulic effects (25%, fig. 5).
Although some researchers reported properties of the chan-
nel (e.g., width-to-depth, slope, etc.) and techniques (e.g.,
height, bank angle) studied, many did not, making it difficult
to compare studies. Further, toe rock descriptions vary con-
siderably, as some studies mentioned height based on flow
depth (Elhakeem et al., 2017) or bank height (Simon et al.,
2009; Simon and Steineman, 2000), while others mention
application rate (Shields et al., 1998a, 2000). Finally, the
maximum constructed bank angle assessed and reported was
2H:1V (Holmes et al., 2019; Simon and Steinman, 2000;
Veller and Doyle, 2001), while the minimum was 3H:1V
(Enlow et al., 2018).

As mentioned, the majority of research groups evaluated
the effectiveness of soft streambank management techniques
in reducing bank erosion, often comparing and/or incorpo-
rating multiple techniques. Interestingly, the majority of the
studies did not agree on the combination of techniques that
was most effective. The following provides a summary of
the techniques that were found to be most effective in reduc-
ing bank erosion:

e Bank shaping, vegetation, and grade control (Enlow

et al., 2018).
e Bank shaping, toe rock, and vegetation (Recking et
al., 2019; Simon et al., 2009).
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Figure 13. Temporal distribution of soft engineering streambank man-
agement studies, including toe rock, vegetation/bioengineering, bank
shaping, and bankfull bench studies.
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e Bank shaping, toe rock, vegetation, and woody revet-
ments (Veller and Doyle, 2001).
e Bendway weirs and toe rock (Acharya and Gautam,

2012).

e Riprap, timber piles, and vegetation (Zhang et al.,
2019).

e Toe rock and vegetation/brush mattresses (Frothing-
ham, 2008).

e Vegetation using bioengineering approaches (Dhital
et al., 2013; Li et al., 2006; Simon and Steineman,

2000).
Alternatively, Elhakeem et al. (2017) showed that rock flow
deflectors were more effective than toe rock at reducing
bank erosion by inducing deposition in the near-bank region.

Vegetation was incorporated in all but one (Acharya and
Gautam, 2012) of the identified effective streambank man-
agement techniques listed above. Establishing vegetation
through various bioengineering approaches has been re-
cently assessed. Some researchers evaluated the survival of
live stakes that were incorporated into bioengineering tech-
niques. Anstead and Boar (2010) and Anstead et al. (2012)
recommended special care of bioengineering techniques in-
corporating willow in the early years, such as removing cat-
tle from the site, watering, and replanting when necessary.
Anstead and Boar (2010), Anstead et al. (2012), and Pez-
eshki et al. (2007) also recommended being mindful of site
selection, as incising streams may result in structure failure
(Anstead et al., 2012), and banks composed of coarser mate-
rials require more watering or deeper planting into the
groundwater table (Anstead et al.,, 2012; Pezeshki et al.,
2007). Pezeshki et al. (2007) found that black willow cut-
tings did best in silty-textured banks. Frothingham (2008)
evaluated the ability of several bioengineering approaches,
such as wattles, coir logs, live fascines, brush mattresses,
brush layering, live stakes, and erosion control blankets, to
withstand applied velocity and shear stress. Frothingham
(2008) found that brush mattresses, in combination with toe
rock, were best able to withstand applied velocity and shear
stress on eroding streambanks along a stream in the north-
eastern U.S.

In terms of improving design of bioengineering ap-
proaches, Bischetti et al. (2010) integrated live fascine de-
sign parameters, such as stems per meter, fascine diameter,
and distance between fascines, into a slope stability model.
Krymer and Robert (2014) evaluated several crib wall pro-
jects, identifying wall design parameters, such as height, lo-
cation, and vegetation type and placement, and site charac-
teristics, such as stream power, bank sediment composition,
and planform, as important factors that affect long-term crib
wall stability. Additionally, Petrone and Petri (2008) noted
the importance of determining the best native species to use
in bioengineering practices. While these studies certainly
help in the design and selection of bioengineering tech-
niques, other bioengineering techniques exist that have yet
to be evaluated.

Toe rock was also found to be effective in reducing
streambank erosion. Simon et al. (2009) provided the most
support for this technique, showing that incorporation of toe
protection has potential to reduce sediment loads from

367



streambank erosion by 69% to 100% on streams in the Lake
Tahoe watershed in the western U.S. The researchers
stressed the importance of, at minimum, protecting the
streambank’s toe from erosion. However, Shields et al.
(2000) observed an increase in flow velocities in reaches
with only toe rock installed. This increase in velocity is ex-
pected to increase scouring near the vicinity of the toe rock,
but no studies were found that quantified this effect. Alter-
natively, several researchers recommended using toe rock or
other forms of toe protection in combination with additional
stabilization techniques, such as flow deflectors, woody re-
vetments and bioengineering, to guarantee long-term project
success (Acharya and Gautam, 2012; Anstead and Boar,
2010; Frothingham, 2008; Recking et al., 2019; Shields et
al., 2000; Veller and Doyle, 2001).

Effects on habitat were also of interest when assessing
soft streambank management techniques, with most studies
finding positive effects on habitat conditions. Cavaille et al.
(2013, 2015, 2018) investigated animal habitat and riparian
vegetation across riprap banks, toe rock and vegetated banks,
bioengineered banks using crib walls and live fascines, and
natural banks on streams in the French and Swiss Alps.
Treated banks using both toe rock and vegetation had the
greatest plant functional diversity (Cavaille et al., 2013,
2015), while bioengineered banks showed greater macroin-
vertebrate biodiversity than any other treatment type
(Cavaille et al., 2018). Two other research groups obtained
similar results, reporting improved macroinvertebrate habi-
tat following installation of bioengineering practices (Li et
al., 2006), as well as other stabilization measures that incor-
porated woody revetments, rock vanes, and vegetation
(Schiff et al., 2011). However, Schiff et al. (2011) did not
observe this same positive effect on macroinvertebrate hab-
itat at reach scale, suggesting that watershed-scale issues
may dampen these effects. Shields et al. (1998a, 1998b,
2000) and Gidley et al. (2012) reported improvement in fish
habitat following installation of toe rock and vegetation, as
well as bendway weirs (Shields et al., 1998a, 1998b, 2000),
on severely impacted streams in the U.S. Finally, Sudduth
and Meyer (2006) and Cooperman et al. (2007) reported an
increase in organic material habitat on banks stabilized with
bioengineering.

Holmes et al. (2019) was the only study to report reduced
habitat conditions for predator/prey populations following
bank shaping on a stream in New Zealand. This reduction
was assumed to be caused by a temporary increase in fine
sediment deposition at the site due to construction activities.
Fortunately, aquatic communities returned to pre-construc-
tion conditions three years after bank shaping occurred
(Holmes et al., 2019).

STREAMBANK STABILIZATION
RESEARCH NEEDS

Over 140 published, peer-reviewed journal articles on the
physical and biological effects of streambank stabilization
systems are cited in this article, but research needs still exist.
Two common research needs were identified among all the
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streambank stabilization techniques: (1) assess the spatio-
temporal variability in hydraulics, sediment transport, bank
erosion, and habitat induced by streambank stabilization
techniques, and (2) improve numerical simulation and sys-
tem design.

These common research needs are discussed further in the
following sections. In addition, research needs specific to a
particular streambank stabilization technique are presented.
Finally, this section provides suggestions for standard re-
porting in future streambank stabilization publications.

RESEARCH NEED 1: ASSESS SPATIOTEMPORAL
VARIABILITY INDUCED BY STREAMBANK
STABILIZATION TECHNIQUES

An intriguing finding of this review is that the effect on
streambank erosion of streambank stabilization techniques
was not the most commonly studied physical effect across
all the studies. While this observation may be skewed by the
disproportionate number of instream structure studies (80%
of 146) that have a large effect on sediment transport, as-
sessing the ability of all streambank stabilization techniques
to reduce bank erosion should be a top priority. As noted by
several research groups, some techniques may be more ef-
fective than others in the long run (e.g., Bressen et al., 2014;
Dave and Mittlestet, 2017; Frothingham, 2008). In addition
to the long-term effectiveness, various technique configura-
tions (Bhuyian et al., 2010; Cunningham and Lyn, 2016; El-
hakeem et al., 2017; Khosronejad et al., 2017; Jamieson et
al., 2013a, 2013b; Recking et al., 2019; Teraguchi et al.,
2011) as well as flow (Abad et al., 2008; Biron et al., 2004),
sediment (Buchanan et al., 2014), and boundary conditions
(Karki et al., 2018; Wu et al., 2005) can affect overall bank
erosion mitigation. While bank erosion was assessed with an
erodible bank in a laboratory setting by a few researchers
(e.g., Cunningham and Lyn, 2016; Dey et al., 2017; Ja-
mieson et al., 2013a, 2013b) or by applying 1D or 2D lateral
erosion models (e.g., Enlow et al., 2018; Larsen and Greco,
2002; Niezgoda and Johnson, 2006; Simon et al., 2009),
many physical and numerical studies only evaluated near-
bank scour depth and/or velocity, shear stress, and secondary
currents as an indication of bank erosion reduction via flu-
vial erosion. As pointed out by Simon et al. (2000), many
physical processes (e.g., fluvial erosion, subaerial processes,
and mass wasting) affect bank erosion rates, and dominant
processes can change over time (Couper, 2004). Therefore,
it is imperative that dominant bank erosion processes are in-
cluded in future streambank stabilization research.

In addition to evaluating the site-scale effects that stream-
bank stabilization techniques have on bank erosion, contin-
ued understanding of a broader spatial scale (reach, river,
and/or watershed scale) and longer temporal scale is critical
for long-term project success (Anstead et al., 2012; Bhuyian
et al., 2009; Brooks et al., 2004; Buchanan et al., 2014;
Cavalille et al., 2018; Cooperman, 2007; Enlow et al., 2018;
Gidley et al., 2012; Khosronejad et al., 2017; Larsen and
Greco, 2002; Li et al., 2018; Miller and Kochel, 2010, 2013;
Shih et al., 2008; Thompson, 2002; Veller and Doyle 2001;
White et al., 2010; Wu et al., 2005). The best way to assess
the spatiotemporal variability of streambank stabilization
projects is through long-term field studies, as they provide
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the most accurate assessment of how techniques function in
a natural setting. Including multiple sites (Massey et al.,
2017) and obtaining data needed for before-after-control-im-
pact (BACI) studies (Cooperman et al., 2007) will enhance
conclusions drawn from field studies.

