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STATEMENT OF PURPOSE

This document is intended 10 provide technical guidance in the design and construction of
sirearn/road crossings where the need fof passage of agualic organisim passage has peeh
identified. Thig guide is nefther @ cookbook not @ manual. Each site is unigue, and conditions
will lead o individual solutions, The methods and analyses described here & more rigorous
than is necessary ior simple sites and exper’semed design teams will be abie 10 streamiing the
process in many cases. wany sites nhowever have unigue chalienges that can only be solved DY
applying an in-depth understanding of the piological, hydmiog‘ac, geemesph&s, and structurat
components of the design. We therefore encourage that an interdiscipiinary team appmaah =
used for these designs. 10 e successiul, it is important 10 recognize wWhere this higher degres

of rigor is needed and 10 pring i specialisis when appropriate.
rative and

These guidelines are not intended for use a8 a regulatory dogument. They are infor
do not impose any legal of reguialony reqa}iremem onihe owner/designer of the project.

PREFACE

Stream crossings oy sransporiation systems nave had @ f)f@‘f@iﬁﬁd influence & he rmovement
and distribution of populations of aguatic gpecies In Vermont, These impacts range from
exciusion of species ¢rom tributaries of the White River and Connecticut River associated wilh
ihs gevelopment of rairoads and the interstate highway systern, 10 highly ffagmented habitals
associated with town and privats road gevelopment adjacent 10 strgam networks. ermont's
Widlife Action pian (Vermont nepartment of Fish and Wwildiife, 2008) identifies a 1arge pumber
of aquatic species ipreatened DY such habitat fragmentation including 15 “gpecies of greatest
conservation need.” The wermont Depariment of Fish and Wilglife (VDFW) and the yermont
Transporiation Agency (\!Trans) nave formaily recognized this threat in @ 2005 Memorandum of
Agreemem. The agencies developed 2 cornmon goal sto IMprove acccmmcdaﬁon of wildlife and
aquatic organism movement around and through transporiation systerns and 10 minimize habitat
ffagmenfaiion resulting from the presence of transportation iﬁfrasfrucfure’t

The Guidelines for the Design of stream/Road Crossings for passage of Agquatic Organisim in
yermoni was developed DY YDFW in coliaboration with the yermont De;aartmem of

£ pvironmenial Conservaiion and VTrans s @ major step soward meeting this goal. The
conients of this guideline are hased upon current knowiedge of aguatic niology, fluvial
geomorphs&ogy, hydrology and engineening and required the sasisiance of many experis in
these areas of study. This document 18 ;:};'esen‘ied with the intent of fostering %m;amved desigh.
instaliation, and maintenance of siream crossing structures 10 providge agualic prganisi

passage (AOP). aguaiic nabitat connectivity, and fluvial geemofph‘sc synotions in Vermont
sireams and rivers.
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Mission Statement
The mission of the Vermont Fish and Wildiife Department is the conservaltion of all species of

fish, wildlife, and plants and their habitats for the people of Vermont. To accomplish this
mission, the integrity, diversity, and vitality of their natural systems must be protected,
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1. INTRODUCT!I

There are numarous barriers to the movement of fish and other aquatic organisms in streams
and rivers in Vermont., Though some of these barriers occur naturally, such as bedrock falls,
many, such as culverts and dams, are human-created. Culverts in pariicular are a daunting
challenge; there are thousands of them in Vermont's landscape and more are being installed
every year as Vermont continues fo develop. A study by the Vermont Department of Fish and
wildlife of culverts throughout the state provides some sobering results. Of 465 cuiveris
assessed, less than 2% were rated as fully passable by aguatic organisms (Mione and
MacBroom 2009].

VDFW presents these guidelines with the intent of fostering improved design, instaliation, and
maintenance of stream crossing structures o provide and maintain aguatic organism passage
{AOP), aquatic habital connectivity, and fluvial geomorphic functions in Vermont waters.

This document provides concepts, design framework, and procedures 1 design road-stream
crossings that satisfy ecological objectives including the passage of fish and cother aqualic
organisms.

These guidelines are not meant to replace existing standards and do not include ail of the
information necessary for a complete design of a stream crossing. The designer should refer to
other documents, standards and experts for structural, roadway, geotechnical, and cthear
engineering and environmental considerations associated with the design.

