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EXECUTIVE SUMMARY

APPROACHES TO THE DESIGN OF
BIOTECHNICAL STREAMBANK

STABILIZATION: VOLUME I—A GUIDE TO
THE LITERATURE

Introduction

Streambank stabilization has traditionally been performed with

riprap or other hard-armor techniques for which reliable design

and installation procedures are available. Due to concerns about

the environmental impact of riprap and the consequent regulatory

pressures, the Indiana Department of Transportation (INDOT) is

interested in finding softer, more environmentally sensitive alter-

natives to the pure hard-armor approaches. This report examines

the literature on biotechnical approaches, which emphasizes the

use of vegetative elements, possibly in combination with hard-

armor elements. Documents of particular interest would be those

helpful in formulating detailed design guidelines for the applica-

tion of biotechnical techniques to Indiana conditions, and,

specifically, INDOT projects.

Findings

The review found a large body of literature related to

biotechnical engineering of slopes and/or streambanks. These

were divided into (i) works of synthesis, frequently monographs or

federal and state agency reports and manuals, including those of

state departments of transportation, that discussed a broad range

of topics, often reviewing the previous literature (up to 2003), and

(ii) works of narrower scope, frequently recent (2003 and after)

articles in research journals but also sometimes federal agency

publications with a very specific focus. For the present purposes,

the works of synthesis were more useful as they usually presented

a consensus view of the issues and had more immediate impli-

cations for design. In addition to providing detailed descriptions

of various techniques, such as vegetated mechanically stabilized

earth (also known as soil lifts) and live staking, they also discussed

the selection of techniques for different conditions. A number of

short works, mainly originating from the U.S. Army Corps of

Engineers and devoted to a single technique, were also identified.

From the review, several points might be highlighted:

N Prior to any design of a bank stabilization scheme, whether

hard-armor or biotechnical, project goals should be clearly

formulated, fluvial geomorphology aspects should be

considered to assess the extent to which a local solution will

be adequate, and the main mechanisms of bank movement

should be identified.

N The toe zone often represents the region critical for the

success of bank stabilization (whether by hard- or soft-

armoring techniques) and merits special attention.

N A biotechnical strategy combining hard and soft elements

will likely be the most widely applicable and more conser-

vatively reliable approach.

Implementation

The results of this literature review will be implemented

N in developing draft design guidelines and standards for

INDOT,

N as a reference for INDOT Engineering Services and Design

Support, and by its broader dissemination through INDOT

Environmental Services.
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1. INTRODUCTION

From an engineering point of view, the banks of an
alluvial channel may be considered stable if, over a
period of 20 to 50 years, the location of the banks does
not change appreciably. The bank instability of most
concern is due to erosion or the net removal of alluvial
material from the bank region by the stream flow.
Instabilities may be entirely natural in that it would
occur even in the absence of human activities. Human
activities such as land development or agricultural
practices, may exacerbate the effects of instabilities.
The region where banks are actively eroding may be
localized, driven by specific topographic features such
as channel bends, or may include the entire reach of a
straight stream. Bank erosion that directly impacts
valuable assets such as bridges or roadways may be
limited in streamwise extent, thus allowing localized
countermeasures to arrest the erosion and avoid or
mitigate its adverse consequences.

The conventional approach to protecting streambanks
from erosion is the application of riprap revetment,
namely a layer of hard granular stone-like material, to
act as a non-erodible armor for the erodible bank.
Standard procedures for stone sizing and its installation
have been developed (see the recent NCHRP report 568
by Lagasse, Clopper, Zevenbergen, and Ruff (2006)),
and the engineering and construction community sup-
ports its use due to its effectiveness and reliability.
Questions regarding the environmental/ecological effects
of riprap installation have been raised. Fischenich (2003)
reviewed these issues and concluded: ‘‘The evidence
presented in the literature strongly suggests that the
impacts from riprap are very site-specific.’’ The reviewed
impacts could be positive, negative or negligible.

Alternatives to riprap revetment have been sought in
response to concerns regarding its environmental effects.
These alternatives may be divided into two broad
categories, in-stream structures, and direct bank treat-
ment. In-stream structures include bendway weirs and
stream barbs (Lagasse et al., 2009, also to be referred to
as HEC-23; USDA National Resources Conservation
Service, 2007, also to be referred to as NEH-654; see also
appendix B), spurs or other vane-like structures extend-
ing from the streambank to be protected into the channel
(HEC-23; NEH-654), and low-head cross weirs (NEH-
654), and is intended to redirect flow away from the
bank to reduce or minimize its erosive capability. In
addition to their bank-protective feature, such structures
are also believed to have environmental benefits when
compared to riprap, especially with regards to riparian
impact, but possibly also the resulting local scour
patterns may enhance aquatic habitat (see however the
comments regarding flow redirection techniques in
Bennett et al. (2011)). While the in-stream structures
attempt to protect the bank by acting on the flow, the
second approach, termed bioengineering or biotechnical
techniques, acts directly on the bank. The common
characteristic of these techniques is the central role,
played by vegetation. They range from those in which

the main protective element is not vegetative, but which
allows vegetation to become established, such as conven-
tional rip rap, or articulated concrete mats, or perforated
polymer mats, to fully vegetative solutions, relying solely
on vegetation characteristics, such as roots, for protec-
tion (see appendix B for some examples currently applied
in Indiana streams). The present study focuses on the
bank-treatment alternatives to riprap, and so this litera-
ture review will be restricted mainly to bioengineering or
biotechnical options, and will deal with in-stream struc-
tures only to the extent that the reviewed works also deal
with such options.

1.1 Review Organization

The review is intended to provide a guide to the
literature on biotechnical approaches, and specifically to
the issues that should be addressed in choosing an
appropriate technique, or of techniques, and the sub-
sequent design (and construction) questions. Because the
appropriate techniques may be strongly influenced by
geographical considerations, the Indiana context is high-
lighted. The literature compiled in this review therefore
emphasizes design choices and regional effects.

A brief overview of flow and erosion processes is
given in Chapter 2. Chapter 3 covers synthesis reports,
often performed by or on behalf of federal or state
agencies, and reviewing work done on a broad range
of topics. These were found the most useful for the
development of design guidelines, as they present a
consensus view of the problem or technique, often with
clearer design implications. Chapter 4 covers articles
with a much narrower focus, such as research articles in
archival journals, but also includes review articles on a
specific topic. Because the synthesis works have generally
considered the literature up to about the year 2000, the
review in Chapter 4 focuses on work published since that
time, and organizes these in themes that have attracted the
most recent research attention. These documents can be
more controversial and their design implications less clear.
Appendix A lists brief works, that describe a single bio-
technical technique, and so could contribute directly to
a design standard.

2. FLOW, SEDIMENT AND EROSION PROCESSES

The phenomenon of bank erosion results from a
complex interaction of flow, sediment and bank char-
acteristics, much of which remains poorly understood.
The addition of the effects of vegetation on bank stability
further complicates the problem, and makes any detailed
quantitative prediction even more precarious. An under-
standing of the qualitative and quantitative aspects of the
physical processes involved in bank erosion is necessary
to provide the context to the literature.

2.1 Qualitative Aspects of Bank Erosion Processes

In general, flow over a surface will exert a frictional
force (or shear stress, i.e., shear force per unit area) on

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2015/14 1



the surface. If the surface is made up of erodible
material, such as sand or other granular matter, then
under certain conditions the resulting flow force on
the surface will be sufficient to cause the material to
become mobile. This process is termed surficial or particle
or hydraulic erosion or entrainment. By itself, particle
mobility does not imply net erosion. A dynamic equili-
brium may become established in which material
transported away from a specific location is replaced
by material that is deposited at the same location, such
that over a relevant time period a material balance is
maintained, and there is no net erosion.

Because of the complicated geometry of natural
erodible streams, flow characteristics at any given cross-
section can be quite complex, with wide variation in
values of relevant quantities. In particular, the bound-
ary shear stress, i.e., the shear stress on the erodible
boundary that is responsible for transporting boundary
material, can vary substantially. The flow in a bend
may be taken as an example. In a straight channel, the
maximum velocities and hence boundary stresses are
observed in or near the midstream region. In a channel
bend, maximum velocities and boundary stresses at
some sections may not only be increased but also may
occur markedly closer to the outer bank region. As a
result, the outer banks of sharp channel bends tend to
be prone to bank erosion. Such large local variations in
flow quantities limit the direct usefulness of the
quantitative predictions of the common one-dimen-
sional hydraulic models forming the basis of practical
design of bank-protection schemes. The results of
one-dimensional models must be supplemented by addi-
tional empirical relations or more sophisticated multi-
dimensional computer models.

Because larger flow events are associated with larger
flow depths and possibly with larger main-channel
velocities and boundary stresses, it is tempting to think
that the most serious bank erosion event would occur
during the largest flow event. If there are out-of-bank
flows, local changes in flow characteristics could
however potentially lead to reduced boundary stresses
near banks and/or increased local deposition, resulting
in reduced net erosion (see also the discussion regard-
ing the design discharge for bank protection in Chapter
203-6.06(03) of the Indiana Department of Transportation
(2013) Hydraulics and Drainage Manual, to be referred to
as INDOT2013-203-6). Further complications may
arise due to duration or history effects. Large relatively
rare events may be less effective in inducing long-term
bank erosion than smaller more frequent events. This is
related to the issue of identifying the dominant or
channel-forming discharge, often discussed in connec-
tion with stable hydraulic geometry. Similarly, bank
erosion might also be affected by time history features,
e.g., the shape of the hydrograph, or the specific se-
quence of flow events. Bank erosion events are often
observed to occur in an episodic manner, and may not
necessarily be closely correlated with the flow char-
acteristics prevailing at the same time instant as the
erosion event, but rather may be better interpreted as

being the summation of effects of all past and present
events. For engineering design purposes, consideration
of such process details might not be required provided
a sufficiently conservative specification of load (be it
near-bank velocity or shear stress or other quantity)
can be given.

Sediment (or more generally, soil) characteristics in
the near-bank region are relevant since they determine
the permissible velocities or shear stresses. The condi-
tion for the beginning of sediment motion is, for
practical purposes, well defined in terms of particle
characteristics only for non-cohesive material, such as
sand. Quantitative results are available, in order of
increasing uncertainty, for such material on a horizon-
tal bed in a uniform flow in a straight channel, on a
bank at a specified angle in a uniform flow in a straight
channel, and in a curved channel. The standard design
equations for riprap are based on such results. Even for
non-cohesive material, banks can still remain stable
even when such permissible velocities are exceeded if
the flow transports sediment that can be deposited, thus
replenishing eroded material.