The vast majority of studies reviewed here were con-
ducted at the site scale. While most streambank stabilization
projects only occur along a small section of a stream (e.g., a
single meander bend), researchers noted the importance of
understanding the possible reach-scale and river-scale ef-
fects on channel stability (Anstead et al., 2012; Bhuyian et
al., 2009; Brooks et al., 2004; Buchanan et al., 2014;
Cavaille et al., 2018; Cooperman et al., 2007; Enlow et al.,
2018; Florsheim et al, 2008; Gidley et al, 2012;
Khosronejad et al., 2013; Larsen and Greco, 2002; Massey
etal., 2017; Miller and Kochel, 2013; White et al., 2010; Wu
et al., 2005). For example, scour prediction is an important
design consideration for instream structures, hardened
banks, and streambank toe protection, as excessive scour can
cause structures to fail. As presented in the “Recent Research
and Monitoring of Streambank Stabilization” section, scour
hole characteristics produced by impermeable instream
structures have been studied and quantified extensively to
assist with instream structure design. In contrast, deposition
induced by instream structures, especially impermeable
structures, has not been evaluated to the same extent. This is
likely because many of the researchers conducting scour
studies were engineers who were most interested in protect-
ing against structure failure and/or relocating the thalweg.
Generally, localized deposition does not pose a threat and is
often assumed to have a positive effect. However, some re-
searchers noted that the depositional features created by the
increase in localized scour at the site may have reach-scale
effects, as these features can move slowly downstream and
potentially increase streambank erosion downstream (Bhuy-
ian et al.,, 2009; Khosronejad et al., 2013). Furthermore,
Bhuyian et al. (2009) and Giri et al. (2003) noted that a
change in the velocity distribution could occur at reach scale,
following installation of structures, which could also affect
bank erosion downstream of the site. Finally, Wu et al.
(2005) noted that continued installation of bank erosion
measures can shift streams from a braided geomorphic form
to confined and meandering. Florsheim et al. (2008) de-
scribed this shift as unintentional channelization that could
have both physical and biological impacts. Therefore, con-
tinued evaluation of hydraulic and bedload patterns at reach
to river scale or at watershed scale should be conducted for
all configurations of stabilization techniques and flow, sedi-
ment, and boundary conditions (Azinfar and Kells, 2007,
Biron et al., 2004; Buchanan et al., 2014; Giri et al., 2003;
Jia et al., 2005; Karki et al., 2018; Khosronejad et al., 2013;
Koken and Constantinescu, 2008b; Kuhnle et al., 2008; Rah-
man and Murmato, 1999; Tritthart et al., 2009).

Advancing the understanding of the spatiotemporal vari-
ability in streambank stabilization performance also requires
considering the ultimate cause of streambank instability and
the channel’s current evolutionary stage (Enlow et al., 2018;
Florsheim et al., 2008; Rosgen, 1996; Wohl et al., 2005).
However, these factors have been largely ignored, or at least
not reported, in the streambank stabilization literature to
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date. It has been suggested that failed streambank stabiliza-
tion techniques may have been unsuccessful because of
larger watershed-scale or stream-scale issues (Florsheim et
al., 2008; Schiff et al., 2011; Simon and Steinman, 2000;
Sudduth and Meyer, 2006; Testa et al., 2010) that should
have been addressed first. Furthermore, stream reaches in the
degrading phase of channel evolution models are extremely
susceptible to structure failure if grade control measures are
not placed (Enlow et al., 2018; Shields et al., 1998Db).

A key design question related to the spatiotemporal vari-
ability in streambank stabilization performance is: In what
situations are certain streambank stabilization techniques
most appropriate? Very few studies identified specific
stream types where streambank stabilization techniques
work to achieve project objectives. Of the studies that did,
their potentially useful observations include:

e Adding structure (e.g., instream structures, toe
rock/wood) to bioengineering techniques can buy
time for vegetation establishment (Anstead and Boar,
2010; Bhuyian et al., 2010; Buchanan et al., 2014;
Krymer and Robert, 2014; Li and Eddleman, 2002;
Simon and Steinman, 2000).

e Instream structures are more susceptible to failure in
streams with width-to-depth ratios of 10 or less (Rad-
spinner et al., 2010)

In terms of the stream width observation by Radspinner
et al. (2010), the width-to-depth ratio could be related to the
stream’s channel evolution stage, as wide and shallow
streams tend to be aggradational, while narrow and deep
streams tend to be degradational (Simon and Hupp, 1986).
While the survey by Radspinner et al. (2010) included eval-
uation of grade control structures, it was not clear if failing
instream structures on narrow and deep streams also incor-
porated grade control measures, if deemed necessary. How-
ever, Miller and Kochel (2010, 2013) noted that instream
structures, such as rock vanes, failed even on streams where
the bed was stabilized. These observations provide addi-
tional evidence that a need exists to determine what tech-
niques to use in certain channel geomorphic conditions.

RESEARCH NEED 2: IMPROVE NUMERICAL
SIMULATION AND SYSTEM DESIGN

Numerical modeling studies were the least common study
type among the recent literature on streambank stabilization
techniques. If the overall goal is to improve the design of
streambank stabilization techniques, this needs to change.
To date, streambank stabilization systems continue to be de-
signed by experienced professionals, generally using an ar-
ray of rules-of-thumb provided by design manuals. As noted
by several researchers, these design guidelines have limita-
tions and are only as good as the model or site that they came
from (Fox et al., 2005; Kinzli and Thornton, 2010; Matsuura
and Townsend, 2004; Rahman and Muramato, 1999; Scur-
lock et al., 2015). As data collection and computational tech-
nologies continue to improve, numerical models should re-
place or enhance these guidelines (Abad et al., 2008;
Elawady et al., 2001; Enlow et al., 2018; Khosronejad et al.,
2017; Minor et al., 2007; Pandey et al., 2016; Zhang and
Nakagawa, 2009), allowing designers to come up with
unique solutions that best fit the varying flow and sediment
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regime, as well as the boundary conditions of a specific site,
reach, and/or river (Bhuyian et al., 2009; Biron et al., 2004;
Gupta et al., 2010; Karki et al., 2018; Roca et al., 2007, 2009;
Voisin and Townsend, 2002).

Determining what model dimension, or level of complex-
ity, to use for system design depends on the project’s objec-
tives, expected design life, and budget, as increasing com-
plexity means increased data requirements and computa-
tional time and, as a result, increased cost (Duan and Nanda,
2006; Elhakeem et al., 2017; Enlow et al., 2018). Given the
need to understand the reach-scale to watershed-scale effects
of stabilization systems over a longer time scale, 2D and
preferably 3D models should provide the most accurate re-
sults of velocity distribution, sediment transport, and bed
evolution, if properly calibrated (Bhuyian et al., 2009;
Khosronejad et al., 2017; McCoy et al., 2007). However, as
the spatial and/or temporal scale becomes more expansive,
obtaining results from higher-dimension models may not be
feasible. Therefore, a need exists to assist designers in se-
lecting the appropriate model to use based on project con-
straints.

If 3D modeling is identified as the best approach, the
VSL3D code developed by Khosronejad et al. (2013, 2014a,
2014b, 2017) has the ability to represent varying field con-
ditions and has been used to design several instream struc-
tures, such as bendway weirs, rock vanes, and grade control
structures. However, this 3D model does not simulate bank
erosion. In fact, none of the cited 3D models have the ability
to simulate bank erosion, which remains a major research
gap in 3D geomorphic modeling. Furthermore, the VSL3D
code is apparently not publicly available for design applica-
tions. This was a common observation, as several of the ap-
plied numerical models were custom-built models that were
not easily accessible to the public. Therefore, it is recom-
mended that custom-built numerical models that have been
successfully applied in the design of multiple streambank
stabilization techniques become more readily available for
outside application.

Alternatively, Duan and Nanda (2006) and Elhakeem et
al. (2017) suggested putting more effort into 2D models for
practical design purposes, as 2D models are more cost-effec-
tive (e.g., require less data collection for calibration, compu-
tationally easier to run) and have been employed to model
bank erosion (Niezgoda and Johnson, 2006). Other types of
numerical models that may be useful for stream scientists,
designers, and planners are climate (Jorgensen et al., 2013)
and/or 1D channel migration models (Enlow et al., 2018;
Larsen and Greco, 2002; Simon et al., 2009).

Results from physical models and field studies can and
should be used to calibrate and improve numerical model
simulations (Dey et al., 2017; Elawady et al., 2001; Giri et
al., 2004; Sinha and Marelius, 2000). Ideally, a designer em-
ploying a numerical model would calibrate the model using
data collected at the site of interest. Therefore, sensitivity
analyses should be conducted on all numerical models to de-
termine which input parameters have the greatest effects on
the model results (Nagata et al., 2005). This knowledge
would enable designers and researchers to collect the data
most pertinent to calibration. Sensitivity analyses have al-
ready been conducted on bank erosion numerical models,
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such as BSTEM (Lammers et al., 2016) and CONCEPTS
(Langendeon and Simon, 2008). If funds do not allow for
site-specific data collection to calibrate numerical models,
results from past physical model and field studies can be ap-
plied, if they share similar characteristics of the site of inter-
est. This further justifies the need for continued spatiotem-
poral evaluation, through both physical models and fields
studies, of streambank stabilization techniques. However, if
physical models are used to calibrate numerical models,
Khosronejad et al. (2013) recommended that future labora-
tory models use materials and dimensions typical of real
streambank stabilization techniques (i.e., using rock or
wood), as the effects induced by the complex nature of real
structures is still lacking in the literature.

ADDITIONAL SPECIFIC RESEARCH NEEDS

In addition to the two research needs identified in the pre-
vious sections, table 2 provides a summary of research needs
for specific streambank stabilization techniques highlighted
in the “Recent Research and Monitoring of Streambank Sta-
bilization” section, as well as techniques identified by other
researchers (as cited in table 2).

RECOMMENDATIONS FOR STANDARD REPORTING
IN STREAMBANK STABILIZATION RESEARCH

Three discoveries made this review challenging and, at
times, frustrating: (1) the varying structure nomenclature,
(2) the lack of detail on streambank stabilization techniques
and channels, and (3) the disconnect between research sci-
entists, research engineers, and practitioners. In terms of
structure nomenclature, future streambank stabilization pub-
lications should use the same nomenclature presented and
defined in this review. This will help scientists and engineers
identify research needs for specific techniques and reduce
unintended duplication, which unfortunately has happened
over the last 20 years. Furthermore, as noted several times
throughout this review, the characteristics of the stabilization
technique (e.g., shape, angle, height, length, etc.) and of the
channel (e.g., slope, width, etc.) were often omitted from the
published results. As a result, placing studies in proper cate-
gories and comparing results across studies were extremely

Table 2. Additional research needs
techniques.
Technique
Impermeable spurs
Bendway weirs

for streambank stabilization

Research Needs

Improve rock sizing criteria (Abt et al., 2016).

No identified additional needs.

Improve rock sizing criteria (Abt et al., 2016).

Assess habitat effects.

Assess habitat effects;

Determine strength and number of vortices around
vanes (Marelius and Sinha, 1998).

No identified additional needs.

Test scour effects of retaining wall flexible footings
(Roca et al., 2009).

Conduct scour analyses;

Improve rock sizing criteria (Abt et al., 2016;
Frothingham, 2008).

No identified additional needs.

Conduct any type of study on this technique.