Passage of fish and aquatic organisms at road crossings is a complex issue. We strongly
encourage that an interdisciplinary team approach he used for these designs. There are
technical issues that should be considered by a range of expertise including biological,
engineering, geomorphologic, geotechnical, structural, and hydrologic. We also encourage the
design team to consuit with VDFW Fisheries Biologists early in the project planning fo ensure
project objectives and biological considerations are appropriately defined.

Reguiatory Obligations

These guidelines are not intended for use as a reguialory document, but as technical guidance
for the design road-stream crossings where aquatic organism passage nesds have been
identified. There are several existing state and federal regulations that address the passage of
fish and aguatic organisms in Vermont:

¢ 1.5, Army Corps of Engineers, Vermont General Permit
= Condition #17: Waterway Crossings
s Clean Water Act
= National Roads Exemption BMP 40CFR 232.3 ¢(6)
e V.5 .A.Title 10: Conservation and Development
= Chapter 41: Regulation Of Stream Flow
= Chapter 111, § 4807, Obstructing streams
= Chapter 151. State and Land Use Development Plans (Act 250)
s Vermont Water Quality Standards
= Section 1-03. Anti-Degradation Policy

s Natural Resources Conservation Service - Conservation Praclice Standards
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= Fish Passage Code 396

Relevant sections and jurisdiction of these regulations and recommended practices ars
provided in Appendix F — Existing Regulations and Recommended Practices.

Other Standards

The design should also meet or excesd other applicable local, state, or federal standards for
hydraulic capacity, headwaler depih, and other design parameters. Other standards might
include VTrans Hydraulics Manual, project environmental documents, VTrans Structures
Manual, and AASHTO Specifications for Highway Bridges. For example, the VTrans Hydraulics
Manual requirss culveris o have fiood capacities that vary from a 25-year flood to a 100-year
flood by road class. These criteria may be more or less than what would be prudent for
protection of passage faciiities and habiiat.
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2. ECOLOGICAL ISSUES OF ROAD-STREAM CROSSINGS

The placement of road-stream crossings often results in impacts to aguatic habitats that shoutld
be avoided, minimized, or otherwise mitigated. These impacts may be associated with the
structure itself or with channel modifications necessary to install, repair or retrofit a structure for
passage of fish or aquatic organisms.

The following considerations may affect the siting, sizing, and design of stream Crossing
structures and/or passage improvements:

e Fish and other agualic organism passage

o Direct lose of aguatic habilat

s Water gualily impacts

¢ Upstream and downstream channel impacts
s Ecological connectivity

e {hannel maintenance

s Construclion impacts

VDFW District Fisheries Biologists should be consulted on the potential occurrenice of these
habitat concerns and to identify appropriate mitigation measures.

2.1  Passage of Fish and other Aquatic Organisms

Allowing movemeani of fish and aguatic organism is the primary focus of this guidetine. Barriers
to movement and migration may lead to the following impacts to aguatic communities:

s Loss of resident populations by preventing recolonization of upstream habiiats after
catastrophic events, such as floods or toxic discharges;

« Partial or complete loss of populations of migrant species due to blocked access to
critical spawning, rearing, feeding or refuge habitats;

= Altered aguatic community structure {e.g. species composition, distribution)

« Reduced genetic fitness of aquatic populations that allow communities o survive
changing or extreme conditions.

These biological impacts resuit from restricting the movement of aguatic organisms within the
stream network, Many fish species that live in Vermont's streams move daily, seasonally,
and/or during different life stages. Juveniles of many fish and salamander species will also
rmove to disperse after hatching and to find suitabie rearing habitatl.

Studies in Michigan and Verment have documented dally movement of adult brown trout, wihich
leave dayiime resting areas and travel upsiream or downstream gvernight, somelimes over a
mile or more, presumably to forage, and then return to daytime home sites (Diana, 2004;
Kanneth Cox, VDFW, personal communication). A recent study on Vermont's Balten Wil
documented an adult brown trout moving over ning miles from the mainstem to a small tributary
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during its spawning period (Kenneth Cox, VDFW, personal communication;. While brown trout
and rainbow trout are well known for their migratory tendencies, brook trout also rely on regular
sezsonal movements to mainiain viable populations. Gowan and Fausch {1996 documentad
brook trout summer seasonal movements of over a mile and shorter distances fraveled regularly
by resident brook trout. Movement occurs even in high gradient streams, as evidenced by
Adams et al. (2000) who observed upsiream movement of brook trout in slopes as high as 22%.