Streambanks in Indiana are not generally expected to
behave in a completely non-cohesive manner. Dealing
with cohesion effects in the context of scour or erosion
still remains a significant research topic. Mehta and
McAnally (2008) discusses various aspects of fine-grained
or cohesive sediment transport, including erosion models.
Arneson, Zevenbergen, Lagasse, and Clopper (2012; also
known as HEC-18) describes engineering approaches
within the narrow context of bridge scour, relying heavily
on the work summarized in Briaud, Chen, Li, Nurtjahyo,
and Wang (2004). Because of the complexities of char-
acterizing cohesive sediment properties relevant to the
erosion process, and determining their relation to flow
variables, the latter argued for an approach based on
materials testing of samples taken from the site, and
subjected to a standard flow. Besides the need for
specialized testing equipment (the Erosion Function
Apparatus or EFA), the approach is based on a
uniform flow over a horizontal plane bed, which may
differ significantly from flow near a bank or in a bend,
and assumes surficial erosion as the only mechanism
for erosion.

Due to the bank slope, which is typically large
compared to the bed slope, a particle on the bank is
more easily mobilized than a particle on the bed in the
sense that it requires a smaller boundary shear stress to
cause particle motion. This effect is captured in Lane’s
(1955) result (also see the discussion in Chang, 1992 or
Garcia, 2008), which is incorporated in the Brown and
Clyde (1989, also known as HEC-11) riprap design
equation, or is otherwise dealt with in a sideslope
correction factor as in the U.S. Army Corps of Engineers
(1991; hereafter, U.S. Army Corps of Engineers will be
referred to as USACE) riprap equation. As the boundary
shear stress varies over the cross-section (for a straight
trapezoidal channel, see the discussion in Chang (1992)
or Miller, Fischenich, and Thornton (2012)), it should
not be assumed that, under any given flow condition,
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a particle on the bank will be caused to move before a
particle on the bed. The particles higher on the bank
slope depend on the particles lower on the slope for their
stability. If lower particles are removed due to the action
of the flow, then the effect may not be restricted to those
removed particles, as the stability of the higher particles
may be compromised if the lower particles had provided
any support or protection to the higher particles.

In addition to surficial erosion, a second general
process leading to bank recession is classified as mass
movement (or mass wasting or mass failure or geo-
technical failure). Mass movement is a ‘‘downward
and outward movement of slope-forming materials ...’’
involving ‘‘sliding, toppling, falling or spreading of
fairly large and sometimes relatively intact masses’’
(Gray & Sotir, 1996), rather than the motion of
individual particles. Fischenich and Allen (2000) and
Pizzuto et al. (2008) discuss various mass failure mecha-
nisms specifically relevant to streambank erosion (see
also INDOT2014). Simple geotechnical models of slope
stability involve the shear strength of the bank material,
dependent on parameters typically obtained through
material testing, but as Fischenich and Allen (2000) notes
‘‘No algorithms or techniques exist that allow the
prediction of precise location, time, or extent of future
bank erosion.’’

The description of bank erosion in terms of surficial
erosion and mass movement processes is characteristic
of traditional hydraulic (or geotechnical) engineering
approaches. A different approach is influenced by fluvial
geomorphology, wherein a main topic is the description
and classification of stream geometry, especially stream
plan-form. The stream is viewed as an evolving system
that is continuously adjusting its boundaries, including the
location of its banks, towards an equilibrium (or to be in
‘‘regime’’), usually assumed to be unique, provided that
the external forcing remains the same. A strategy of
identifying potential bank erosion problems during design
and before construction rather than trying to fix the
problem after the fact is recommended. A brief general
introduction to fluvial geomorphology is given in
Biedenharn, Watson, and Thorne (2008), while Pizzuto
et al. (2008) and Fischenich and Allen (2000) discuss the
geomorphic context of width adjustment and bank ero-
sion. Lagasse, Zevenberen, Spitz, and Arneson (2012; also
known as HEC-20) review many of the same topics, but
focus on implications for highway structures and the
relevant engineering analyses and responses. While the
qualitative insights are valuable, quantitative results, if
there any, are laden with a high level of uncertainty,
and much reliance must be placed on experience and
judgment.

2.2 Quantitative Aspects of Bank Erosion Processes

There are few quantitative results in bank erosion
that have been widely adopted in practice; on the other
hand, what is termed here as the riprap design equation
has been the basis for the traditional approach to the

selection of stone size. It is used here to illustrate
various aspects of bank erosion/protection that may
have implications for bioengineering/biotechnical bank
protection approaches. Various forms of a riprap design
equation have been developed, but only the USACE
equation (USACE, 1991) will be considered. In a
recent NCHRP report, Lagasse et al. (2006) compared
the performance of several riprap design equations,
including the FHWA HEC-11 equation, and con-
cluded that the USACE equation was the most reliable.
The USACE equation expresses d30, i.e., the required
riprap stone size for which 30% of the material is finer
by weight, relative to the local depth of flow (not the
flow depth) above the stone, yss, as

d30

yss

~Csf CsCvCt

vssffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kssg s{1ð Þyss

p
" #2:5

ð2:1Þ

where vss is the depth-averaged velocity at a point 20%
upslope on the bank, g is the acceleration due to
gravity, S, the ratio of specific weight of the riprap
material to that of water, Kss the sideslope correction
factor, Csf a safety factor, Cs and Ct are factors related
to the riprap characteristics, and Cv is a velocity
distribution coefficient.

Several features of Equation (2.1) may be high-
lighted. The basic form of Equation (2.1), i.e., without
the various correction factors, can be derived from a
critical flow-induced boundary shear stress, tb,crit, that
when exceeded will result in the motion of particles.
This can be expressed in terms of the convenient local
depth-averaged velocity, such as vss, provided a model
relating the tb,crit to vss is available. The basic result is
obtained for a straight channel for a particle on a bed of
negligible slope, necessitating the various correction
factors to account for more complicated situations.
Also, both vss and Cv depend on the ratio of the radius
of curvature, Rc, of the channel to the channel (top)
width, Wc, increasing as the bend becomes sharper. The
sharper the bend the greater the erosive forces on stones
or the surface in general is expected, and hence the need
for more durable protection. Further, vss is taken at a
point that is 20% upslope on the bank. This is the
approximate location of the maximum boundary shear
stress on the bank, and hence where a stone might be
most susceptible to being caused to move first. Any
bank protection measure should be mindful of the toe
region (extending up to and including and probably
some distance above the 20% upslope point on the
bank) as being critical. The sideslope correction factor,
Kss, takes into account the increased instability of an
individual stone as the bank slope increases. The steeper
the bank, the greater is the challenge in protecting it
from erosion. As it applies only to riprap stone size
determination, Equation (2.1) considers only surficial
erosion, and does not attempt to deal with mass move-
ment. As NCHRP-568 (and also INDOT2013-203-6)
notes, revetment riprap failure mechanisms include
translational slide and slump as well as loss of toe or
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end supports, all of which may be considered mass
movement. Practical revetment riprap design involves
other aspects, such as toe and edge treatments, bank
slope, and filter design, all of which may contribute to
mass failure.

It is also instructive to compare Equation (2.1) with
the practice recommended in the INDOT design
manual, which is considerably simpler. According to
INDOT2013-203-6, riprap is divided into only three size
classes, revetment (d100 5 18-in), Class I (d100 5 24-in),
and Class 2 (d100 5 30-in); a fourth energy dissipater
class is not considered here), and the sole criterion for
selection is based on the average velocity, v (# 6.5 ft/s,
6.5 ft/s to 10 ft/s, 10 ft/s to 13 ft/s). Figure 2.1 shows a
plot of the ‘‘stability’’ boundaries for various safety
factors, Csf . 1, ranging from 1 to 1.2 (a standard value
of Csf is 1.1 according to NCHRP-568), determined
from Equation (2.1) for revetment riprap. The region to
the right of the respective curves represents unstable
conditions. The INDOT (dashed) line is vertical since it
depends only on the average velocity (v 5 6.5 ft/s for
revetment riprap). Two sets of curves are given,
one assuming Rc / Wc 5 8 (moderate bend) and the
other assuming Rc / Wc 5 4 (sharp bend). Except for
shallow flows, which are not of practical interest and
for which Equation (2.1) may itself be questionable, the
INDOT2013-203-6 specification is generally consistent
with Equation (2.1) for moderate bends, with the safety
factor, Csf $ 1, for flow depths at the bank toe, y . 4 ft.
For sharp bends, Figure 2.1 suggests that a riprap class
larger than revetment riprap would be more suitable, as

values of Csf are reduced below 1 for v , 6.5 ft/s. The
curves in Figure 2.1 assume specific values of various
parameters, such as the bank slope (2H:1V). The
INDOT riprap design standard is given as an example
of what a practical biotechnical design standard might
strive for, namely simplicity erring on the side of caution.

3. WORKS OF SYNTHESIS

This chapter discusses works that cover a broad
range of topics related to streambank stabilization in
general and biotechnical/bioengineering approaches in
particular. The main sources are monographs (books)
on the science and engineering associated with the
general effects of vegetation on slope stability, and do-
cuments by various federal and state agencies speci-
fically aimed at applications to streambank stability.
References that might be especially useful in developing
design guidelines and standards were of special interest.

3.1 Monographs (Books)

3.1.1 A Basic (Geotechnical) Reference

The monograph by Gray and Sotir (1996) provides a
geotechnical basis for biotechnical and bioengineering
approaches to slope stabilization. Its deals with earthen
slopes in general, and discusses the streambank
stabilization problem only in a limited manner. The
distinction is made between the two erosion mechan-
isms: surficial (or hydraulic) erosion, typically due to
the direct interaction with a flow (either of water or
wind) with the slope surface, and mass movement or
slope failure, associated with the movement of larger
masses of material due to a failure along a critical
sliding surface, located beneath the slope surface. This
has the important practical implication that a measure
used to counter one mechanism may not be effective for
the other. Whereas grasses or herbaceous species with
near-surface roots may be effective against surficial
erosion, shrubs and trees with much deeper root sys-
tems would be needed against mass failure. For the
problem of streambank erosion, both mechanisms may
be important, and so the best solution may be more
constrained.