Examine the effects of all types and variations of
bioengineering approaches;

Identify the best native species to incorporate into
bioengineering practices across the globe
(Petrone and Preti, 2008).

Rock vanes

Permeable spurs
Submerged vanes

Woody revetments

Hardened streambanks

Toe rock

Bank shaping
Bankfull bench
Vegetation and
Bioengineering

TRANSACTIONS OF THE ASABE



difficult. Additionally, results from physical modeling and
field studies that omit these details may be useless to design-
ers attempting to calibrate numerical modeling tools from
past studies. This leads to the final frustration: the lack of
communication between research scientists, research engi-
neers, and practitioners.

Several field studies conducted by environmental scien-
tists omitted structure details and often used vague terms to
describe techniques. Could this mean that researchers and
practitioners are not working together to advance stream-
bank stabilization design? This apparent disconnect between
researchers and practitioners was not limited to scientists;
several studies led by engineers tested structures that were
(1) sized, placed, and configured in a way that is rarely, if
ever, used in practice and/or (2) in channel configurations
that rarely exist in the natural world. An example of this dis-
connect comes from comparing the survey results of stream
restoration designers reported by Radspinner et al. (2010)
and the structure and channel configurations of the physical
and numerical models presented in this review. The survey
found that instream structures, such as impermeable spurs,
bendway weirs, and rock vanes, appear to be more prone to
failure on streams with a single structure and/or with low
width-to-depth ratios. However, many physical and numeri-
cal modeling studies on impermeable spurs and bendway
weirs have focused on evaluating only a single structure on
channels with low width-to-depth ratios.

Finally, when reviewing the expertise of research teams,
a combination of research scientists and research engineers
is rare. In the future, the objectives of all streambank stabili-
zation projects should include reducing accelerated bank
erosion and either (1) improving habitat for native species or
(2) leaving it unchanged. To be successful, this approach
would require multidisciplinary teams of research engineers,
environmental scientists, and practitioners.

CONCLUSION

Streambank stabilization consists of a single technique or
a system of techniques that maximize localized streambank
shear strength and/or minimize the forces acting on a stream-
bank with the intent of halting or minimizing lateral retreat.
Streambank stabilization systems are the oldest and arguably
the most common river management technique used by prac-
titioners. This review identified eleven general streambank
stabilization techniques: impermeable spurs, bendway weirs,
rock vanes, permeable spurs, submerged vanes, woody re-
vetments, hardened streambank, toe rock, bank shaping,
bankfull bench, and vegetation/bioengineering. A total of
146 peer-reviewed journal articles, published since 1998,
were found pertaining to these techniques. Of those studies,
bendway weir research has been the most common, while
permeable spur research has been the least common. Over-
all, physical models were the most common type of study,
followed by field studies and numerical models, although
numerical modeling studies have become more common
over the last 15 years. Furthermore, instream structures were
often evaluated using physical models, while streambank
management techniques were assessed primarily in the field.

63(2): 351-387

The most commonly studied physical effect of streambank
stabilization was not the effect on bank erosion but rather the
effect on sediment transport, especially bedload transport.
However, this was likely skewed due to the uneven distribu-
tion of instream structure studies (80% of 146 studies) versus
streambank management techniques (29%).

Based on this review, two research needs were identified
among all the streambank stabilization techniques: (1) assess
the spatiotemporal variability in hydraulics, sediment
transport, bank erosion, and habitat induced by streambank
stabilization techniques, and (2) improve numerical simula-
tion and system design. The spatiotemporal variability of
techniques should be further evaluated to (1) measure the ef-
fect of streambank stabilization techniques on local bank
erosion rates over time, (2) understand the reach-scale to
river-scale effects on hydraulics, sediment transport, bank
erosion rates, and habitat, and (3) determine the environmen-
tal contexts in which streambank stabilization techniques are
most effective. Improving numerical models should be the
primary focus of future streambank stabilization research so
that designs can be developed based on specific project site
conditions, such as the stream’s flow distribution and sedi-
ment regime, rather than relying solely on a set of design
guidelines. Developing designs using calibrated numerical
simulations should reduce unintended reach-scale to river-
scale impacts on channel stability. In addition, a list of re-
search needs for specific stabilization techniques was pro-
vided.

In an effort to advance the science and practice of stream-
bank stabilization, it is recommended that future streambank
stabilization research publications (1) use consistent nomen-
clature as presented in this review, (2) provide details about
the characteristics of the techniques applied and the channel
studied, (3) justify the experimental setup, and (4) explain
how the research will improve design.
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APPENDIX

Table Al. Summary of impermeable spur physical models (1998-2019) (N/A = not applicable; N/R = not reported).

Spatial ~ Time Channel Conditions Structure Properties!)
Study Objective  Scale  Scalel)  Planform W/DIbl Slopel!!  Boundaries Angle H L Spacing Planl®! Results
. Fixed bank, Developed an equation to predict
Pandey et al. Bedload Site Variable Straight Narrow to Low uniform 90° Bz.mk 0.06to N/A Single maximum scour depth and length
(2016) flow moderate . height  0.2xW
mobile bed around spur.
Up to Developed “rapid” method to esti-
Scurlocket al. . Variable Fixed bank 60° 0.12to 0.6 to . mate hydraulic effects of impermea-
(2015) Flow Site flow Meander NR Low and bed to 90° hb:‘lﬁt 034xW 3.1xW Multiple ble spurs, bendway weirs, and rock
g vanes.
. . Fixed bank, Upstream-facing L-shaped spurs re-
Deghani et al. Bedload Site Variable Straight Narrow Low uniform 90° Belmk 0.13x W N/A Single sulted in least scour compared to
(2013) flow X height B
mobile bed downstream-facing regular spurs.
Bank Fixed bank Used a physical model to design two
Burele et al. erosion, . Variable . . X " Bank 0.01 to . spurs that deflected flow, reduced
Site Meander Wide Low nonuniform 90 X 0.01 x L Multiple . R o
(2012 flow, and flow - height  0.03 x W velocity, and induced deposition
mobile bed
bedload along bank.
Zhane et al Sinle Fixed bank, Bank Sediment heterogeneity had an effect
S . Bedload Site s Straight Narrow Low nonuniform 90° . 025 x W N/A Single  on localized scour depth and sedi-
(2012) event . height 3
mobile bed ment sorting around spur
Teraguchi Bank Variable Narrow to Fixed bank, 18% of Erosion at tip and deposition along
2 erosionand  Site Straight Moderate  nonuniform 90° bank  0.19xW  25xL  Multiple bank were best with a hybrid of per-
etal. (2011) flow moderate X X .
bedload mobile bed height meable and impermeable spurs.
Fixed bank Two counter-rotating flow circula-
Duan Flow and Site Single Straight Narrow Low nonuniform 90° B:lmk 033 x W N/A Single tions occurrcd.at spur tip; bed shear
(2009) bedload event X height stress at spur tip was 3x the mean of
mobile bed
the approach flow.
. Fixed bank, Bed shear stress at spur tip could be

Duan et al. Flow and Site Single Straight Narrow Low nonuniform 90° Belmk 033 x W N/A Single up to 6x to 8x higher than approach

(2009) bedload event . height
mobile bed flow.
. . Scour around T-shaped spurs in-
Ghodsian and Flow and . Variable leefi bank, " Bank 0.1to . creased with length and Froude num-
Vaghefi Site Meander N/R N/R uniform 90 X N/A Single )
bedload flow . height 0.25x W ber; created upstream and down-
(2009) mobile bed .
stream vortices.
Zhangand o g Single Fixed ban, Bank and had e mpac o flow e
Nakagawa Site s Straight Narrow Low uniform 90° . 0.25 x W N/A Single . P .
bedload event X height than impermeable spurs; recom-
(2009) mobile bed L
mended a combination of both.

Fusli etal Variahl Fixed bank, Bank ol Developed z:in equaltl)on l:l) prelghcld
azi ¢t al. Bedload Site anavle  \feander Narrow N/R uniform 90° an N N/A Single scouraround spurs based on Frouce
(2008) flow X height  0.2xW number, spur length, and location in

mobile bed
meander bend.
Koken and Observed and measured time-de-
Constantinescu Flow and Site Single Straight Narrow N/R lee(;l bank, 90° Be_mk 0.16 x W N/A Single pendent vortices m the region of the
bedload event mobile bed height spur and how vortices affected scour
(2008b) o

and deposition.
Developed equations to estimate var-

Nasrollahi . Single . Fixed bank, o Bank 0.13 to . iations in scour depth; short imper-

et al. (2008) Bedload Site event Straight Moderate NR mobile bed 920 height  0.38 x W NA Single meable spurs or permeable spurs re-
sulted in the least scour.
Measured 3D flow effects of imper-

Ulijttewaal . Single . Fixed bank o Bank . meable and permeable spurs, weirs,
(2005) Flow Site event Straight Moderate NR and bed 920 height 040xW 225xL  Multiple and vanes; structure submergence

had the greatest effect.
. . Flow distortions observed when

Ettema and Flow Site Single Straight Narrow Moderate Fixed bank 90° Bz.mk 033 x W N/A Single  comparing flow features between

Muste (2004) event and bed height
small versus model length scales.
L. . . Measured hydraulic effects of spurs

Giri et al. Flow Reach Single Meander Narrow N/R Fixed bank 90° Belmk 025 x W 3xL Multiple and calibrated a 2D numerical model

(2004) event and bed height .
with the results.
L. . . Installation of spurs redistributed ve-

Giri ct al. Flow Reach Single Meander Narrow Low Fixed bank 90° B:lmk 025 x W 3xL Multiple locity along downstream meander by
(2003) event and bed height 4

creating a dead zone.
Flow and Two 2D eddies formed between

Sukhodolov . . Single . Fixed bank o Bank 1.4 to0 . spurs spaced at least twice their

etal. (2002) sediment Site event Straight Moderate NR and bed %0 height 0.25x W S5xL Multiple length apart; deposition between
transport o
spurs depended on eddy velocities.
. . . Exchange of dissolved matter oc-
Uijttewaal . Variable . Fixed bank o Bank 1.4 to . ..
ctal. (2001) Flow Site fow Straight Moderate N/R and bed 90 height 0.25x W 33xL Multiple cyrred along a mixing layer at the
river and spur interface.
Rahman and . . . .

Muramoto Bedload Site Variable Straight Narrow NR lee(.1 bank, 90° Belmk 0.13 to N/A Single Developed an equation to predict

(1999) flow mobile bed height  0.28 x W scour around spurs.

[al " “Single event” indicates that one discharge was tested, and “Variable flow” indicates that two or more discharges were tested as steady, uniform events.
[b] " W/D = channel width-to-depth ratio: <12 = narrow, <40 = moderate, and >40 = wide.

[l Slope (m m™): <0.001 = low, <0.04 = moderate, and >0.04 = high.
4 Angle = angle from upstream bank line tangent, H = height of structure, and L = length.
[l Single = one single-wing deflector, and Multiple = many single-wing deflectors.
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Table A2. Summary of impermeable spur field studies (1998-2019) (N/A = not applicable; N/R = not reported).