In addition to moving during higher flows o access suitable spawning habltat in spring and fall,
trout and salmon also move during summer low flows and in anticipation of winter low fiows.
Peterson and Fausch (2003) observed peak movement of brook trout in the summer and fall,
with nearly 80% of recaptured fish moving upsiream and up to Zkm away within a summer.

The moderating effect of groundwater on extreme water temperatures can also provide
motivation for fish movement. Brook trout often spawn in areas of groundwater inflow (Webster
and Eiriksdottir 1975, Witzel and MacCrimmon 1983, Curry and Noakes 1995, Waters 1985},
and have been observed o overwinter in pools in proximity 1o groundwater discharges (Cunjak
and Power 1988). Access to groundwater upwellings and tributary confluences is also imporiant
for thermal refuge for trout and other species during summer months {Baird and Kruger 2003}

Freshwater mussels commonly attach to fish hosts during their larval stage as a method of
dispersal. In Vermont, the sastern pearishell mussel can be found in small streams where
culverts may be used. Since salmonids (trout and salmon) serve as the primary host for the
larval stage of the eastern pearlshell, culverts that block juvenile salmenid movement also likely
block pearishell movement. The eastern pearishell is known to occur in the upper Winooski and
Dog River mainstems and the watersheds of Lewis Creek, West River, Passumpsic River, and
Mulhegan River (Fichiel and Smith 1995).

Many crossings may provide “partial” or “temporal” passage, .. passage for specific species or
size classes, or under certain flow conditions. In addition to excluding weaker swimming
species and lifestages, significant migration delays may occur for other species (Lang et
al.2004), lsaving fish vulnerable to predation, disease and overcrowding and potentially
affecting reproductive success. Fish on spawning migrations will often attempt to access these
struciures under impassable conditions and unnecessarily expend critical energy reserves
during a physiclogically stressful period. Lang et al. {2004) observed aduit salmon attempt
nearly 600 leaps at one culvert with only five successiul entries through the structure. Muitiple
barriers within a stream system will serve to magnify these impacts.

Streams in Vermont that can be crossed with culverts are typically coid-water habitats. Thare
are exceptions such as smaller waters in the Lake Champlain Valley where sensitive species
such as the northern brook and American brook lamprey may reside. In general, however, most
of the impacts associated with culverts in Vermont will affect coldwater fish popuiations —
salmonids {trout and salmon), cyprinids {minnows}, catastomids (suckers), camerids (smelt},
and cottids {sculpin). Aguatic salamanders associated with these habilals may inciude spring,
two-lined and dusky salamanders.
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2.2 Ecological Connectivity

Connectivity is the capacity of a landscape to support the movement of organisms, materials, or
energy (Peck 1998). It generally includes passage of agualic organisms as descrived above but
it also includes linkages of bictic and physical processes and materials between upstream and
downstream reaches. The health of fish populations ultimately depends on the heaith of their
ecosystems, which includes processes and materials moving through the stream. Biotic
linkages might include upstream and/or downsiream movement of mammals, birds, and fish,
and the upstream flight, and downstream drift of insects. Physical processes include the
movement and disirbution of woody debris, sediment and migration of channel pallerns.

it is imporiant that woody debris and bed material be allowed to pass unhindered through the
stream crossing struciure. When debris is trapped at the inlet of a structure, aguatic organism
passage barriers are created, and habitat may be degrade beth above and below the stream
crossing.

Road filis and stream crossings that are small relative to the stream corridor may block some of
these functions. These issues are difficull to guantify but can ullimately be significant to the
health of aguatic ecosysiams,

2.3 Direct Loss of Aguatic Habitat

Aguatic habitat includes all areas of the environment where aquatic organisms reproduce, feed,
and seek shelter from predators and environmental extremes. Siream crossing instailations
often require some level of construction in the stream channel, which often replaces native
stream material and diversity with a uniform concrete or steel surface. In most cases, for every
fool of culvert instatled, a foot or more of stream habitat is {ost.