Traditional slope stability analysis, formulated in
terms of the intrinsic shear strength of the earthen
material, is briefly reviewed. A model of the mainly
positive effect of vegetation on slope stability is then
examined in detail. Vegetation is viewed as increasing
soil shear strength (and hence stability) through root
(fiber) reinforcement, which might be parametrized by a
root tensile strength and a root area ratio, i.e., the
fraction of soil cross-section occupied by roots. For
design, values of such parameters need to be known,
and for natural species and soils, could be highly
variable. Such information is not readily available
(Gray and Sotir (1996) do provide some data for a very
limited number of species), and design of streambank
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Figure 2.1 Comparison of USACE (1991) riprap design
curves (full lines) of different safety factors with the simple
INDOT revetment class riprap design specification
(dashed lines).
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stabilization at the present time is typically not based on
detailed geotechnical analysis of vegetation-enhanced slope
stability. In their subsequent discussion of the various
bioengineering techniques, no explicit use was made of
geotechnical analysis results. The value of the theoretical
model lies mainly in a conceptual framework for thinking
about the effect of vegetation in terms of a standard
geotechnical model.

The more traditional ‘‘hard’’ or structural-mechanical
design approaches to slope stabilization are described,
including i) retaining structures, ii) porous gravity re-
taining structures, and iii) revetments (including rock
riprap and articulated blocks), but it is remarked that
‘‘many of these systems or products lend themselves to
integrated or combined use with vegetation’’. A separate
chapter deals at length with combined techniques, such
as vegetated riprap, vegetated gabion or rock walls, toe
wall with slope face plantings. It discusses in turn, the
objectives, effectiveness, materials, and installation for
each technique.

The important considerations in the preliminary
‘‘design’’ and implementation of vegetative approaches
are discussed. These include site analysis, seeds and plan-
ting stock, selection and source of plant materials, site
preparation, handling and installation of live cuttings.
For example, for site preparation, they emphasize appro-
priate grading, protecting the slope toe against scour and
undermining, interception and diversion of overland
flow. During installation, inspection and quality control
are required for any successful bioengineering solution.
The most comprehensive chapter is devoted to eight
common bioengineering techniques (live staking, live
fascines, live fascines used in pole drains and with
subsurface interceptor drains, brush layering, vegetated
geogrids, branch packing, live gully repair, vegetated crib
walls, live slope grating, see appendix B for sketches of
some of these). Each technique is described, including
their application and objectives, the materials involved,
and their installation. Some guidance (e.g., their Tables 7.3
and 7.4, which apply to general slopes and not specifically
streambanks) is also given regarding the choice of
technique according to slope type, location, site, and
soil conditions, and relative cost. Case studies are also
presented, though only one case of riverbank stabili-
zation is included.

Biotechnical ground cover solutions to counter the
narrower problem of surficial erosion are addressed
briefly, as traditional revetment techniques such as
riprap or articulated concrete blocks were discussed in
other chapters. One class of products of special interest
for streambank stabilization consists of geosynthetic
nets and meshes. These are often two-dimensional-like
mats but some have a much thicker more three-
dimensional profile. These are known as rolled erosion
control mats or products (RECPs), which includes
degradable erosion control blankets (ECBs) and a
range of more permanent turf-reinforcement mats
(TRMs). Narrowly focused on its revetment function,
design of commercial products can be based quantitatively
on manufacturer-specified permissible design velocities or

shear stresses. As discussed later, these products may
also be subjected to loads other than flow shear stress
(Miller et al., 2012), and so may suffer damage or even fail
due to other loads rather than those due to pure surficial
erosion.

Two appendices may also be useful. The first lists
plant species used in bioengineering applications with
qualitative characteristics, such as habitat value, root
type, and rooting ability from cuttings. The second
provides information regarding the tolerance of various
plant species to stresses, such as deposition, flooding,
and drought.

3.1.2 Other Monographs

The work edited by Coppin and Richards (1990) was
the outcome of a CIRIA (the Construction Industry
Research and Information Association of the United
Kingdom) research project, and covers much of the
same material as Gray and Sotir (1996), though is
differently organized with different emphases. It is less
geotechnical in its orientation, its discussion of basic
aspects of plants and soils is more in-depth, and treats
such issues as safe working methods on slopes and
contract specifications. Its UK and European perspec-
tive may limit its usefulness as far as specific details
relevant to the Indiana context are concerned. It de-
votes a chapter section to the problem of waterways
and streambanks, and distinguishes between two regions
divided by the normal water level, i) that above which
is subject to attack only under high flow conditions, and
ii) that below which is subject to more or less continuous
attack. It also presents another classification (see their
Figure 6.12) according to the type of suitable plants: i) a
continuously inundated aquatic plant zone, ii) a marginal
zone, suitable for reed-like plants that require very wet
ground but may not survive in deep water (. 2 ft) for
long periods, iii) a damp zone, subject to seasonal
flooding, and appropriate for trees and shrubs (e.g.,
willows) tolerating wet root zones, and iv) a dry zone
that experiences only infrequent larger floods.

A recent compilation of engineering case studies by
Goldsmith, Gray, and McCullah (2013) complements
Gray and Sotir (1996), and includes a number of
streambank stabilization projects. The features of those
implemented in the regions closest to Indiana are
summarized in Table 3.1, which indicates the range of
techniques applied. Most projects are either associated
with the University of Michigan in Ann Arbor, Michigan,
with whom Gray (one of the compilers) was long
affiliated, or were designed by Goldsmith (another of
the compilers), and so may represent a narrow design
viewpoint. The case study on streambank stabilization
in Gray and Sotir (1996) is also found in Goldsmith
et al. (2013), but is not included in Table 3.1 as it is
located in Texas. In some cases, bank erosion directly
threatened valuable assets such as a road or a gas
pipeline. The ten projects in Table 3.1 used over ten
different techniques, with multiple techniques fre-
quently being applied at each site. In most or all cases,
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insufficient quantitative detail is given to provide a
technical basis for the choice of measures used. For
example, whether a measure was essential to bank
stabilization, or was more supplementary was not clear.
A case in point is the use of in-stream structures, such
as rock vanes and bendway weirs, chosen in 5 of the 10
projects in Table 3.1. The question may be raised
whether the bank in each case might have been
stabilized without the in-stream structures. The hydrau-
lic conditions under which such structures might be
effective or alternatively the effective design parameters
(length, height, angle of orientation for design or off-
design conditions) are still under debate, so it should not
be taken for granted that they performed as intended.
On the other hand, live stakes, also used in 5 of 10 cases,
were considered to have failed in at least two cases in
view of their low survival rates, but the projects were
judged an overall success. This suggests that this
technique should be considered a supplementary, i.e.,
to be used in combination with other techniques, rather
than a primary measure. Coir logs, here considered as a
primary measure, is explicitly reserved in one project for
low-velocity (, 5 ft/s) conditions but in the other two
projects no such explicit qualification is made. It is also
notable that in almost all cases some ‘‘hard’’ elements
were included in the design, typically to protect the
critical toe region.

3.2 Government Agency Reports

A number of reports dealing with the issue of
streambank stabilization have been published by gov-
ernment agencies, both at the federal and at the state

level, and are conveniently available on the internet. Unlike
the previous more general work on general slopes, those to
be reviewed here are specifically focused on streambanks,
and hence pay greater attention to the fluvial geomorphol-
ogy and hydraulics associated with bank erosion. They may
also discuss issues beyond the scope of the present work,
such as stream restoration and indirect bank erosion coun-
termeasures, such as in-stream structures. There is con-
siderable overlap in these synthesis works, and the review
highlights the unique aspects, if any, of each contribution,
relevant to biotechnical or bioengineered solutions.

3.2.1 Federal Agencies and Sources

3.2.1.1 U.S. Army Corps of Engineers (USACE).
Biedenharn, Elliott, and Watson (1997, to be referred
to USACE1997) takes a systems approach to the
streambank stabilization problem by placing it within a
broader geomorphological context. It introduces basic
concepts of fluvial geomorphology and distinguishes
between a system-wide and a local instability. The
former may require large watershed-scale intervention
for long-term success, while a more localized solution
may be possibly found for the latter case. Geomorphic
assessment are discussed, including tools for the field,
important field observations, and analyses of data, such
as discharge, that could give insight into channel
instabilities. A holistic approach to bank stabilization is
presented considering river basin management, relocation
of the threatened facility, and non-structural regulatory
solutions. It is recommended that the selection of an
effective bank stabilization technique be based on its
durability, its ability to adjust to scour and subsidence,

TABLE 3.1
Case studies located in the Midwest or Northeastern U.S. given in Goldsmith et al. (2013).

Project Location

In-Stream

Structures Hard elements Plantings

Bioengineering

Elements Other

Fleming Cr., MI Rock vanes Live pole Impinging flow

River Landing, MI Vegetated riprap Revegetation Joint planting, ECB* Regrading

Nichols Dr., MI Rock vanes Revegetation, live stakes,

brush layers

VMSE* (rock footing) Chimney drain

Malletts Cr., MI
Rock vanes, cross

vanes

Riprap Live stakes ECB, coir logs
Regrading,

channel

modification

Mill Cr., OH Stone toe Live pole, live stakes, live

fascines

ECB, VMSE

Charles R., MA Stone toe Live stakes, live fascines ECB, coir logs

Connecticut R., MA
Stone toe Live stakes, brush layer VMSE

Cumberland R., TN
Stone toe, gabion

mattress

Live pole, live stakes, live

fascines, brush layers

ECB Slope benched

and compacted

Manhan R., MA Bendway weirs, rock

vanes

Coir logs, ECB Regrading

Creek Rd., NY Bendway weirs, rock

vanes

Longitudinal stone

toe

Revegetation Slope drainage,

regrading

*ECB and VMSE refers to erosion control blankets and vegetative mechanically stabilized earth (also termed variously as soil lift, reinforced soil,

vegetated geogrid).
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flow depths, foreshore limitations, channel alignment,
and impacts on flowlines and erosion upstream and
downstream of the project reach, as well as environmental
and economic factors.