Spatial ~ Time Channel Conditions Structure Properties!)
Study Objective  Scale  Scalel®  Planform W/DIbl Slopel!  Boundaries Angle H L Spacing Plan!®! Results
Acharya and Bank Up to Bendway weirs slowed velocity and
4 erosion Site Short Natural N/R N/R Natural 90° bank N/R N/R Multiple induced deposition on protected bank
Gautam (2012) X N
and flow height region better than spurs or toe rock.
Bank Impermeable spurs, bendway weirs,
Radspinner erosion,  Site to Narrow to Low to or rock vanes may perform better in
etal. (2010) bedload,  reach NR Natural moderate  moderate Natural NR NR NR NR NR higher W/D channels with multiple
and habitat structures.
Bank Spurs were effective at reducing
Wu et al. erosion and Reach Lon. Natural Wide Low Natural 90° Bank 0.05 to IxL Multinle bank erosion; treating 80% of river
(2005) to river = to 150°  height 033 xW P length can shift stream from braided
bedload .
to confined and meandering.
Developed spur sideslope adjustment
Rahman and Bedload Site Short Natural Wide Low Natural 90° Bal.nk N/R N/A Single  of Melville’s (1992) scour prediction
Haque (2004) height
formulas based on field data.
Flow. .
H Spacing between spurs had an effect
Engelhardt — suspended oo gp o Natural Wide N/R Natural NR  NR N/R N/R Double | "5 patterns, residence times,
et al. (2004) load, and multiple 3
. and organic matter content.
habitat
Flow and Suspended sediment decreased to-
Sukhodolov . . o Bank 2to Double ward the bank; velocities increased
et al. (2004) susr:;;ied Site Short  Natural Wide NR Natural %0 height 0.2xW 3xL multiple and then decreased from channel
bottom to free surface.
Spur fields alternated between peri-
Ten Brinke Reach . o Bank 0.15to Double ods of erosion and deposition; ero-
et al. (2004) Bedload to river Long Natural Wide Low Natural o0 height  02xW 4xL multiple sion was caused by navigation; depo-
sition was caused by floods.
Kozerski transport Site  Medium  Natural Wide Moderate Natural 90° N/R . 1-1.5x L . B PO Lo
B 035x W multiple ily be remobilized during times of
(2003) and habitat

high turbulence.

(@ Time scale: <5 years = short, 5 to 10 years = medium, and >10 years = long.

o] W/D = channel width-to-depth ratio: <12 = narrow, <40 = moderate, and >40 = wide.

[l Slope (m m™): <0.001 = low, <0.04 = moderate, and >0.04 = high.
4 Angle = angle from upstream bank line tangent, H = height of structure, and L = length.
[l Single = one single-wing deflector, Multiple = many single-wing deflectors, and Double multiple = many double-wing deflectors.

Table A3. Summary of impermeable spur numerical models (1998-2019) (N/A = not applicable; N/R = not reported).

Spatial  Time Channel Conditions Structure Properties!®!
Study Objective  Scale  Scale  Planform W/Dlel Slopel”  Boundaries Angle H L Spacing Planl¥] Resultsl®!
. 3D (DES) model showed that longer
Koken and Single Fixed bank, Bank 0.1to spurs locally increased bed shear
Flow Site Straight Narrow N/R uniform 90° X N/A Single I
Gogus (2015) event . height  0.23 x W stress, pressure, and main horseshoe
mobile bed
vortex length.
3D (LES) model showed that size
Koken . Single . Fixed bank 60° Bank . and orientation of horseshoe vortex
(2011) Flow Site event Straight Narrow NR and bed to 120°  height 0.23xW N/A Single was affected by spur angle; 90° spur
created the most shear stress.
. Fixed bank, .
Zhangetal.  Flow and Site Single Straight Narrow Low uniform 90° Be}nk 025 x W N/A Single Calibrated a 3D (k-&) model to ana-
(2009) bedload event X height lyze flow and scour near a spur.
mobile bed
Koken and - . Sinel Fixed bank, Bank 3D (fLES)dnLodel showed éhal vor;ll-l
Constantinescu oW an Site ngie Straight Narrow N/R nonuniform 90° an 0.16 x W N/A Single ces lorme! y Spur caused scour hole
bedload event . height at tip to grow; entrained sediment
(2008a) mobile bed I
was deposited in wake.
3D (LES) model showed that flow
McCoy et al. . Single . Fixed bank o Bank . between spurs was 2D; flow at tip
(2008) Flow Site event Straight Moderate N/R and bed 90 height 75xD 10.75xD  Multiple was 3D; explained exchange be-
tween channel and wake region.
Flow and . Fixed bank, 2D model showed that spurs in-
Duan and suspended  Site Single Meander N/R N/R nonuniform 90° Bz.mk 0.25t0 N/R Multiple creased suspended sediment concen-
Nanda (2006) event . height  0.5xW . X
load mobile bed tration near tip.
Nagata et al Flow and Variable Narrow to Low to Fixed bank, Bank Calibrated a 3D (k- del t
g : Site Straight fixed and 90° MK 0osxW N/A Single  Calibrated a 3D (k-¢) model to ana-
(2005) bedload flow moderate  moderate mobile bed height lyze flow and scour near a spur.
Kothyari and . Fixed bank, Developed scour prediction equa-
Ranga Raju Bedload Site Variable Straight Nanf)w to N/R uniform 90° B:lmk 0.0410 N/A Single tions based on results of numerous
flow wide X height 0.58 x W .
(2001) mobile bed studies.

2l W/D = channel width-to-depth ratio: <12 = narrow, <40 = moderate, and >40 = wide.

] Slope (m m™): <0.001 = low, <0.04 = moderate, and >0.04 = high.
[l Angle = angle from upstream bank line tangent, H = height of structure, and L = length.

[l DES = Detached eddy simulation, and LES = Large eddy simulation.
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Single = one single-wing deflector, and Multiple = many single-wing deflectors.
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Table A4. Summary of bendway weir physical models (1998-2019) (N/A = not applicable; N/R = not reported).

Spatial ~ Time Channel Conditions Structure Properties!)
Study Objective  Scale  Scalel®  Planform W/DIbl Slopel!  Boundaries Angle H L Spacing Plan!®! Results
Bank Fixed bank. 41% to Rock vanes were more effective than
Hemmati and 3 . Variable N ’ o 50% of . bendway weirs in minimizing scour
erosionand  Site Meander Narrow N/R uniform 60 0.41 x W 3xL Multiple A o
Daraby (2019) bedload flow mobile bed bank and maximizing deposition between
height structures.
33% of Updated bendway weir rock sizing
. . o S . <
Abt et al. Flow site Smgle yieinder NR NR  Fixed bank 60°  bank 025xW 269xL Multiple Critcria basedon finding that maxi-
(2016) event and bed height mum velocity at tip of weir was 1.7x
& the average channel velocity.
Bank Erodible . .
Cunningham erosion, Variable bank. 0.25to Taller weirs provided the most bank
y Site Meander Narrow N/R e 75° N/R 3xL Multiple protection but may increase erosion
and Lyn (2016) flow, and flow uniform 033 xW at streambank toe
bedload mobile bed )
. Weirs were more effective than
o
Hemmati et al. Bank . Variable leefi bank, 60° 33% of 0.2 to . vanes at redirecting flow; vanes were
erosionand  Site Meander ~ Moderate N/R uniform o avg. 3xL Multiple . .
(2016) flow X to 90 0.4 xW more effective at reducing scour
bedload mobile bed depth !
depth off tip.
Scurlock et al. N
(015) Summarized in table A1
Kuhnle and Single Fixed bank 25% of Submerged bendway weirs devel-
Alonso (2013) Flow Site ov ; i Straight Narrow Low and bed 90° bank  0.13x W N/A Single  oped complex 3D flow patterns that
(scoured) height affected scour rate and form.
Teraguchi . .
ctal. (2011) Summarized in table A1
Kinzli and . . . .
. Variable Fixed bank 60° Bank 0.15to 34to . Developed equations to predict eddy
T(hZOOTg)m Flow Site flow Meander Moderate NR and bed t090°  height 028xW  7.6xL Multiple velocities behind and at toe of weirs.
Yossef and Flow and . Fixed bank, . . .
de Vriend sediment Site Variable Straight N/R N/R uniform 90° N/R  033xW 3.08xL Multiple Net transport OfSCdlman into weir
(2010) ransport flow mobile bed field under all flow conditions.
25% of Downstream eddy length was 4x
Kuhnle et al. Flow Site Single Straight Narrow Low Fixed bank 90° bank  0.13 x W N/A Single weir height; maximum bed shear
(2008) event and bed height stress was 2.7x approach shear
stress.
Developed a model to estimate back-
Azinfar and . Variable . Narrow to Fixed bank o 0.25to . water effect from bendway weirs;
Kells (2007) Flow Site flow Straight moderate Low and bed %0 NR 0.4 xW N/A Single slightly submerged weirs had the
greatest effect.
Uijttewaal Summarized in table Al
(2005)
. Bank . Fixed bank, o . . -
Biron et al. erosionand  Site Single Straight Narrow Low uniform 45 - NR 0.25t0 N/A Double N0.0plln.Vi'l d.CS.Ign max1m1z<_:d seour
(2004) bedload event mobile bed to 135 0.5xW while minimizing bank erosion.
Bank . Fixed bank, ° 20% of 45° angled bendway weir created the
Kul:;égze; al. erosionand  Site V;T:jle Straight Narrow N/R uniform to4153 50 bank 002';3:‘\)” N/A Single largest scour while minimizing bank
bedload mobile bed height - erosion potential.
. 6% to .
Bank . Fixed bank, o Shorter and lower bendway weirs re-
Elawady et al. erosionand  Site Variable Straight Narrow Low uniform 90° 19%of = 0.13to N/A Single sulted in minimal scour at tip and
(2001) flo bank 038 x W
bedload W mobile bed . 28X greatest bank protection.
height
13% to .
. . Just-submerged bendway weirs had
o o
Elawady et al. Flow Site Single Straight Narrow Low Fixed bank 60 o 25% of 025 x W N/A Single the greatest effect on backwater and
(2000) event and bed to 120 bank B
X velocity profiles around structure.
height
. Developed equation to estimate
o
Kuhnle et al. Bank . Variable . leefi bank, 5 25% of 0.13 to . scour for 90° weirs; tall and short
erosion and  Site Straight Narrow N/R uniform 90 bank N/A Single . R
(1999) flow . . 025 x W bendway weirs minimized scour and
bedload mobile bed height

maximized bank protection.

[al  “Single event” indicates that one discharge was tested, and “Variable flow” indicates that two or more discharges were tested as steady, uniform events
[*] " W/D = channel width-to-depth ratio: <12 = narrow, <40 = moderate, and >40 = wide.