Aguatic organisms utilize almost all segments of the stream environment during some stage of
their lives, Habitat usage is highty variable depending upon the species, life stage, and time of
year. For example, brook trout fry and fingerlings tend to often use stream margin habitats,
while adults use deeper pools and runs. Brook trout require cool, clean water and clean, sorted
substrate for spawning and incubation of eggs. As described earlier, groundwater upwellings
through spawning substrates are also important features of brook trout spawning habitat. A
culvert piaced in these areas replaces the natural grave! used for spawning with a metai or
concrete surface. Even if natural substrates are recruited within the structure, this habitat will be
disconnected from groundwater influence.

The food chain in the stream environment begins with leaves, seeds, branches, and large wood
provided by nearby trees, shrubs and grasses. Aguatic inveriebrates like mayflies, sionefiies
and caddisflies feed on these organic materials and in turn provide an imporiant food source for
fish. In addition, mature trees ajong the streambank provide shade, overhead cover, a source
of terresirial insects and large woody material, which are critical to rearing fish. Removal of
riparian vegetation for culvert placement and associated roadway fill impacts these organic
inputs and aquatic habitat values. If undersized, stream crossings may also block the
recruitment of woody debris to downstream reaches.

Culverts often cause changes to channel alignment, channel diversity, and hydraulic conditions,
which may degrade habitats above and below the struciure. The configuration and connection
of the channel, floodplain, and side channels may also be altered. Mitigation for direct loss of
fully functioning natural siream habitats may be difficult. Culveri designs that maintain natural
stream substrates within the structure, and minimize disruption tc the channet and riparian

corridors are therefore encouraged.
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2.4  Water guality impacts

Roadway stormwater runoff can affect aquatic habitats regardiess of the type of crossing.
Quality and quantity of roadway stormwater runoff should be mitigated as determined
appropriate by the Vermont Department of Environmental Conservation Water Quality Division.

2.5  Upstream and downstream channel impacts

An undersized stream crossing can lead io substantial bank erosion, flooding of adjacent
property, or failure of the structure. At high flows, an undersized structure backs water
upsiream and bed material deposits in the channel above the structure. With receding flows, the
bed and/or banks erode through or around the deposition. The result is either a chronically
unstable channe! bed or increased bank erosicn and the need for bank clearing and protection.
The additional input of sediment from increased bank erosion may further degrade aguatlic
habitat, potentiaily impacting fish reproduction and aquatic invertebrate popuiations.

increased velocity from an undersized structure can cause scour that threatens the structure’s
soundness, as well as damages adjacent properties with excessive bank erosion and bank
coilapse. The risks and costs of structure maintenance, damage to adjacent property, failure of
structures and the resulting road damage and public safety hazards, and loss of recreational
fisheries should be considerad in avaluating the cost of stream crossing structures.

Channel migration across the floodplain is a natural geomorphic process that varies with
channel type and geomorphic conditions. When channel migration is haited by placement of a
structure, risk of road failure, channe! armoring and mainienance are often a resuil.

Use of the design processes described in this guideline generally mitigates these impacts.
Typically, the size and elevation of siream crossing structures described in this guideline are
such that velocities leaving the structure are not excessive. Sites with banks or beds susceptible

o erosion may require special consideration.

2.6 Channel maintenance

The need for channe! maintenance created by poor siting of road-stream crossings can be a
significant problem. Highways are often placed at the fringe of river floodplains and cross the
alluvial fans of emall streams entering the floodplain. These areas are natural depositional
zones, where sireams are prone to excursions and avulsions. Stream crossings placed In these
iocations tend to fill with bed material. To keep the structure from plugging and the water
overtopping the road, periodic and in some cases annual channel dredging becomes necessary.
Bed material removal may affect channel stability, spawning and rearing habital, anc water
guality for some distance upstream and downstream. The interruption of bed movement o
downsiream reaches may also trigger channel! adjustments, which may lead to additional
channel maintenance activities such as bank armoring.