Detailed issues involved in designing erosion protec-
tion in general are then discussed, such as the upstream
and downstream project limits, channel alignment,
design discharge, top elevation of protection, bank
slope, consequences of failure, toe protection, surface
drainage, manufacturers’ recommendations, and safety
factors. A comment regarding toe protection when
vegetative techniques are being applied is especially
relevant for the present project:

‘‘The importance of toe protection for successful bank
stabilization using vegetation cannot be overemphasized.
Vegetation alone is unlikely to be successful as toe protection
unless velocities during design flows are so low that little toe
scour is predicted, and climate, inundation conditions, and
soils are conducive to a vigorous growth at the toe.’’

Specific techniques are divided into surface armor (such as
stone and other self-adjusting armor, rigid armor, and
flexible mattresses) and indirect methods (such as dikes
and other flow deflecting methods such as in-stream struc-
tures like vanes and bendway weirs). Advantages, dis-
advantages, typical applications, and design considerations
are given for each technique covered. Although all of these
techniques may be characterized as ‘‘hard,’’ they may still
be relevant in the present context, because as was seen in
the case studies of Goldsmith et al. (2013), streambank
stabilization with bioengineering typically involves some
‘‘hard’’ structural measures, whether a stone toe, or in-
stream structures.

A short chapter deals with general aspects of
vegetative methods, but a lengthy appendix by Allen
and Leech (identical to Allen and Leech, 1997) reviews
bioengineering for streambank erosion control in detail.
In the short chapter, one comment may be highlighted:

‘‘The most serious shortcoming is that even well executed
vegetative protection cannot be planned and installed with
the same degree of confidence, or with as high a safety
factor, as structural protection.’’

This is related to the present lack of reliable quan-
titative prediction methods and the complexities of
dealing with a natural system with substantial variation
in characteristics. Similar to Coppin and Richards (1990),
the appendix identifies four different zones, and recom-
mends a zonal design approach. As illustrated in Figure 3.1,
the toe zone lies between the bed and the average
normal stage and is inundated at least six months of the
year, the splash zone lies between the normal high-
water level and the average normal stage, the bank zone
lies above the normal high-water level and is inundated
for at least a 60-day duration once every two or three
years, and the terrace zone lies inland from the bank
zone. The zones are not precisely defined due to daily
and seasonal variations in water level, and may depend
on bank geometry. Whether such zone definitions are

appropriate for Indiana (and specifically INDOT prac-
tice) remains to be determined. For the toe zone, hard
armor is appropriate, but coir logs might be suitable
under low-velocity conditions. On the other hand, for the
splash zone, herbaceous emergent aquatic plants such as
reeds and sedges are suitable, while for the bank zone,
these may be mixed with flood-tolerant woody plants
such as willows and dogwoods. The terrace zone is less
critical with regards to bank protection, but may play an
important role in surface drainage and reducing the shear
load by reducing the contribution due to water weight
through the effect of plant evapotranspiration. Because
this region is expected to be inundated far less fre-
quently, the required flood tolerance of the vegetation is
less stringent and a wider range of species should be
available for consideration.

Consistent with the recommended zonal design app-
roach, various techniques used for each zone were dis-
cussed, with examples from actual installation. For the toe
zone, examples with rock riprap, gabions, LUNKERS,
bank crib with cover log, log and rootwad revetment, coir
logs, and in-stream deflector structures, were presented. For
the splash zone, examples with coir logs, brush mattresses,
live fascines (or wattles), live stakes, brush layering, vege-
tated geogrids were described. Similar techniques can also
be applied to the bank zone, possibly with different species,
especially under high-energy conditions. This points to the
gray area in the distinction between the different zones. For
low-energy applications, sodding combined with a rolled
erosion control product (RECP) or turf reinforcement mat
(TRM) may be sufficient. In the terrace zone, special
techniques are generally not necessary, but the choice of
appropriate vegetation may require thought, and some
guidance is given.

Two important aspects of the appendix are the
discussion of partial or total failures, the diagnoses of
the causes, and the characterization of techniques in
terms of allowable velocities. A coir-log treatment
failed in a case in Colorado due to scour at the toe, and
in a case in Manhattan (after the two-year formal
monitoring period) because the logs had been flanked
at the upper end, leading to the unraveling of sec-
tions of the project. Protection of the toe region and
proper end treatments to avoid flanking were stressed.
Actually measured velocities at various sites with bio-
engineering treatments were reported, ranging from 10
ft/s for a log revetment case to 3.1 ft/s for a case with
dormant willow post with rock toe. A U.S. Army Corps
(1991) manual is cited as indicating that

‘‘herbaceous or woody vegetation may be used to protect

channel side slope areas (depending on the frequency of
inundation, velocity, and geotechnical constraints to

infrequent flooding) and other bank areas where velocities

are not to exceed 6 to 8 feet per second.’’

Another source, Hoag (1993) is cited as suggesting
maximum permissible velocities for various species
types, namely 3 ft/s for herbaceous species, 3-5 ft/s for
woody and herbaceous mixed plantings, 5-8 ft/s for
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woody species alone; for velocities in excess of 8 ft/s, the
more special bioengineering/biotechnical measures would
be recommended.

Biedenharn et al. (1997) devote a chapter to the
topic of grade control and design considerations for
structures intended for such a purpose, noting that
‘‘implementation of bank stabilization measures with-
out proper consideration of the stability of the bed can
result in costly maintenance problems and failure….’’
Such structures are beyond the scope of this review, but
may be relevant to bank stabilization. This returns to
the issue of the underlying causes of bank erosion,
whether system-wide or localized. Where the causes are
system-wide, grade control may need to be considered.

Fischenich and Allen (2000) cover many of the same
topics as Biedenharn et al. (1997), though it is more
structured and accessible, with a more pronounced stream
restoration/ecological orientation. Basic aspects of fluvial
geomorphology, hydraulics and sediment transport, and
geotechnical slope stability are compressed into a brief
chapter, while stream ecology and its characterization
receive more attention in a separate chapter. Steps in

analyzing bank erosion are combined in a single chapter.
Much of the material specifically on soil bioengineering
is reproduced from Allen and Leech (1997). A helpful
feature of the presentation is the frequent distillation of
the main points into short slide-like form. Two examples
summarizing criteria for the selection of stabilizing app-
roaches are shown in Figure 3.2 and Figure 3.3, accord-
ing to erosion or bank instability mechanisms. A chapter
on design for bank stabilization discusses both ‘‘hard’’
elements, such as stone armor and in-stream deflector
structures, and ‘‘soft’’ vegetative elements, such as coir
logs, live stakes, fascines, and brush layering.

3.2.1.2 Natural Resources Conservation Service
(NRCS, USDA). The main documents, the result of a
collaborative effort by several federal agencies, are NEH-
653 (Federal Interagency Stream Restoration Working
Group, 1998/2001) and NEH-654 (USDA National Re-
sources Conservation Service, 2007), that address in a
rather comprehensive manner the technical issues sur-
rounding stream corridor restoration. As with the
USACE reports dealt with above, they cover the topics

Figure 3.1 Definition of various zones according to (a) USACE1997, (b) NEH-654.
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of fluvial geomorphology, hydraulics and hydrology, and
sediment transport. In the present context of bank
stabilization, only the chapter (Chap. 14 in NEH-654) on
treatment technique design, and its technical supplement
will be discussed. The chapter itself only provides a brief
introduction to the technical issues, reserving the details
required for design for the lengthy technical supplement.
The latter start with characterizing soil properties, par-
ticularly those related to the geotechnical bank stability,
proceed to scour calculations and stone armor sizing, the
use of geosynthetics, soil anchors, and pile foundations,
grade control design, and in-stream flow deflecting
structures. Worked examples are frequently given, but
unfortunately not in the section devoted to streambank
soil bioengineering, no doubt due to the lack of quan-
titative results. Similar to the USACE approach, various
zones along the bank are identified (Figure 3.1b), but the
zones are defined differently, and perhaps more clearly
from a practical viewpoint. Like Fischenich and Allen
(2000), the section makes effective use of tables to present
important points. For example, Figure 3.4 shows a table
illustrating the relationship between the tolerance for
bank movement and the appropriate bank stabilization
technique. For all but one of the project conditions,
Figure 3.4 recommends some hard (inert) elements in
the stabilization solution. The table in Figure 3.5 lists
questions that should be answered to obtain an
effective local bioengineering-oriented solution. Most
of the questions focus on diagnosing the main cause

or mechanism of bank erosion in order to select the
appropriate type of countermeasure(s). This is similar
in function to the tables of Fischenich and Allen
(2000; see Figures 3.2 and 3.3).

The section provides a compilation of literature
values for permissible levels of shear stress and velocity
for various treatments (Figure 3.6). It distinguishes bet-
ween initial and fully established states, as some time is
required for vegetation growth as well as the qualifica-
tion for each technique. The empirical support for the
application of these values to general conditions is a
concern as they presumably were obtained through
field measurements for specific conditions. In contrast,
the application of rock riprap is supported by, not only
numerous careful small-scale and near-field-scale labo-
ratory measurements obtained under controlled condi-
tions, but also by sound theory.

NEH-654 also compiles in a separate volume a
number of case studies (see Table 3.2 for a sample) with
a level of detail frequently exceeding that in Goldsmith
et al. (2013), including cost details. The case studies were
intended to illustrate stream restoration techniques in
general, and so emphasized in-stream structures. The
influence of Rosgen’s approach or at least its termino-
logy is evident – an entire chapter in NEH-654 is de-
voted to the Rosgen approach. Bendway weirs, J-hooks,
cross-vanes, and rock vanes, appear frequently in the
case studies, but rock riprap remained prominent.
A frank discussion of (partial) failures and construction

Figure 3.2 Appropriate techniques for different erosion processes according to Fischenich and Allen (2000).
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difficulties is also often given. For example, some root-
wads installed in the Rose River project disappeared,
while complete sections of the rock toe in the Red River
project were washed away. Fascines and entire rootwads

that were supposed to be protected by the rock toe
were pulled from the bank. The precise causes of the
failures (or indeed the successes) often are difficult to
determine.

Figure 3.3 Appropriate techniques for different bank instability mechanisms according to Fischenich and Allen (2000).