[l Slope (m m™): <0.001 = low, <0.04 = moderate, and >0.04 = high.
4 Angle = angle from upstream bank line tangent, H = height of structure, and L = length.
[l Single = one single-wing deflector, Double = one double-wing deflector, and Multiple = many single-wing deflectors.
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Table A5. Summary of bendway weir field studies (1998-2019) (N/R = not reported).

Spatial ~ Time Channel Conditions Structure Properties!)
Study Objective  Scale  Scalel®!  Planform W/DIb! Slopel!  Boundaries Angle H L Spacin Planl®! Results
Lietal Bedload Site  Medium  Natural Narrow to  Moderate Natural N/R N/R N/R N/R Multiple Bendway weirs improved habitat for
(2018) and habitat moderate benthic macroinvertebrates by in-
creasing bed sediment size.
e e T T
Mittelstet ~ erosionand  Site Long Natural N/R N/R Natural N/R N/R N/R N/R Multiple P d s -
017) bedload vanes, woody revetments, toe rock,
bank shaping, or hardened bank.
Acharya and S
Gautam (2012) Summarized in table A2
Radspinner . .
etal. (2010) Summarized in table A2
Need pretreatment data to monitor
Cooperman Bedload . . effects of rock deflectors, woody re-
ctal. (2007)  and habitat Site Short Natural Moderate ~ Moderate Natural N/R N/R N/R N/R Multiple vetments, bank shaping, foe rock,
and vegetation.
Flow, Single, Rock flow deflectors increased depth
Pre(:;t())lozt)al. bedload, Site I\S/[he?i[itu‘r:l Natural I\Ima;(;\;::: N/R Natural N/R N/R N/R N/R Double and flow heterogeneity but had mini-
and habitat multiple mal positive effects on fish habitat.
Flow. Weirs improved pool-dwelling fish
Shields ctal. \oqi04  Reach Short  Natural  Moderate  Low Natural 60°  r 024t NR  Multiple Pabitat by creating wide, slow pools,
(2000) N to 80 034 x W as compared to toe rock and vegeta-
and habitat .
tion approaches.
0.6m Weir addition increased bank line
Shields etal.  Bedload . . Narrow to Low to o - . length, channel width, and pool
(1998a) and habitat Site Medium  Natural moderate  moderate Natural o0 al?:s\:: 04xW 2x W Multiple depth and increased number of pool-
dwelling fish species.
Weir/vane installation increased hab-
Shields etal.  Bedload . . Moderate Low to 0.04 to 23to . itat availability for pool-dwelling
(1998b) and habitat Site Medium  Natural to wide moderate Natural NR NR 032xW 42xL Multiple fish; bank stabilization should occur

on aggrading reaches.

[l Slope (m m™): <0.001 = low, <0.04 = moderate, and >0.04 = high.
4 Angle = angle from upstream bank line tangent, H = height of structure, and L = length.

Time scale: <5 years = short, 5 to 10 years = medium, and >10 years = long.
o] W/D = channel width-to-depth ratio: <12 = narrow, <40 = moderate, and >40 = wide.

Single = one single-wing deflector, Multiple = many single-wing deflectors, and Double multiple = many double-wing deflectors.

Table A6. Summary of bendway weir numerical models (1998-2019) (N/A = not applicable; N/R = not reported).

Spatial  Time Channel Conditions Structure Properties!®!
Study Objective  Scale  Scale  Planform W/Dlal Slopel”  Boundaries Angle H L Spacing Plan¥) Results!®!
Bank . o e VSL3D code (3D k-w) showed that
Khosronejad erosion, Single Low to Fixed bmk, 20° 30% of Based on . 50° weirs starting at meander apex
Reach Meander Narrow nonuniform ° bank  0.25x W Multiple L N N
etal. (2017)  flow, and event moderate . to 80 . model maximized bank protection and min-
mobile bed height o .
bedload imized bar erosion.
Bank 2-year FESWMS model (2D) was used to
. . o s - .
Elhakeem crosion Site Single Meander  Moderate Low Fl}(ed bank, 65 } RI 04 x W 0.75 to Multiple optimize and monitor bend\fva)f weir,
etal. (2017) event fixed bed to 90 . 2xL rock vane, and toe rock design; pro-
and flow height .
ject successful after ten years.
5 -
Bressan et al Bank Variable Fixed bank, 3130{;0;0 4to ::dsxxigzgignﬁgafﬁlnn g::f Irrl
) . erosion Site Meander Wide Low nonuniform N/R 0 025x W Multiple . s1g
(2014) and flow flow mobile bed of bank 5xL was more cost-effective than riprap
height at reducing velocities near bank.
Kh jad  Flowand Siteto Singl Narrow t Fixed bank, YSLiD o dZﬁD LF S antd' o :ils'fd
osronejas ow an, ite to ingle o nder ATOW 10\t nonuniform NR NR NR NR Multiple 0 understand dune formation and its
etal. (2014a)  bedload reach event moderate mobile bed effect on flow in meander bend with
weirs or vanes.
o N
Papanicolaou Bar_lk ] Single Fixed bank, 65° 75% of ) Showed that FESWMS (2D) can ad
ctal. (2011a) erosion Site event Meander Moderate Low fixed bed 0900 Ve flow 033 xW 2xL Multiple equately model flow around bend-
) and flow depth way weirs and rock vanes.
. FESWMS (2D) showed that notched
Papanicolaou Flow, Single Fixed bank. bendway weirs did not improve shal-
ctal. bedload,  Site 2¢  Meander Wide N/R » NR  NR N/R N/R  Multiple Y Welrs pro
@011b) and habitat event fixed bed low water habitat by decreasing ve-
locity and depth.
Jia ctal. ) Single Fixed bmk, 69° ) CCHE3D (3D k—s). found that
(2009) Flow Site event Meander ~ Moderate N/R nonu_mform (0 76° N/R N/R N/R Multiple smaller angled weirs caused the least
mobile bed disruption to helical flow in bends.
) ) Fixed bank. Avg. 3DA(k-£) mgdel showed the grgatest
Tritthart et al. Flow. and Reach Variable Meander Wide NR nonuniform NR flow NR NR Multiple residence llmes and water age in
(2009) habitat flow mobile bed depth bendway weir field when weirs were
height just submerged.
Bank FLOW-3D 9.0 (3D k-¢) found that
Abad et al. erosion Site Variable Meander  Moderate NR Fixed bank NR NR NR NR Multiple submerged weirs caused lpgher shear
(2008) and flow flow and bed stress at bank, likely causing bank
erosion to occur.
NETSTARS and TABS-2 (2D)
Shih et al. Flow and . Variable Fixed bank o 131010.2 . showed that weirs improved fish
(2008) habitat Site flow Meander NR Moderate and bed 920 NR NR xL Multiple habitat by decreasing velocity and
increasing depth.
Avg. 3D (LES) model showed that pollu-
McCoy et al. . Single . Fixed bank o flow . tant movement in and out of bend-
(2007) Flow Site event Straight Narrow NR and bed 920 depth 063xH 125xH  Multiple way weir field was greatest when
height weirs were submerged.
47% of CCHE3D (3D #-¢) showed that sub-
Jia et al. . Variable Fixed bank o . merged weirs diminished the helical
(2005) Flow Site flow Meander Moderate N/R and bed 20 flow 0.6 x W N/A Single secondary currents found in meander

depth

bends.

[al " W/D = channel width-to-depth ratio: <12 = narrow, <40 = moderate, and >40 = wide.

] Slope (m m™): <0.001 = low, <0.04 = moderate, and >0.04 = high.
[l Angle = angle from upstream bank line tangent, H = height of structure, and L = length

[l LES = Large eddy simulation.
1 RI=return interval.
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Single = one single-wing deflector, and Multiple = many single-wing deflectors.
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Table A7. Summary of rock vane physical models (1998-2019) (N/A = not applicable; N/R = not reported).

Spatial ~ Time Channel Conditions Structure Properties!)
Study Objective  Scale  Scalel®!  Planform W/DIb! Slopel!  Boundaries Angle H L Spacin Planl®! Results!?
Hemmati and . .
Daraby (2019) Summarized in table A4
Bank Erodible Vanes were more effective at reduc-
Karki et al. erosion, Single bank, 90° Bank . ing velocity and bank erosion in low
(2018) flow, and Reach event Meander Narrow Moderate nonuniform to 120°  height 0.5 xW NR Multiple sinuosity (1.2) channels than in high
bedload mobile bed sinuosity (1.4) channels.
Hemmati et al. N
(2016) Summarized in table A4
. . 6% to .
Pagliara and . Fixed bank, o Increased meander radius of curva-
Kurdistani Flow and Site Variable Meander N/R N/R uniform 20° 21%of - 05t N/A Single ture or decreased j-hook vane height
bedload flow X bank 0.6 x W N
(2015) mobile bed height decreased maximum scour depth.
Scurlock et al. Lo
(015) Summarized in table Al
Bank Erodible 0% to NRCS Provided optimum vane geometry
Jamieson et al.  erosion, Site Variable Meander Narrow Low bank, 30°to  38% of 0.5 to (2005) Multinle and spacing; larger vanes (H and L)
(2013a) flow, and flow nonuniform 35° bank  0.75xW as ouide PI¢ esulted in the greatest scour and risk
bedload mobile bed height 8y of continued bank erosion.
; 0
. Bagk . Erodible o 0%to . NRCS Larger and poorly spaced vanes in-
Jamieson etal.  erosion, . Variable bank, 30 38% of 0.5to . .
Site Meander Narrow Low . o (2005) Multiple creased bank erosion due to exces-
(2013b) flow, and flow nonuniform to 35 bank 0.75x W as ouide sive vorticity and turbulence
bedload mobile bed height 8 Y :
Khosroneiad ~ Flow and Variable Fixed bank, Single Sediment scoured from bed near
otal (20f3) bedload Site flow Straight Narrow N/R nonuniform 20° NR  033xW N/A s vane moved slowly downstream; val-
i mobile bed idated a 3D (LES) model.
. 3% to . .
Pagliaraetal.  Flow and . Variable . lee.d bank, o 12% of 0.5 to . Developed equations to esl.ulnate 8¢
Site Straight N/R Low uniform 20 N/A Single ometry of scour and deposition
(2013) bedload flow . bank 0.6 x W .
mobile bed hei around j-hook vanes.
cight
0
. Bapk . Fixed bank, o 0% to Used Provided design procedure; multiple
Bhuiyan etal.  erosion, . Variable . 20 100% . . ° .
Site Meander Narrow Moderate  nonuniform ° 0.33xW eq.6ain  Multiple 30° vanes set at bankfull height pro-
(2010) flow, and flow . to 60°  bankfull X . k
bedload mobile bed height article vided the most bank protection.
Radspinner N
ctal. (2010) Summarized in table Al
Fixed bank 50% to Vanes redistributed bedload
. . 23 ] 0, i-
Bhuiyan et al. Bedload  Reach Variable Meander Narrow Moderate  nonuniform 2 o 100% 033 x W N/R Multiple transport to channel center and modi
(2009) flow mobile bed to 30°  bankfull fied substrate composition through-
height out reach.
Bank . Vanes had three distinct flow re-
Fox et al erosion, Single Fixed bank, Bankfull gions: main core, shear layer, and
: g Site Straight Narrow Moderate uniform 50° - 0.33xW N/A Single A ’
(2005) flow, and event mobile bed height stagnant wake; maximum scour
bedload depth was 1.4x mean flow depth.
Uijttewaal . .
(2005) Summarized in table A1
0
Matsuura and Bank Singl Fixed bank, 200 & 326:’,/ NRCS Developed rock desi id
Townsend  erosionand  Site MEC Meander Narrow N/R uniform o 007  025x W (2005) Multiple Jeveioped rock vane design guide-
event . to 40°  bankfull N lines for a narrow channel.
(2004) bedload mobile bed height as guide
Johnson et al. . Variable . Fixed bank, 20°  Bankfull 0.25to _ Provided design guidelines for rock
Bedload Site Straight Narrow N/R uniform o . N/R Multiple vanes used to protect single-span
(2002) flow . to 30 height 033 xW .
mobile bed bridge abutments.
n > - ———
Johnson et al. . Variable . leefi bank, 25°  Bankfull 0.25to . Provided vane desxgn guldelmes, .30
Bedload Site Straight Narrow Moderate uniform o . 2xW Multiple vanes were most effective at moving
(2001) flow X to 30 height 033 xW .
mobile bed scour away from bridge abutment.