Figure 3.4 Table taken from NEH-654 indicating the range of choices of streambank stabilization techniques depending on site
and project implications.
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A chapter (Chapter 16) on streambank and shoreline
stabilization (to which Sotir is acknowledged as a major
contributor) in another NRCS document, the Field
Engineering Handbook or NEH-650 (National Resources
Convention Service, 1996) should also be mentioned. The
presentation is much concise and more easily accessible
than the more expansive NEH-654. The common soil engi-
neering techniques for streambank stabilization, e.g., live
stakes, fascines, brush mattress, vegetated geogrid (or soil
lift), are covered, each with details on applications and
effectiveness, construction guide lines, and installation.
Other ‘‘hard’’ structural techniques, including riprap and
rock gabions and in-stream structures such as stream barbs
(a variant of the bendway weir) and jetties, are also dealt
with in the same manner. A strength of the NEH-650
chapter compared to NEH-654 is the more extensive use of
detailed sketches, which are more helpful than photographs.
These sketches have appeared either in its original or a
modified form in other documents, such as state DOT
design manuals. Example sketches from NEH-650 of
various measures are given in Appendix B. An appendix
to Chapter 16 of NEH_650 also gives a comprehensive
compilation of the soil bioengineering characteristics of plant
species.

McCullah and Gray (2005, also to be referred to as
NCHRP-544) resulted from NCHRP Project 24-19.
It identified a large number (44) of environmentally
sensitive channel- and bank-protection techniques of
interest. The terse literature review is useful in its exten-
siveness and wide variety of sources, especially those on
the internet. In the report itself, the description of the
techniques is also terse, consisting of thumbnail
sketches in an appendix. A more detailed treatment is
given in the accompanying CD-ROM, which also
discusses a broad range of related topics, such as
harvesting/handling of woody cuttings, geotextiles and
root penetration, and optimal compaction and other
strategies, as well as case studies. Each technique is
ranked in a three-level rating system (Figure 3.7). Level
I techniques being ‘‘well-established, well-documen-
ted (good performance and monitoring data available),
reliable design criteria based on lab/field studies’’.
Level II techniques are intermediate, associated with
‘‘greater uncertainty (used frequently but do not have
the level of detail, quality of information, and reliability
that characterize Level I); little or inadequate monitor-
ing’’, and Level III techniques are emerging, but do not
have ‘‘the track record and level of information

Figure 3.5 Questions that should be asked in planning a soil bioengineering approach to streambank stabilization and the
implications for the responses (taken from NEH-654). (Figure continued on next page.)
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characterizing Level I or II’’. As with any such clas-
sification scheme individual ratings for certain techni-
ques may be disputed.

In view of the number of available techniques, one of
the main contributions of NCHRP-544 is the attempt to
develop guidance for selecting suitable streambank
bioengineering technique for given project conditions.
An ‘‘expert’’-systems computer program, GREENBANK,
was developed, in which the user responds to a question-
naire regarding the project and site (so in this respect
similar to the NEH-654 list of questions, Figure 3.5), and
recommendations about suitable techniques are made
based on the responses. The questionnaire is lengthy and
cumbersome to use, in part reflecting the complexities
involved in technique selection and the attempt to provide
rather comprehensive guidance. Based on the input
regarding environmental objectives and bank movement
consequences, erosion processes, fluvial geomorphology,
geotechnical and hydraulic data, the 44 techniques
are screened using a matrix approach and given a letter
grade from A to F (A being the most appropriate). As
emphasized by the authors, the software ‘‘is intended not
to provide detailed design criteria, but rather to offer a list
of techniques that match (1) dominant erosion processes

and (2) environmental resources of special concern at the
site….’’ Due to the large uncertainties in the inputs,
together with the controversies about individual ranking
criteria, it is difficult to assess how reliable or comprehen-
sive are the recommendations.

3.2.1.3 National Cooperative Highway Program
(NCHRP) and Federal Highway Administration (FHWA).
The main focus of Lagasse et al. (2006, also to be referred
to as NCHRP-568) is traditional riprap design, but
it does include a subchapter on hybrid approaches,
specifically riprap with various types of vegetation, such
as willow bundles, poles, brush layers, relying much
on NCHRP-544. Other FHWA publications deal in
part with issues that may be relevant to streambank
bioengineering techniques. Kilgore and Cotton (2005,
HEC-15) covers the hydraulics of channels with flexible
linings, including natural vegetation as well as rolled
erosion control products (RECPs) and turf reinforcement
mats (TRMs). Bridge scour and stream instability
countermeasures are the main topics in the two-volume
Lagasse et al. (2009, also known as HEC-23), but includes
a brief chapter on biotechnical techniques, relying
heavily on NCHRP-544 and Biedenharn et al. (1997).

Figure 3.5 (Continued).
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Volume 2 may be more useful in its treatment of the
more traditional hard or structural techniques, with
design guidance for bendway weirs and articulated
concrete blocks.

3.2.1.4 Other Federal Agencies: U.S. Forest Service
and FEMA. Eubanks and Meadows (2003) produced
an on-line guide to soil bioengineering for streambank
and lakeshore stabilization for the U.S. Forest Service.
The well-illustrated general discussion tends to be non-
technical, and seems aimed at an audience broader
than the engineering community. It is still careful to
emphasize the importance of protecting the bank toe
and keying into the bank to prevent flanking of the
treatment. The specific chapter on soil bioengineer-
ing techniques borrows liberally from Chapter 16 of
NEH-650, and is almost identical in its organization in
terms of discussing applications and effectiveness and
construction details. Figure 3.8 shows their table of
biotechnical measures and their typical applications.

Some subtle differences in sketches and guidelines are
found, but the basis for them is not clear.

Another on-line document produced for FEMA
presents a series of non-technical reports of projects
carried out in Washington where alternative stream-
bank stabilization techniques, many using large woody
debris as a major element, were applied. With few or no
engineering details, the document does not provide
guidance with regards to designing or implementing the
techniques. Further, it is debatable whether the tech-
niques popular in the Pacific Northwest is optimal for
the Midwest. Soil bioengineering techniques commonly
used in Indiana, such as soil lifts, coir logs, and fascines
are not at all discussed.

3.2.2 State Agencies and Sources

3.2.2.1 Departments of Transportation (DOTs). For this
review, it was of interest to determine to what extent
soil bioengineering (or other alternative streambank

Figure 3.6 Permissible velocities compiled in NEH-654 for various bioengineering treatments.

TABLE 3.2
Case studies in Midwestern and Northeastern states from NEH-654 in which soil bioengineering features were particularly emphasized.

Project Location

In-Stream

Structures Hard elements Plantings

Bio-eng’g

Elements Other

Silver Cr., NY Stone facing VMSE

Rose R., VA Rock weirs Rock riprap Rootwads
Channel modification,

regrading

Red R., ND Rock riprap Willow plant, live

fascines

Rootwads Regrading, surface

drainage issues

Merrimack R., NH Green gabions Envirologs, reno

mattress
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stabilization) techniques have already been adopted in
DOT design manuals, particularly in nearby states with
similar geographical and climatic features. The most
in-depth treatment was produced for the Tennessee DOT
(or TDOT). In their 2012 drainage manual (TDOT, 2012,
to be referred to as TDOT2012), a chapter, Chapter 11,
gives extensive coverage of natural stream design, with
stream relocation and mitigation projects primarily in
mind. It also provides a detailed account of practices
frequently encountered in bank stabilization. Ten tech-
niques: i) coir logs, ii) vegetated riprap, iii) willow cuttings
and posts, iv) live fascines, v) live siltation, vi) longitudinal
stone toe, vii) vegetated gabions, viii) vegetated mecha-
nical stabilized earth (VSME, elsewhere termed vegetated

geogrid or soil lifts), ix) articulated concrete blocks, and
x) brush mattresses, are described systematically, each with
sections on definition and purpose, appropriate appli-
cations, limitations, planning and design criteria, and an
example application (with computations where appro-
priate). In-stream structures such as boulder clusters, rock
vanes, and spur dikes are also covered in the same
manner. A series of tables in the appendix also give
guidance on techniques according to the main aim of the
project. An example, shown in Figure 3.9, for low-
gradient alluvial streams with non-cohesive banks, sug-
gests that for purposes of preventing bank erosion on a
permanent basis, the only appropriate soft armoring
measures are willow posts, VMSEs, and brush mattresses.

Figure 3.7 Level classification of various bank stabilization measures according to McCullah and Gray (2005, NCHRP-544).
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Other chapters in the manual, particularly that on Erosion
Prevention and Sediment Control which covers erosion
control and turf reinforcement mats, may also be relevant
in the present context. In terms of detail, these sections in
the TDOT Drainage manual offer a good starting point
for development of INDOT design standards.

By comparison, the design manuals of other nearby
states offer little or no guidance regarding biotechnical
approaches to streambank stabilization. The Illinois
DOT Drainage Manual (Illinois DOT, 2011) devotes a
single page to biotechnical scour countermeasures simply
referring to the FHWA HEC-11 (and including a sketch
of vegetated riprap/joint planting from that reference).
Examination of the online Drainage or Soil Erosion and
Sediment Control Manuals of Michigan, Ohio, Pennsyl-
vania, Kentucky did not find any specific discussion of
biotechnical solutions (some established techniques such as
erosion control or turf reinforcement mats in erosion
control or articulated concrete mats were discussed).

3.2.2.2 Other State Departments. Although the DOTs
of nearby states may not have formally included
biotechnical techniques in their design manuals, other
state (and/or county or municipality) agencies have
publications describing and advocating the use of such
techniques. Publications by the Iowa Department of

Natural Resources (2006) and the Pennsylvania DEP
(2012) may be noted. The former is devoted almost
entirely to biotechnical approaches, while the latter has
only a section of a chapter covering a more limited
number of techniques. Both rely heavily on NEH-650,
and so will not be discussed further.