“Single event” indicates that one discharge was tested, and “Variable flow” indicates that two or more discharges were tested as steady, uniform events.
W/D = channel width-to-depth ratio: <12 = narrow, <40 = moderate, and >40 = wide.

Slope (m m™): <0.001 = low, <0.04 = moderate, and >0.04 = high.
Angle = angle from upstream bank line tangent, H = height of structure, and L = length.
Single = one single-wing deflector, and Multiple = many single-wing deflectors.

LES = Large eddy simulation
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Table A8. Summary of rock vane field studies (1998-2019) (N/R = not reported).

Spatial ~ Time Channel Conditions Structure Properties!)
Study Objective  Scale  Scalel®!  Planform W/DIb) Slopel®  Boundaries Angle H L Spacing Plan!®) Results
Dave and
Mittelstat Summarized in table A5
(2017)
For long-term success of vanes:
Buchanan Bank (1) accurately predict scour depth
erosion and Reach Medium Natural Moderate ~ Moderate Natural N/R N/R N/R N/R Multiple ¥ predi pth.
etal. (2014) bedload (2) complete a sediment budget, and
(3) add additional bank protection.
Miller and Bank . . Floods of low to moderate frequency
Kochel erosion and Sr::cll'? itz?u:'z Natural N/R N/R Natural N/R N/R N/R N/R Ml%ggle, were main drivers of rock vane, j-
(2013) bedload hook vane, and/or root wad failure.
Bank Positive site-scale habitat effects ob-
Schiff et al. erosion, Site to Shor_t to Natural NR NR Natural NR NR NR NR NR served after installation of ws)od.y re-
(2011) bedload, reach medium vetments, vanes, and vegetation;
and habitat reach-scale effects not observed.
Miller and Bank St Short 6 Multiol Reslorall(:lt/l usmgtvangs, j-hook
Kochel  erosionand ' ct0 SNOMIO o\ iral N/R N/R Natural NR  NR N/R N/R wiiple, vanes, and/or root wads were more
reach medium Toe  prone to failure along reaches that
(2010) bedload X
had been manually realigned.
Pretty et al. L
(2003) Summarized in table A5
Bank Single Rock and wood flow deflectors only
Thompson erosion, 30° Bank 0.2 to 5to > slightly improved pool depths; struc-
(2002) bedload, Reach  Long Natural NR Moderate Natural to 60°  height 03 xW TxW Double ture decay may be detrimental to
. multiple o
and habitat long-term channel stability.
Shields et al. N
(1998a) Summarized in table A5

Time Scale: short(<5 years); medium (5-10 years); long (>10 years).

W/D = channel width-to-depth ratio: <12 = narrow, <40 = moderate, and >40 = wide.

Slope (m m™): <0.001 = low, <0.04 = moderate, and >0.04 = high.

Angle = angle from upstream bank line tangent, H = height of structure, and L = length.

Single = one single-wing deflector, Multiple = many single-wing deflectors, Double multiple = many double-wing deflectors, and Toe = wood placed along toe.

Table A9. Summary of rock vane numerical models (1998-2019) (N/A = not applicable; N/R = not reported).

Spatial  Time Channel Conditions Structure Properties!®!
Study Objective  Scale  Scale  Planform W/DL Slope!®  Boundaries Angle H L Spacing Planl Resultsl®!
Elhakeem ived i
ctal. (2017) Summarized in table A6
Bressan et al. . .
(2014) Summarized in table A6
Khosronejad N
ctal. (2014a) Summarized in table A6
Khosronejad . Fixed bank, .
etal. Fblg‘;xl/;r:jd Site il\?cgr} f Meander Narrow N/R nonuniform N/R N/R N/R N/R Multiple Deg/e}g};)e(}l{ andtvalld?l:d VSIESD.
(2014b) mobile bed code -) to assist vane design.
Zhouand Variabl Narrow t Fixed bank Upto SDn(LxENS)rnﬁdfl Sl}?wii‘hit;h\?&k
Endreny Flow Site anavle  \feander ATOW O N oderate cod oa 30° bank 033 xW N/R Multiple vanes were more eticctive at moving
flow moderate and bed . high shear stress flow when sub-
(2012) height
merged than when not submerged.
Papanicolaou N
ctal. (2011a) Summarized in table A6
i o
Minor et al. Flow and . Single Fixed ‘bank, " 50% of NRCS . Used SSIIM (3D k-g) to show effects
Site Meander Narrow N/R nonuniform 30 flow 043 xW  (2005) Multiple N
(2007) bedload event X N of vanes on sediment transport.
mobile bed depth as guide
Niezgoda Bank Variable Natural bank, Single E)iCdtgL: vel(/)\nlﬂl_orl 2h(.§[e)?f§l{?§?s
and Johnson  erosion and Reach Meander ~ Moderate ~ Moderate  nonuniform 30° N/R N/R N/A Tge ’ hoogk vaneé’ root v?a ds. and ri raJ
(2006) bedload mobile bed g » sncriprap

banks.

W/D = channel width-to-depth ratio: <12 = narrow, <40 = moderate, and >40 = wide.

Slope (m m™): <0.001 = low, <0.04 = moderate, and >0.04 = high.

Angle = angle from upstream bank line tangent, H = height of structure, and L = length.

Single = one single-wing deflector, Multiple = many single-wing deflectors, and Toe = wood placed along toe.
LES = Large eddy simulation.
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Table A10. Summary of permeable spur studies (1998-2019) (N/R = not reported).

Spatial ~ Time Channel Conditions Structure Properties!)
Study Objective  Scale  Scalel!!  Planform W/DIbl Slopel!  Boundaries Angle H L Spacin P Planl®! Results
Guet al. Flow and . Single . Fixed bank, 46% of 1to . ilulslp(f:cdr:l:ee;;:lzgvg r1":1d0‘i/-ed
sediment Site Straight Moderate Low nonuniform 90° bank 025 x W 0.89  Multiple
(2011) event . . 3xH through permeable spurs,
transport mobile bed height B o
likely due to deposition.
Physical Models
Te'“(gz“glhl‘)e‘ al. Summarized in table A1 (P = 0.5)
Zhang and
Nakagawa Summarized in table A1 (P = 0.5)
(2009)
Na“&‘?&gf‘ al. Summarized in table A1 (P =03 (0 0.7)
Rahman et al. ) Single ) Fixefi bank, 18% of ) Developeld equations to de-
(2006) Bedload Site Straight Moderate Low um.form 140° balnk 0.19xW  25xL 0.5 Multiple sign hybrid permeable and
mobile bed height impermeable spurs.
Uzlz‘:)"ovf)“"“ Summarized in table A1 (P=0.2 (0 0.5).
Field Studies
Dave and
Mittelstet Summarized in table A5 (P = N/R).
(2017)

“Single event” indicates that one discharge was tested.

W/D = channel width-to-depth ratio: <12 = narrow, <40 = moderate, and >40 = wide.

Slope (m m™): <0.001 = low, <0.04 = moderate, and >0.04 = high.

Angle = angle from upstream bank line tangent, H = height of structure, L = length, and P = porosity.
Multiple = many single-wing deflectors.

Table A11. Summary of submerged vane physical models (1998-2019) (N/A = not applicable; N/R = not reported).

Spatial  Time Channel Conditions Structure Properties')
Study Objective  Scale  Scalel®!  Planform W/DlI Slopel!  Boundaries Angle H L Spacin Planl®! Results
Bank Erodible 20% to
Dey et al. erosion, . Single bank, 10° 40% of 2to 10 to . 15° angle resulted in minimum bank
(2017) flow, and Site event Meander Narrow NR uniform to 40° bank 3xH 30 xH Multiple erosion and scour.
bedload mobile bed height
Gupta ct al. ) Single ) Fixed ‘bank, 25% of ) Added a circular cAol‘lar. on leading
(2010) Bedload Site event Straight N/R N/R nonuniform 40° bank 0.6 xH N/A Single  edge of vane to minimize scour and
mobile bed height dislodging; optimal angle was 40°.
. 8% to . .
. Fixed bank, o o 30° angle with a height >2x to 3x the
Tf;oeg;;l' Fbl::;{;[;d Site il‘:legr:f Straight Moderate N/R uni_fonn 10130" Zga/fﬂf f 096;6:;/ N/A Single existing bedform resulted in the
mobile bed heigh greatest scour.
cight
10% to Vane height and angle had the great-
Voisin and Bank Sinele Fixed bank, 4o 43%of  0.16to 033 to est cffcct_s on scour and bank ero-
Townsend  erosionand  Site e Meander Narrow Low nonuniform o ° . N Multiple sion; optimal design was Angle = 2°,
(2002) bedload event mobile bed 167 pank 049X W L3 W H =0.23  bank height, L = 0.33 x
e W, and Spacing = 0.7 x W.
Marelius and ) Single ) Fixefi bank, 50 30% of ) 40° angle vane pr()‘duged strongest
Sinha (1998) Flow Site event Straight Narrow N/R uniform {0 57° flow 2xH N/A Single  secondary circulation in flow field;
mobile bed depth undermining needed to be addressed.

“Single event” indicates that one discharge was tested.

W/D = channel width-to-depth ratio: <12 = narrow, <40 = moderate, and >40 = wide.
Slope (m m™): <0.001 = low, <0.04 = moderate, and >0.04 = high.

Angle = angle from upstream bank line tangent, H = height of structure, and L = length.
Single = one submerged vane, and Multiple = many submerged vanes.

Table A12. Summary of submerged vane numerical models (1998-2019) (N/A = not applicable; N/R = not reported).

Spatial ~ Time Channel Conditions Structure Properties!®!
Study Objective  Scale  Scale  Planform W/DEI Slope®  Boundaries Angle H L Spacing Planl] Results
Ouyang and Bank Single Fixed bank, 10° 30%of - Ave. gusfcdtg i)Dt:;?S: lvtaongesvealcﬁﬁ agro “
yang erosionand  Site s Meander Narrow N/R nonuniform o flow flow Varied Array pum A pacing for
Lu (2016) event X to 25 bank protection; depended on radius
bedload mobile bed depth depth X
of curvature and channel width.
Bank ) Fixed bank, . 80%of 1.5xavg 0.5 to ) 1D model showeft] that tapered vanes
Ouyang and crosionand  Site Single Meander Narrow NR nonuniform 10 flow flow 0.8 xavg.  Multiple were more effective than rectangular
Lin (2016) event . to 20° flow arrays  at inducing deposition; increasing
bedload mobile bed depth depth .
depth spacing decreased shape effect.
20% to
. . . 3D (k-®) model showed vane angle
Sharma et al. . Single . Fixed bank 15° 60%of 0.05to Multiple o .
(2016) Flow Site event Straight Narrow Low and bed ©060° flow 0.12xW 0.125 x W arrays of 30° and height of0.4.1 x flow depth
depth maximized turbulence in vane field.
o - o
o Bank Sinel Fixed bank, ;8)0//“ lof 0510 ?p{:hed a IE mo(del :o qualnllfty ef:
uyang erosionand  Site 8¢ Meander Narrow N/R nonuniform <25° 001 5 x flow N/A Single cets vane shape (rectangu ar, ta-
(2009) b event . flow pered, or swept) on deposition and
edload mobile bed depth S .
depth optimize design.
Bank 1D model showed that less deposi-
Ouyang et al. . . Single Fixed bank, 10° Flow 0.6 to tion occurred in vane field when
(2008) ergzé(;l;aa;d Site event Meander  Moderate NR mobile bed to 40° 0.5xL depth 1.5xL Array spacing decreased, while additional
vanes in a row increased deposition.
D
Flokstra Flow and Single Fixed bank, ;;,//“ L(;‘ 0.66 to Delft3D-MOR model (2D) flow cal-
(2006) bedload Site vgm Meander Moderate N/R uniform 15° 1 ° 0.08 x W 1.33 x flow Multiple culations differed from those ob-
cdioa eve mobile bed de(;‘:ix depth tained by other developers.
Sinha and Sinel Fixed bank, 10° Developed and calibrated a 3D
Marelius Bedload Site ov e‘(’; tc Straight Narrow N/R uniform (0 30° N/R N/R N/A Single model (k-¢) to quantify bedload ef-
(2000) mobile bed fects of vanes.

W/D = channel width-to-depth ratio: <12 = narrow, <40 = moderate, and >40 = wide.

Slope (m m™): <0.001 = low, <0.04 = moderate, and >0.04 = high.

Angle = angle from upstream bank line tangent, H = height of structure, and L = length.

Array = row of submerged vanes, Single = one submerged vane, Multiple = many submerged vanes, and Multiple arrays = many rows of submerged vane arrays.
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Table A13. Summary of woody revetment studies (1998-2019) (N/A = not applicable; N/R = not reported).

Spatial ~ Time Channel Conditions Structure Properties!)
Study Objective  Scale  Scalel®!  Planform W/DIb! Slopel!  Boundaries Angle H L Spacin Planl®! Results
Physical Models
Pagliara and Bapk . Fixed bank. 11% to . Log frame deﬂectors produced less
Kurdistani erosion, Site Variable Straight N/R N/R uniform 30° 17%of 0.34xW N/A Single, - scour than a Slvnglc rc.vclmcl?t, devel-
2017) flow, and flow mobile bed width Double oped equations to estimate scour
bedload depth.
o
Pagliara ct al Bank Variable Fixed bank, 120° 51/100;0 Sinele Developed equations to estimate bed
e * erosionand  Site Straight N/R Low uniform o L 025x W N/A S features around log deflectors based
(2015a) flow . to 150 bank Double .
bedload mobile bed height on log height and angle.
D
Pagliara ct al Bank Variable Fixed bank, 300 51/100;0 Developed equations to estimate bed
%2015b) * erosionand  Site flow Straight N/R N/R uniform {0 90° banl: 033 x W N/A Single features around log vanes based on
bedload mobile bed . log height and angle.
height
Field Studies
Dave and
Mittelstet Summarized in table A5
(2017)
Dhital et al Bank Successful field application of live
(2013) * erosionand  Site Short Natural N/R N/R Natural N/R N/R N/R N/R Multiple stakes, fascines, geogrids, crib walls,
bedload and tree revetments.
Miller and Summarized in table A8
Kochel (2013) ummartzed tn tabe
Schiff et al. N
011) Summarized in table A8
Miller and . .
Kochel (2010) Summarized in table A8
Flow. 27% to Available macroinvertebrate habitat
8 o . Lo
Testa et al. bedload, Site Short Natural Narrow Moderate Natural 15° 43% 01310 15t Multiple mplCd.’ but no significant effect on
(2010) and habitat bank  0.19x W 2xL macroinvertebrate abundance or
height family richness was observed.
27% to Wood structures provided temporary
. o S S
Shl(czlg(s);)t al. All Reach Medium  Natural Narrow Moderate Natural 15° g:n/l: 001' ;3><“\))V ;i ‘E Multiple improvements to velocity and habitat
height . but failed after large flood event.
Cooperman . .
et al. (2007) Summarized in table A5
27% to Wood structures reduced velocities
Shields et al. . . o 43% 0.13 to 1.5t . temporarily; increased fish biomass
(2006) All Site  Medium  Natural Narrow Moderate Natural 15 bank 0.19 x W oL Multiple and size at the treated site; structures
height began to fail after two years.
Organic habitat increased at bioengi-
Sudduth and Bedload . Short to neered/revetment sites, but not at
Meyer (2006) and habitat Site medium Natural NR NR Natural NR NR NR NR NR riprapped site; overall minimal effect
on macroinvertebrate habitat.
Bank 27% to Wood structures reduced velocities
Shields et al. erosion, o 43% 0.13 to 1.5t0 . near toe and induced deposition; cost
(2004) flow,and Reach  Short  Natural — Narow  Moderate  Natural 15 bank  0.19xW  2xL MU 50 58% less than instream rock
bedload height projects; need to be well anchored.
Bank 50% of Reintroducing large wood increased
Brooks et al. erosion, ° . pool/riffle area, pool depth, channel
Reach  Short Natural N/R Moderate Natural N/A bank N/A N/A Multiple . ?
(2004) bedload, height sediment storage, complexity of bed
and habitat s material, and fish species habitat.
27% to Wood structures increased pool
Shields et al. . o 43% 0.13 to 1.5t0 . depth, reduced velocities, induced
(2003b) All Site Short Natural Narrow Moderate Natural 15 bank  0.19 x W XL Multiple deposition near streambank toc, and
height increased fish biomass.
Thompson N
(2002) Summarized in table A8
Bank Bank shaping with revetments is
Veller and 3 . . best; high stream power and angle of
erosionand  Site  Medium  Natural N/R N/R Natural N/A N/R N/A N/A Toe ..
Doyle (2001) habitat attack may cause failure; use a com-
bination of rock and wood structures.
Developed a theoretical approach
D’Aoust and . 70° to 0.05 to . with a factor of safety to determine
Millar (2000) Flow Site Short Natural N/R Moderate Natural 90° N/R 075 x W N/A Single ballast requirements for woody re-

vetments.

Numerical Models

Niezgoda
and Johnson
(2006)

Summarized in table A9.

[l Slope (m m™): <0.001 = low, <0.04 = moderate, and >0.04 = high.
4 Angle = angle from upstream bank line tangent, H = height of structure, and L = length.
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Single = one single-wing deflectors, Multiple = many single-wing deflectors, Double = one double-wing deflector, and Toe = wood placed along toe.

“Variable flow” indicates that two or more discharges were tested as steady, uniform events; <5 years = short, 5 to 10 years = medium, and >10 years = long.
o] W/D = channel width-to-depth ratio: <12 = narrow, <40 = moderate, and >40 = wide.
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Table A14. Summary of hardened bank physical modeling studies (1998-2019) (N/R = not reported).

Structure Properties]

Spatial ~ Time Channel Conditions Bank
Study Objective  Scale  Scalel)  Planform W/DIbI Slopel!  Boundaries Type H Angle Results
Bank Developed a rock sizing equation based on flow depth, ve-
Jafarnejad erosion Site Variable Straight Narrow Moderate Fixed bank Riprap Bank 1.5H to locity, and Froude number for individually placed rock
etal. (2019) and flow ow e to wide and bed bank height 2H:1V  banks; individually placed rock was more resistant than
dumped rock.
Bapk . Fixed bank, L Vertical wall with footing reduced scour depth around
Roca et al. erosion, . Variable . Rigid Bank ° . A .
Site Meander Narrow N/R uniform N 90 bend, made downstream velocity distribution more uni-
(2009) flow, and flow X wall height
bedload mobile bed form, and weakened secondary flow cell.
Bank . Fixed bank, L Vertical wall with footing reduced scour around bend by
Roca et al. 3 . Variable . Rigid Bank ° o . X
(2007) erosion and  Site flow Meander Narrow N/R uniform wall height 90 40% when placed at one-third the maximum scour depth
bedload mobile bed and was two-thirds the maximum scour depth wide.

[al " “Variable flow” indicates that two or more discharges were tested as steady, uniform events.
] W/D: channel width-to-depth ratio (<12 = narrow, <40 = moderate, >40 = wide).
[l Slope (m m™): <0.001 = low, <0.04 = moderate, and >0.04 = high.

H = height of structure (instream structures, toe rock, riprap banks).

Table A15. Summary of hardened bank field studies (1998-2019) (N/R = not reported).