The Washington State Aquatic Habitat Guidelines
Program (2002) published its Washington 2003 Integrated
Streambank Protection Guidelines (referred to as WISPG
2003), which was jointly funded by the Washington
Departments of Fish and Wildlife, Ecology, and Trans-
portation, and it was endorsed by the U.S. Army Corps of
Engineers District. Although it deals with a Pacific
Northwest geography quite distinct from that of
Indiana, it merits mention because its scope is quite
comprehensive (e.g., it considers flow redirection, struc-
tural, as well as biotechnical techniques), and the material
is presented differently from that found in other standard
sources such as NEH-650. It groups similar techniques
together, e.g., it considers woody plantings together,
including live stakes, live fascines, joint plantings, etc.
Thus, in addition to woody plantings, it covers herbaceous
plantings, soil reinforcements (e.g., soil lifts), coir logs, and
bank reshaping (basically regrading). A description is
given for each technique, followed by discussion of its
appropriate application, its intended effects, the relevant

Figure 3.8 Table of appropriate techniques for different applications compiled by Eubanks and Meadows (2003).
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design issues, its biological considerations, risks, construc-
tion details, maintenance and monitoring. Three selection
matrices are presented to aid in the choice of particular
techniques. These are based on i) site conditions, ii) reach
conditions, and iii) impacts. As an example, the detailed
matrix based on site conditions is shown in Figure 3.10.
With the exception of soil reinforcement techniques, such
as VMSEs, the level of suitability for biotechnical tech-
niques against any failure mechanism other than toe
(bank) erosion due to reduced vegetative bank structure
does not rise above G2, i.e., ‘‘good in combination with
a technique rated G or in low to moderate risk
situations’’. The appendix (H) on ‘‘Planting considera-
tions and erosion control fabrics’’ could also be helpful.

3.2.2.3 Research Reports for State DOTs. A study by
Mohseni, Weiss, Cantelli, and Wilson (2004), performed
for the Minnesota Dept. of Transportation, included a
literature review, and examined a number of sites where
biotechnical techniques were implemented. It was aimed
primarily at identifying specific research needs on the
topic, and outdoor sites where detailed experiments
could be conducted. A comprehensive literature review
(Admiraal, Schemper, & Strahm, 2007) for the Nebraska
Department of Roads discusses the streambank erosion
problem in general, and then examines the literature on
traditional as well as biotechnical approaches. It is highly
recommended for its coverage of material up to 2003 (two
of the more recent references will also be discussed in

Figure 3.9 Various biotechnical techniques, including in-stream structures, and the recommended uses according to the TDOT
2012 "Natural Stream Design" manual.
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the next chapter). One of its conclusions, particularly of
interest for the present work, is that

‘‘Biotechnical slope stabilization of streambanks is not likely
to succeed without structural (non-biotechnical) means to
reduce fluvial erosion of the bank toe. Thus, in order to be
successful, biotechnical streambank erosion techniques should
be used in combination with structural methods.’’

3.3 Summary and Implications for Design Guidelines

Of relevance to the choice of bank stabilization
strategy, the synthesis works reviewed have stressed
i) the clear formulation of project goals and priorities, and
the tolerance to bank movement, ii) the consideration of
the broader fluvial geomorphological context, whether
the bank instability is a localized issue, amenable to a

local solution, with possible upstream and downstream

consequences, and iii) an identification of the important

erosion or instability mechanisms at work. Whether a

traditional pure hard-armor or a greener biotechnical

approach is chosen, these preliminary steps are required

to ensure long-term project success.

If a biotechnical approach is preferred, then the
synthesis works describe a number of measures in
sufficient detail as to be comparable to what might be
included in an INDOT design standard (in this regard,
the sources in Appendix A should also be included).
One aspect of the standard presentation, such as
in NEH-650 or TDOT2012, is that the individual tech-
niques are usually discussed separately, yet as has been
seen in the case studies (and even in detailed sketches of
NEH-650, see appendix B), different techniques are often

Figure 3.10 One of the decision matrices (this one based on site characteristics) for choosing a streambank protection technique,
taken from the state of Washington 2003 Integrated Streambank Protection Guidelines.
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used together at the same time. With the number of pos-
sible options available, especially when multiple measures
are often combined at a specific site, the basis for a
selection of an effective technique becomes less clear.
Although conceptual models of the effects of vegetation
on bank stability are available, a quantitative design pro-
cedure for biotechnical measures, comparable in reliability
to the traditional riprap design procedure discussed in
Chapter 2.2, remains to be achieved. For example, whereas
Figure 2.1 refers to a factor of safety for riprap revetment,
there is nothing of comparable quantitative precision that
can be given for most or all of the softer more purely
vegetative options. Some progress in defining permissible
shear stresses and velocities has been made, though the
empirical basis is certainly not as extensive as that for rock
riprap, for which there is also a stronger theoretical
support. The compiled permissible velocities can be vari-
able, and the added complication that they vary from the
initial planting to when the vegetation becomes more fully
established must also be confronted.

A zonal approach is widely accepted but how the
different zones along the bank should be defined is still
debatable. There is a recognition that the toe zone is
critical. A biotechnical approach combining the more
predictable hard armor in the toe zone (and locations
where vegetation is often not sustainable) and softer
vegetation options on the upper bank may be the most
attractive strategy.

Because of the many techniques available, an aid to
the selection of the appropriate techniques would be
valuable, and the various classification of techniques is
aimed at providing this aid. Classification according to
levels of established use (McCullah and Gray (2005)
scheme in Figure 3.7), or applications (the Eubanks-
Meadows scheme in Figure 3.8), or the TDOT scheme
(Figure 3.9), or erosion or failure mechanisms (and
other considerations) as in the WISPG2003 matrices
(Figure 3.10)) have been proposed The expert-systems
software of McCullah and Gray (NCHRP-544) also
aims to provide similar guidance. The multi-matrix
approach of WISPG2003 and the expert-systems soft-
ware seem rather at odds in the present context of
developing reasonably simple INDOT design standards
and guidelines. Some simplification might be sought in
i) narrowing the scope of the problem, and ii) minimizing
the number of techniques to be considered. The distinction
between primary techniques that can be applied in isola-
tion, e.g., VMSEs, and those that are used in combina-
tion with the first class of techniques, e.g., live stakes,
might also be useful for design guidance.

4. WORKS OF NARROWER SCOPE

The works discussed in the preceding chapter syn-
thesized the state of knowledge up to the year 2000,
covering a broad range of topics related to biotechnical
(and other) approaches to streambank stabilization.
The more recent publications discussed in this chapter
are narrower in scope, though some may give an
overview of a specific topic. While closely related to

biotechnical approaches, the themes that have attracted
recent attention, such as the ecological effects of riprap
and alternatives, may not have as direct and immediate
implications for practical design.

4.1 Ecological Effects of Riprap and Alternatives

The widely cited review by Fischenich (2003) covers the
literature up to 2000. Although its title refers to riprap, its
scope is broader than riprap revetment, since it considers
riprap for flow deflection, grade control, slope stabilization,
as well as streambank armoring. The reviewed literature
gave rather mixed results regarding ecological impact, but
Fischenich suggested that the impact depended on whether
hard substrate, similar to riprap, was already abundant at a
site. If so, addition of riprap for bank stabilization would
likely degrade or at least not enhance the quality of aquatic
habitat. In view of the mixed conclusions from different
studies, Fischenich argues that impacts on various stream
functions or features, namely, morphology, hydrology,
sediment transport, habitat, and chemical and biological
processes, should be examined. Based on his literature
review and personal experience, a qualitative ranking of the
different riprap uses was given according to the severity
of impact for each stream function (Figure 4.1).
A difficulty is seen in that in the overall effect, con-
sidering the impacts on the various functions, it is not
clear that the differences between armoring, flow de-
flection, and slope stabilization (essentially toe protec-
tion) techniques are significant. Some of the impact could
from some perspective be considered positive rather than
negative, e.g., with regards to the energy reduction
techniques, which would be in-stream structures such as
weirs. Fischenich also makes the point that vegetative
armoring techniques may have similar impacts, e.g., on
sedimentation or morphological processes. Figure 4.1 is
primarily useful if the aim is to minimize any impact,
positive or negative. Further, as Fischenich emphasized
in the summary chapter, ‘‘The evidence presented in the
literature strongly suggests that the impacts from riprap
are very site-specific.’’

Sudduth and Meyer (2006) studied the effects of bioen-
gineering streambank stabilization techniques by examin-
ing six sites in the same watershed along the same urban
(Atlanta, GA) stream, within the context of urban stream
restoration. A reference site was located in a nature
preserve (close to ‘‘natural’’ conditions), and another was
an unstabilized site with inadequate riparian zone and
eroding banks. As is often the case, at each site different
biotechnical techniques were combined, including live
cuttings, tree revetments, and geotextile logs. At one site,
which had been previously armored with riprap, joint
planting was applied. They performed a visual bank
habitat assessment and collected macroinvertebrates for
biomass measurements, and found rather slight differ-
ences between the sites. Only the site with the joint
planting exhibited significantly lower scores, but as the
authors note, that site at the time had only been treated a
short time (3 years), and ‘‘it is possible that over a longer
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time period, the trees could become a more important
component of bank habitat, and joint planting could
create more organic habitat.’’ They suggest that in a
heavily impacted urban stream environment, other
sources of impairment might dominate and biotechnical
stream stabilization techniques should not be expected to
yield dramatically positive ecological results compared to
‘‘natural’’ conditions.

The study of White, Gerken, Pauker, and Makinster
(2009) did not consider biotechnical techniques, but

rather compared fish communities in stream segments
with riprap and other segments with more ‘‘natural’’
substrates, namely, mudflats and logjams, in the Kansas
River (a large seventh-order river). Fish communities
were sampled at four sites using boat-mounted electro-
fishing, and the corresponding shoreline habit was iden-
tified as being riprap, mudflat, or logjams. The data
were analyzed for measures of species diversity, richness,
and abundance. Somewhat surprisingly, the riprapped
reaches were always found to be associated with highest

Figure 4.1 Qualitative impacts of various streambank stabilization approaches according to Fischenich (2003).
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number of species and the highest diversity, while certain
species were most abundant in the riprapped reaches,
but others were most abundant in the logjam reaches.
Thus, their study indicated that

‘‘at a local scale, riprap had increased fish species richness
and diversity, and did not have lower abundances of many
fluvial specialist and dependent species, at least for the
primarily large-bodied species collected in our study.’’

In spite of their data, they speculated that the effects of
riprap may be scale-dependent, namely that, at the local
scale, effects may be negligible or even positive, but that
at the larger, e.g., watershed, scales, the overall effect of
riprap may still be negative. An alternative though
similar explanation might be that, for larger streams,
streambanks may be proportionately less important as fish
habitat.

The two studies of Moerke and Lamberti (2003) and
Moerke, Gerard, Latimore, Hellenthal, and Lamberti
(2004) dealt with the broader questions of stream res-
toration and its effects rather than specifically bank
stabilization, but is of interest as it examines two Indiana
sites (Juday Creek and Potato Creek, both in northern
Indiana). The Juday Creek (a third-order stream with a
drainage area of 98 km2) restoration project did involve
streambank stabilization using biodegradable erosion
control blankets (ECBs) and revegetation including a
mixture of grasses and forbs as well as buttonbush and
dogwood trees. The studies involved habitat surveys and
backpack electrofishing. It was concluded that, for Juday
Creek, fish community metrics ‘‘seldom exceeded the
levels of the unrestored, channelized reaches’’, and this
was attributed to a watershed-scale sedimentation issue.
This led the authors to suggest that the traditional stream
management strategies, such as bank stabilization, focus-
ing on local impact, may be ineffective at addressing
problems with larger-scale origins.

4.2 Geotechnical Modeling of Vegetative Effects
on Bank Stability

In Chapter 3, it was noted that the mechanical effect
of vegetation on the geotechnical bank stability can
be explained in terms of the root reinforcement of the
soil through an apparent increase in soil cohesion.
Abernethy and Rutherfurd (2000, 2001) performed a
detailed geotechnical slope stability analysis of two sites
on the Latrobe River in Australia, including the effect of
root reinforcement by two species of trees or shrubs.
This required field and laboratory work to determine
the spatial distribution of roots and their sizes, as well as
tensile-strength tests. The high variability of the results
for these characteristics can be seen in the low values of
correlation coefficients, e.g., in a power-law model of
the variation of tensile strength with root diameter, the
value of R2 was reported as 0.41, and coefficients of
variation (standard deviation/mean), 0.73 for the root
diameter, and 1.06 for the tensile strength. After the root
reinforcement effects due to a particular species were

quantified, they were incorporated into a geotechnical
slope-stability numerical model, with additional infor-
mation regarding bank geometry and hydraulic condi-
tions. The effect on bank stability is characterized by a
factor of safety (a factor less than 1 implies an unstable
bank). In view of the added cohesion attributed to root
reinforcement, an increase in the factor of safety was found
when the factors for observed banks with and without
root reinforcement were compared. As the authors admit,
observed banks must be stable at the time of observation
to have been observed, and hence ‘‘analyses of these bank
sections do not demonstrate the stabilizing influence that
tree roots impart to an otherwise unstable bank.’’

Whereas Abernethy and Rutherfurd (2000) considered
only the positive mechanical effect of root reinforcement
due to trees on bank stability, Simon and Collison (2002)
emphasized the hydrologic effects of vegetation. Their
study site was located at Goodwin Creek in northern
Mississippi, and consisted of three vegetation test plots on
an unstable incised streambank. The three vegetation treat-
ments were a control (short cropped turf/bare), eastern
gamma grass and a mature riparian tree stand with a
mixture of sycamore, river birch, and sweetgum trees. They
also obtained additional root data on black willow and
Alamo switch grass. They characterized the root reinforce-
ment effect similar to the approach of Abernethy and
Rutherfurd (2000), though their geotechnical slope
stability model was different. They also measured pore-
water pressures using tensiometers, streamflow levels,
and open sky rainfall, stemflow, and canopy through-
fall using rain gauges. The characteristics of four tree
species (sycamore, river birch, sweetgum, and black
willow) and two grass species (gamma grass and Alama
switch grass) were determined. They found that ‘‘Root
tensile strength varies widely, both within and between
species, with two orders of magnitude variability’’. Of the
tree species, river birch and sycamore had the strongest
root network, while somewhat surprisingly switch grass
had the strongest of any species (on average twice as large
as the strongest tree root network), attributed to their
high root area ratio rather than to higher tensile strengths.
The authors also argue that hydrologic effects may be
equally important as the mechanical root reinforcement
effects, and should be considered in species selection.
Model predictions of instability (factors of safety less than
one) seem to have been borne out in observed bank
instabilities, and so give stronger support for a detailed
modeling approach. While progress has been made in
modeling and predicting the stability of streambanks in
their existing vegetated state, the problem of predicting
stability with future vegetation is more formidable and the
results more uncertain, as it would involve predicting the
root-reinforcement effects of a future vegetative state.

4.3 Effectiveness of Biotechnical Streambank
Stabilization Methods

Only a single study (Karle, Moore, & Emmett, 2003),
performed for the Alaska DOT, was found which was
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solely concerned with evaluating the performance of
bioengineered bank stabilization. Eleven sites using
common techniques such as root wads, live stakes,
brush layers, and coir logs were studied, including
velocity measurements and HEC-RAS one-dimen-
sional flow simulations. Its main conclusions were
that:

N ‘‘On streams where large tractive forces during flooding
conditions will initiate bed and bank particle movement,

current designs and techniques for BECSs [bioengineered

erosion control structures] do not provide adequate

protection from toe erosion in flooding conditions. This
can result in erosion of the bank toe upon which the

structure is located. Such erosion may lead to partial or

total failure of the BECS. Current design methodology for
such structures does not provide any self-healing features

for such structures in the event of severe toe erosion. In

contrast, a properly designed riprap structure will include
either a stone toe trench placed beneath the expected depth

of maximum scour, or a self-launching stone toe, which

will launch stone into the eroded area as scour occurs.’’

N ‘‘Until current designs of BECSs are improved, the use of

such structures should occur only in areas of low erosion

potential, or for areas where failure results in insignif-
icant consequences.’’

Among the recommendations was the ‘‘Development
and testing of a hybrid structure, which incorporates
both a properly design riprap toe up to ordinary high
water, and a BECS above the rock base.’’ Despite
Alaska being quite different geographically from
Indiana, the main result in identifying the problem of
toe erosion seem to be independent of geography.

The study of Miller and Kochel (2009) assessed the
effectiveness of in-stream structures, such as cross vanes,
double wings, rock-vanes, J-hooks, and rootwad revet-
ments for stream restoration. They examined data from
annual cross-sectional surveys at 221 locations along 26
randomly reconfigured river reaches in North Carolina
for changes in cross-sections and rates of erosion and
deposition. In addition, a rapid assessment protocol was
used to evaluate structures at 26 other sites in that state.
Changes in excess of 35% in the areas (capacity) of
individual cross-sections were generally found 3 years
after project completion, while about 24% of the eval-
uated structures were damaged, impaired, or failed. Of
the structures, cross vanes and double wings exhibited the
greatest damage, while <41 % of the rootwads were
impacted. Impairment was ‘‘primarily associated with bed
and bank erosion and/or deposition, rather than through
movement of the materials of which the structures were
composed.’’ The authors emphasize the importance of a
thorough geomorphologic analysis to determine whether
the channel is highly dynamic, where the likelihood of a
successful project may be small.

4.4 Screening of Bank Stabilization Methods

Screening of the various biotechnical techniques
has been discussed from different perspectives. Li and

Eddleman (2002) proposed a strength-cost matrix
combined with the USACE (see Allen and Leech
(1997) and Figure 3.1) zone classification. They gave
descriptions of twelve common biotechnical techniques,
and Figure 4.2 shows two examples (for live stakes and
vegetated geogrids) of their classification scheme. Their
scheme is based on the conventional literature, and is
certainly a simplification of the matrices that have been
previously proposed (see Chapter 3, e.g., the three-
matrices approach in WISPG2003 or Figure 3.10). Yet
there is little account of the effectiveness of the in-
dividual techniques. It also seems aimed at a non-
technical audience, as it lumps technical aspects into the
concept of strength, but does not provide much guidance
as to when a stronger approach might be appropriate or
how strength could be quantified.

Frothingham (2008) proposed a more technical
quantitative screening approach based on a stability
threshold, namely for permissible shear stress or velo-
city, concepts that are familiar from traditional hy-
draulics of flexible linings (see HEC-15). This approach
does require information regarding permissible shear
stresses or velocities for biotechnical techniques; such
information is either associated with large uncertainties,
or not available. Frothingham used the data compiled
by Fischenich (2001), which includes common biotech-
nical techniques such as coir logs, live fascines, live
willow stakes, brush layers, as well as permanent rolled
erosion control products (mats). In the Fischenich table
(see Figure 4.3; values given are largely comparable to
those in the NEH-654 table in Figure 3.6, which in fact
cited Fischenich’s work), permissible shear stresses could
differ by a factor of 2, which Fischenich (2001) attri-
butes to ‘‘multiple sources of data or different testing
conditions’’. This screening approach also raises the
problem of estimating either a design shear stress or
velocity, or a design condition. Frothingham chose the
bankfull condition for design, and used relationships for
uniform-flow conditions in a straight channel to esti-
mate the design shear stress or velocity. These choices or
assumptions may be debatable for any specific site
though might be acceptable for first screening. While the
work of Frothingham (2008) explains the procedure and
applies it to an actual creek, it does not provide any
evidence confirming that the results of the screening lead
to effective design choices.

The work of Fischenich (2001) on stability thresholds
for various types of boundaries has already been referred
to above. This was updated by Miller et al. (2012) to
include recent developments in rolled erosion control
products (RECPs) technology, namely high performance
turf reinforcement mats (HPTRMs) and anchored rein-
forced vegetation systems (ARVSs), and the correspond-
ing design considerations for their use. ARVSs are
typically HPTRMs combined with a deep anchoring
system that provides greater resistance to slope instability
or geotechnical mass failure. The features of the different
levels of TRMs are summarized in their table (Figure 4.4)
comparing the hydraulic and geotechnical capabilities,
as well as other aspects. The different and quantifiable
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Figure 4.3 Permissible velocities for various natural boundary materials as compiled by Fischenich (2001) and used by
Frothingham (2008).

Figure 4.2 Example of application of cost-strength matrix combined with the Allen and Leech (1997) USACE zonal definition as
proposed by Li and Eddleman (2005).

22 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2015/14



erosion resistance of the various TRMs offers a promising
flexible solution that broadens the applicability of vege-
tative options, though with minimal compromise in
environmental impact. Miller et al. (2012) also provide a
qualitative ranking (Figure 4.5) of the environmental
impact of the various streambank stabilization techni-
ques. In general, the various permanent mats (TRMs,
HPTRMs, ARVSs) have similar impacts, which are

better than the hard-armor techniques, and worse than
the pure bioengineering techniques. As usual, the basis of
the ranking of any individual technique is open to debate,
e.g., articulated concrete blocks (ACBs) are generally
deemed worse than riprap, though consultation with the
Indiana Dept. of Natural Resources (personal commu-
nication) suggested that ACBs would be preferred as
being more wildlife-friendly.