Structure Properties)

Spatial ~ Time Channel Conditions Bank
Study Objective  Scale  Scalel)  Planform W/DIbl Slopel!!  Boundaries Type H Angle Results
Bank Banks with timber piles, riprap, and willow stakes were
Zhang et al. erosion and Site to Medium  Natural Narrow to Moderate Natural Veg; riprap B§nk NR  more effective g.l reducmg bank erosion whel} mgluple
(2019) habitat reach moderate banks height rows of large piles and riprap were used; habitat improved
overtime.
. N/R Bioengineered banks, over riprap or mixed, was the most
Cavaille et al Short to Toe rock; (toe rock); favorable technique for macroinvertebrate biodiversity; no
. Habitat Site . Natural N/R N/R Natural veg; riprap ’ N/R X . L. -
(2018) medium banks bank treatment showed restoration to reference conditions during
height this time scale.
Dave and L
Mittelstet Summarized in table A5 %:i;? I?c :im}l: " N/R
(2017) e
. Riprap banks reduced instream cover for fish and restricted
Massey et al. Bedlogd Reach  Short Natural N/R Low to Natural Riprap B§nk 1.5H:1V vegetation; riprap banks can increase slope and coarsen bed
(2017) and habitat moderate banks height N . o - "
material which can have a positive effect on fish habitat.
Thompson Bank Reach Narrow Moderate Gabion Bank All gabion walls failed after 50 years.posl-mvslallallon;
erosion and . Long Natural . . Natural N N/R  mesh breakage released rock fill, adding sediment to stream
etal. (2016) to river to wide to high wall height A p . .
bedload and resulting in instability and increased bank erosion.
N/R Higher plant species richness occurred on banks with bio-
Cavaille et al. Habitat Site Short to Natural NR N/R Natural ‘;EO? :'iocrl;; (toe rock); N/R engineering versus riprap; natural and toe rock with vegeta-
(2015) medium &, Tprap bank tion banks had the highest plant diversity, while riprap
banks 5
height banks had the lowest.
Toe rock: N/R Riprap banks showed lower beetle and plant diversities
Cavaille et al. Habitat Site Shoq to Natural NR NR Natural veg: riprap (toe rock); N/R lban toe rock with vegetation aqd bmengln;ered banks;.
(2013) medium banks bank riprap banks were more susceptible to exotic plant species
) height invasion.
N/R Relative abundance of fish was significantly higher along
Gidley et al. Flow, Toe rock; (toe rock); treated banks versus natural banks; No detrimental effects
Y . bedload, Site Short Natural N/R N/R Natural veg; riprap ’ N/R > N v N .
(2012) . bank were observed on fish abundance, diversity, and species
and habitat banks N P
height composition.
B . Mean fish species diversity and richness were significantly
White ct al. Habitat Site Short Natural N/R N/R Natural Riprap Bz_mk N/R  higher along riprap banks versus natural banks; in disturbed
(2010) banks height . . 3 .
streams, riprap may provide habitat complexity.
Sudduth and o Veg; riprap Bank
Meyer (2006) Summarized in table A13 banks height N/R
Thompson o Riprap Bank
(2002) Summarized in table A8 banks height N/R

21 Time scale: <5 years = short, 5 to 10 years = medium, and >10 years = long.

[*] W/D = channel width-to-depth ratio: <12 = narrow, <40 = moderate, and >40 = wide.

[l Slope (m m™): <0.001 = low, <0.04 = moderate, and >0.04 = high.

4l Veg = vegetation/bioengineering, and H = height of structure (instream structures, toe rock, riprap banks).

Table A16. Summary of hardened bank numerical modeling studies (1998-2019) (N/R = not reported).

Structure Properties!“!

Spatial ~ Time Channel Conditions Bank
Study Objective  Scale  Scale  Planform W/DL Slope!®  Boundaries Type H Angle Results
N Bank . Fixed bank, . Developed a probabilistic assessment model to assess fail-
e{e;aa%%?g) erosion and  Site Variable Meander N/R Nt[g(:leirzlllle nonuniform lt{):;r]?f k?e zim}l; 1.8H:1V ure of riprap banks due to changes in flow and/or sediment
. bedload e mobile bed e transport; toe scour often resulted in failure.
. Bank . Fixed bank, . 1D model showed that riprap banks stopped sediment sup-
Reid and erosion and Reach Single Meander N/R N/R nonuniform Riprap B{mk N/R  ply from bank erosion, resulting in bed scour and coarsen-
Church (2015) event . banks height H 5
bedload mobile bed ing at site.
Bressan et al. . . Riprap Bank :
(2014) Summarized in table A6 banks height 1.5H:1V
Froehlich Bank . Variable Narrow to Low to Fixed bank, Riprap Bank 1.3H to Developed rock sizing equation for riprap bgnks composed
. Site Meander . - N of loose rock based on factor of safety; provided accurate
(2013) erosion flow wide moderate  fixed bed banks height 3H:1V . K
estimates of real-world success and failure.
. . Climate and hydrologic model (1D) showed that shallow
Jorgensen Flow. and River Variable Meander N/R N/R N/R Riprap Bgnk 1.5H:1V  water habitat for salmon would decrease due to riprap
etal. (2013) habitat banks height N
placement and climate change.
Niezgoda and Lo Riprap Bank
Johnson (2006) Summarized in table A8 banks height N/R
Bank Natural bank Channel migration model (1D) showed that stabilization af-
Larsen and erosion and  Reach Single Meander Wide Low nonuni formy Riprap Bank NR fects planform; riprap caused more erosion downstream
Greco (2002) bédload even mobile bed banks height than without riprap; channel realignment was the best op-

tion for the site.

[al " W/D = channel width-to-depth ratio: <12 = narrow, <40 = moderate, and >40 = wide.
] Slope (m m™): <0.001 = low, <0.04 = moderate, and >0.04 = high.
[l H = height of structure (instream structures, toe rock, riprap banks).
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Table A17. Summary of soft streambank management studies (1998-2019), including toe rock, bank shaping, bankfull bench, and vegetation/
bioengineering (N/A = not applicable; N/R = not reported).

Structure Properties)

Spatial ~ Time Channel Conditions Bank
Study Objective  Scale  Scalel)  Planform W/DIb! Slopel!!  Boundaries Type H Angle Results
Physical Models
Bank Erodible Structure failure due to water recirculation behind fascines
Recking et al. erosion, . Variable bank, Toe rock; caused scour and erosion; structure worked better on large
(2019) flow, and Site flow Meander NR Moderate nonuniform  veg; shaping NR NR radius of curvature meander with cohesive soils and toe
bedload mobile bed protection (toe rock or live stakes).
Field Studies
. Bank shaping caused a temporary (<1 year) increase in fine
Holmes ct al. Bcdlogd Site to Short Natural N/R N/R Natural Shaping N/A 2H:1V  sediment in bed at site, temporarily shifting predators to un-
(2019) and habitat reach . T . R
treated sites and shifting prey populations to treated sites.
Zhang et al. . .
(2019) Summarized in table A15
Cavaille et al. o
(018) Summarized in table A15
Cavaille et al. Lo
(2015) Summarized in table A15
Bank Crib wall and site characteristics were all involved in long-
Krymer and erosion, . Narrow to Bankfull term stability; crib walls worked best with dense live cut-
Robert (2014)  flow, and Site Long Natural moderate Moderate Natural Veg height NA tings in cohesive banks on stable streams, as opposed to de-
bedload graded streams.
Cavaille et al. . .
(2013) Summarized in table A15
Dhital et al. o
(2013) Summarized in table A13
Acharya and Summarized in table A2 Toerock  NR N/A
Gautam (2012) ummarized in table oe roc
Willow spiling may need maintenance in early years to
Anstead et al. Bal.lk Site Short Natural Narrow to Moderate Natural Veg N/A N/A  guarantee long-term bank stability; gravel banks require
(2012) erosion moderate Lo X 2o
deeper plantings; do not install on incising streams.
Gidley et al. . .
(2012) Summarized in table A15
chgf]el‘)al' Summarized in table A8 Veg N/A N/A
Willow spiling projects were most successful when (1) de-
Anstead and Bank . signed and placed strategically for optimal willow survival
Boar (2010) erosion Site Long Natural NR NR Natural Veg N/A N/A and minimal undercutting and (2) continuously monitored
and maintained.
Petrone Bank Determined four nati ics that t cost-cff
and Preti an Site Short  Natural N/R N/R Natural Veg N/A Na ctermmedfour native species that were most cost-elice-
(2008) erosion tive for reducing bank erosion in Nicaragua.
Cooperman . . Toe rock;
et al. (2007) Summarized in table A5 veg; shaping N/R N/R
Pezeshki et al. Bank Black willow plantings were more likely to survive at
" erosionand  Site Short Natural Narrow Moderate Natural Veg N/A N/A  lower elevations along a bank; survival increased along
(2007) . X . N
habitat silty banks versus banks with finer or coarser materials.
Bioengineering reduced bank erosion, increased species
Lietal Bank and habitat diversity, and improved water quality and aes-
: erosionand  Site Short Natural N/R N/R Natural Veg N/A N/A . Y, and Improy quatity
(2006) habitat thetics ten months post-installation, at a fraction of the cost
of other engineering approaches.
Sudduth and N
Meyer (2006) Summarized in tables A13 and A15
Veller and . . . 2H:1V
Doyle (2001) Summarized in table A13 Veg; shaping N/A (max.)
. X 3,000 to
Shields et al. Summarized in table A5 Toe rock; 6,000 N/A
(2000) veg O
kg m
. Identified five challenges with bioengineering, toe rock,
Simon and X 33% of N -
Steineman Bal‘.lk Site Shoq 0 Natural NR NR Natural Toe rocll(, ank SHAIV and shaping: (,1,) lack of l?efore-lrealmenl dala:, 2) shonv-
erosion medium veg; shaping . term vulnerability of project, (3) bad past projects, (4) lim-
(2000) height . . .
ited site access, and (5) community involvement.
. 3,000 to
Shields et al. Summarized in table A5 Toe rock 6,000 N/A
(1998a) ke m-!
g m
Shields et al. N Toe rock;
(1998b) Summarized in table A5 veg N/R N/A
Numerical Models
. . CONCEPTS application (1D) found that 2H:1V slope with
Enlow et al. Bar.lk Reach Single Meander N/R N/R Natural bank T(?e md.(’ N/R 2H to vegetation was the most cost-effective streambank stabili-
(2018) erosion event veg; shaping 3H:1V H . .
zation technique for the stream of interest.
Elhakeem et al. L two-year
(2017) Summarized in table A6 Toe rock Rl N/A
Bischetti et al. Bank . Cohesive . . ) Improved slope stability model (1D) to include effects of
(2010) erosion Site N/A N/A N/A N/A bank Veg; shaping N/A 2H:AV fascines and bank shaping.
7% to B-STEM application (1D) showed that installation of toe
Simon et al. Bank Site Variable Meander NR NR Natural bank,  Toe rock; 76% of N/A rock resulted in 69% to 100% reduction in bank erosion on
(2009) erosion fixed bed veg bank streams upstream of Lake Tahoe; planting of vegetation
height also reduced bank erosion rates.
Frothingham Bal}k ) Variable Narrow o Fixedbank,  Toe rock: ) Used stability threshold ar}alysxs (1D moéel) of velocity
erosion Site Meander N/R ) . N/R 2H:1V  and shear stress to determine that vegetation and toe rock
(2008) flow moderate fixed bed  veg; shaping X .
and flow were the best design for a particular stream.

[al " “Single event” indicates that one discharge was tested, and “Variable flow” indicates that two or more discharges were tested as steady, uniform events;
<5 years = short, 5 to 10 years = medium, and >10 years = long.

o] W/D = channel width-to-depth ratio: <12 = narrow, <40 = moderate, and >40 = wide.

[l Slope (m m™): <0.001 = low, <0.04 = moderate, and >0.04 = high.
4l Veg = vegetation/bioengineering, Shaping = bank shaping, H = height of structure (toe rock, riprap banks), and RI = return interval.
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