Figure 4.4 Table of features of various levels of turf reinforcement mats (TRMs) compiled in Miller et al. (2012).
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An interesting point is made regarding the impor-
tance of design flow duration because manufacturers’
specifications of maximum permissible shear stresses
and velocities rely on short-duration testing. Under
application conditions, the product may be exposed for
longer periods on the order of hours or even days, and
their performance, particularly under the fully vege-
tated condition could deteriorate (Figure 4.6). The
authors further note that TRMs and HPTRMs have
been applied to stabilizing the banks of canals and
streams, where loadings are intermittent (e.g., during
floods), but that ARVSs are more appropriate for
continuous flow (which means always submerged)
applications. They also indicate that combination
designs, in which versions of TRMs could be combined
with bioengineering as well as hard-armor techniques,
should also be considered in designing streambank
stabilization.

4.5 Summary and Implications for Design Guidelines

The recent literature considered in this chapter does
not have implications for the development of INDOT
design guidelines different from those offered in the
preceding chapter. Significant and immediately noticeable

improvement in local environmental/ecological quality
should not be expected from the adoption of biotech-
nical approaches to streambank stabilization. This
applies particularly if the factors for the degradation of
environmental quality are system-wide rather than
localized, such as may be the case in an urban
environment. Thus, in a highly urbanized setting, the
use of the traditional pure hard-armor approach may
be less objectionable than in a more natural setting,
particularly if the tolerance for bank movement may be
very low.

Advances have been made in the modeling and
prediction of bank instabilities due to geotechnical
failures, but the models require information that can
only be obtained with substantial effort for existing
banks with existing vegetation. Much uncertainty
would be associated with predictions of bank instabil-
ities for future vegetation, as would be the case in a
practical design situation. A more promising develop-
ment that might lend itself to a more quantitative
design procedure is afforded by the advances in rolled
erosion control products, such as high performance turf
reinforcement mats and anchored reinforced vegetative
systems, with higher (and quantified) resistance to erosion
as well as geotechnical failures.

Figure 4.5 Qualitative ranking of environmental impacts for various streambank stabilization techniques according to Miller
et al. (2012).
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5. SUMMARY AND CONCLUSIONS

A review of the literature related to bioengineering/
biotechnical approaches to streambank stabilization was
undertaken, with particular interest on works that might be
relevant to the development of design standards for
INDOT use. A number of synthesis works were found
that outlined the general technical basis of these appro-
aches, described in some detail individual techniques and
their range of application, and gave some guidance as to
the selection of appropriate techniques or class of tech-
niques. Studies of narrower scope related to the ecological
effects of riprap and bioengineered surfaces, the detailed
geotechnical modeling of vegetation effects on streambank
stability, and effectiveness and screening of appropriate
biotechnical measures were also reviewed.

Several points specifically related to the development
of simple design guidelines and standards for INDOT
might be highlighted:

N Prior to any design of a bank stabilization scheme,

whether hard-armor or biotechnical:

- The project goals, priorities, and the tolerance for bank

movement should be clearly formulated,

- Fluvial geomorphology aspects should be considered to

assess the extent to which a local solution will be

adequate, and potential upstream and downstream

consequences of a local solution,

- The main mechanisms and processes contributing to bank

movement should be identified as precisely as possible.

N The toe zone often represents the region critical for the

success of bank stabilization (whether by hard or soft

armoring techniques), and merits special attention.

N The problem of flanking of the bank stabilization scheme

(again arising in both hard and soft approaches) has been
identified as one of the most frequent causes of failure,

and so proper end treatments should be emphasized.

N At the present state of knowledge, a biotechnical strategy

combining hard and soft elements will likely be the most

widely applicable and more conservatively reliable app-

roach; in special cases, e.g., due to local site conditions,
when there might be high tolerance for bank movement, a

soil bioengineering approach relying entirely on vegetative

effects might be more acceptable:

- In seeking to develop design guidelines and standards,

it may be worthwhile to consider only the most

common erosion processes and bank failure mechan-

isms, e.g., toe scour and mass failure, rather than to try
to address all possible processes and mechanisms,

- Some techniques, such as vegetated geogrids (also known

as soil lifts, or VSMES), seem to play a more central role
in bank stabilization, offering immediate protection, and

so might be considered primary, while others, such as live

stakes or live fascines, may be desirable more for their

environmental/ecological benefits (though may also
ultimately contribute to bank stabilization) and may be

considered secondary or supplementary,

- Techniques that might be amenable to more precise

quantification, such as in terms of the permissible velo

cities and shear stresses, e.g., those involving the various

forms of turf reinforcement mats, might be preferred.

Figure 4.6 Variation of permissible velocities with flow duration according to Miller et al. (2012).
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5.1 Implementation Plan

The results of this literature review will be implemented:

N In developing draft design guidelines and standards for
INDOT,

N As a reference for INDOT Engineering Services and
Design Support, and

N By its broader dissemination through INDOT Environ-
mental Services.
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APPENDIX A: RESOURCES FOR DEVELOPING
STANDARD DESIGNS

The following are narrowly-focused short documents,
available on-line, that might prove useful in developing
standard designs for individual biotechnical techniques.
These are in addition to those in the main text.

A.1 ASTM Standards

ASTM D6599-00(2008) Standard Practice for Construction of

Live Fascines on Slopes (http://www.astm.org/Standards/

D6599.htm)

ASTM D6765-13 Standard Practice for Live Staking (http://

www.astm.org/Standards/D6765.htm)

ASTM D6939-03 Standard Practice for Brushmattressing

(Withdrawn 2012) (http://www.astm.org/DATABASE.

CART/WITHDRAWN/D6939.htm)

ASTM D6825-14 Standard Guide for Placement of Riprap

Revetments (http://www.astm.org/Standards/D6825.htm)

A.2 USACE Design Guidelines

Allen, H., & Fischenich, J. C. (2001). Brush mattresses for

streambank erosion control (Report No. ERDC TN-

EMRRP-SR-23). Washington, DC: U.S. Army Corps of

Engineers. Retrieved from http://el.erdc.usace.army.mil/

elpubs/pdf/sr23.pdf

Fischenich, J. C., & Allen, H. H. (2000). Coir geotextile roll and

wetland plants for streambank erosion control (Report No.

ERDC TN-EMRRP-SR-04). Washington, DC: U.S. Army

Corps of Engineers. Retrieved from http://el.erdc.usace.

army.mil/elpubs/pdf/sr04.pdf

Fischenich, J. C., & Morrow, J. V., Jr. (2000). Streambank

habitat enhancement with large woody debris (Report No.

ERDC TN-EMRRP-SR-13). Washington, DC: U.S. Army

Corps of Engineers. Retrieved from http://el.erdc.usace.

army.mil/elpubs/pdf/sr13.pdf

Fischenich, J. C., & Seal, R. (2000). Boulder clusters (Report

No. ERDC TN-EMRRP-SR-11). Washington, DC: U.S.

Army Corps of Engineers. Retrieved from http://el.erdc.

usace.army.mil/elpubs/pdf/sr11.pdf

Freeman, G., & Fischenich, C. (2000). Gabions for streambank

erosion control (Report No. ERDC TN-EMRRP SR-22).

Washington, DC: U.S. Army Corps of Engineers. Retrieved

from http://el.erdc.usace.army.mil/elpubs/pdf/sr22.pdf

Goldsmith, W., Silva, M., & Fischenich, J. C. (2001). Deter

mining optimal degree of soil compaction for balancing

mechanical stability and plant growth capacity (Report

No. ERDC TN-EMRRP-SR-31). Washington, DC: U.S.

Army Corps of Engineers. Retrieved from http://el.erdc.

usace.army.mil/elpubs/pdf/sr31.pdf

Sotir, R. B., & Fischenich, J. C. (2001). Live and inert fascine

streambank erosion control (Report No. ERDC TN-

EMRRP-SR-31). Washington, DC: U.S. Army Corps of

Engineers. Retrieved from http://el.erdc.usace.army.mil/

elpubs/pdf/sr31.pdf

Sotir, R. B., & Fischenich, J. C. (2003). Vegetated reinforced

soil slope streambank erosion control (Report No. ERDC

TN-EMRRP-SR-30). Washington, DC: U.S. Army Corps

of Engineers. Retrieved from http://el.erdc.usace.army.mil/

elpubs/pdf/sr30.pdf

Sotir, R. B., & Fischenich, J. C. (2007). Live stake and joint

planting for streambank erosion control (Report No. ERDC

TN-EMRRP-SR-35). Washington, DC: U.S. Army Corps

of Engineers. Retrieved from http://el.erdc.usace.army.mil/

elpubs/pdf/sr35.pdf

Sylte, T.L., & Fischenich, J. C. (2000). Rootwad composites

for streambank erosion control and fish habitat enhancement

(Report No. ERDC TN-EMRRP-SR-21). Washington, DC:

U.S. Army Corps of Engineers. Retrieved from http://el.erdc.

usace.army.mil/elpubs/pdf/sr21.pdf
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APPENDIX B: SOME BIOTECHNICAL
TECHNIQUES USED IN INDIANA

The following sketches are taken from NEH-650, and
illustrate basic features of biotechnical measures that
have been applied on Indiana streams. For completeness,
an example of an in-stream structure, the stream barb, is
included though it is not strictly a biotechnical measure,
but such structures are often used as an element of a
biotechnical solution. The technique of bank regrading

(termed bank reshaping in WISPG2003) combined with

revegetation is rarely discussed in detail but should also

be considered as a bioengineering option. The sketches

often include elements other than the main technique,

e.g., in the sketch of live stakes, both a hard-armor rock

toe as well as an erosion control blanket (with some seeding

of herbaceous species) are also shown. They are also typi-

cally shown in a fully established mature state rather than

in their initial planted state.

Figure B.1 Selected biotechnical measures used in Indiana: (a) live stakes, (b) live fascines, (c) vegetated geogrids, (d) joint
planting, (e) coconut fiber rolls (or coir logs or biologs), (f) vegetated gabions, (g) rootwads, (h) stream barbs. (Figure continued on
next page.)
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Figure B.1 (Continued).

30 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2015/14



Figure B.1 (Continued).
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Figure B.1 (Continued).
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Figure B.1 (Continued).
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