2.7  Construction impacts

Impacts during construction of a crossing might include the release of sediment or pollutants,
the creation of temporary barriers to movement, stranding or Killing fish and aquatic organisms,
removal of streambank vegetation, and the alteration of flow. Timing of construction, water,
erosion and sediment control planning, and post-construction revegetation, can mitigate some
of these issues. Construction plans submitted for regulatory approval should include a sediment
and erosion contro! plan covering these items.
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2.8 Risk of structure failure

A stream crossing structure in combination with the roadway fill can act like a dam across the
valley. Ice or debris jams may exacerbate the effect, in some cases resuliing in catastrophic
failure. Structure failures can cause extensive damage to habitat that persists for many years.
Failures can be a result of inadequate design, poor construction or maintenance, bheaver
damiming, delerioration of the structure, or extreme natural events. The process of evalualing,
designing, and inslalling stream crossings should consider the risk of dam formation and failure,
Appropriately sizing the culvert for passage of debris and extreme events can minimize this risk,

Designing road-crossing structures for passage of aguatic organisms is not without risk of
tailure. There is an inherent risk of failure to provide passage of aquatic organisms with any
culvert design. Some designs have more risk and/or unceriainties than cthers. Struciures that
span the entire channel without constricting it are preferred, followed by engineered solutions
described in this document. In some cases, resource values and risk assessment may dictate

that engineered solutions are not acceplable.
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2. Culvert Pre-Design
The design of any stream-road crossing project includes three basic sieps.

The pre-design phase includes verification of project objectives, assessment of the site,
selection of project alignment and profile, and an initial choice of type of project that will
be designed.

The fish passage design is the design of the structure itself to achieve the objectives of
passage of fish and/or other aguatic organisms. The design might be done with a low-
siope, hydraulic, or steam simulation design process.

The final design includes verification of flood capacity, details of the structure, profile
controis outside of the crossing, construction practices, and contract documents.

The design process is not necessarily linear. iterations are needed tc complete some parts and
a previous phase may have to be re-visited if a satisfactory design cannot be completed with the
current assumptions and design decisions.

The Pre-design phase should be applied regardiess of the method selected for the design of the
crossing. it shouid be applied in fact to the design of many other structures built in rivers or

sireams,

3.1 Aguatic Resource Objectives

in addition 1o the transporiation objectives of the project, aguatic resource needs shouid aiso be
defined prior to the design process., VDFW Fisheries Division will evaluate the aguatic organism
passage needs on a case-by-case basis. Biologists will consider the following in determining the
need for aguatic organism passage at a site:

s Presencefabsence of aguatic species populations;

s Aguatic spacies and lifestages currently or hislorically present and watershed goals for
species or fish community restoration;

e Distance from site to a permanent, natural migration barrier;

s Presence of exotic andfor invasive species;

On occasions, passage may not be required at a siream crossing structure in order to
maintain separation of aguatic species.

« Movament neaeds of non-fish agualic organisms;

Where the movement of non-fish aquatic species is of concern (e.g., mussals,
amphibiang) the project proponent may be asked to consult with VDFW’s Wilgiife
Division.

e Movement needs of terrestrial wiidlife.

Thers is certainly interest in addressing the movement of non-aquatic and ssmi-aguatic
wiidlife in some sHuations, which may or may not coincide with streams. These
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guidelines in themselves are not driven by consideration of other than aquatic and SRk
aguatic spacies. '

VDEW Wildlife Division has an ongoing initiative with VTrans to identify key wildlife
crossing areas and resoive existing wildlifeftransportation conflicts. In cerfain instances,
design for terrestrial wildlife movement along the stream margin may be requested in
design. Where the movement of terrestrial species is of concem the prolect proponent
may be asked to consult with VDFW's Wiidlife Division.

3.2 Pre-Design Site Assessment

Site assessment is the gathering and interpretation of relevant information from the walsrshed,
reach, and site. Information requirements and level of detall will vary from site to site depending
on the scale of the project, site characteristics, project objectives, and design method used.

An inter-disciplinary approach is especially important for this part of the design process. Aspects
of a site assessment might include physical and habitat surveys, channel characterization,
pebbie counts, hydrologic correlations, geotachnical investigations, etc. Careful and thorough
documentation of the various assessment procedures is very important.

3.2.1 Pre-Design Assessment Data

8lost of the site assessment parameters and procedures recommended here are defined in the
Vermont Stream Geomorphic Assessment Protocols published by Vermont Department Agency
of Natural Resources (VANR 2003, VANR 2005z, VANR 2005b) and available through the
Agency's website.. The handbooks use methods and practices utilized by scientists and
resource managers worldwide.

The procedures within these handbooks are not inlended specifically for assessment or design
of road-stream crossings so modifications to those procedures are expected in many situations.
The key is o understand the utility of each parameter or procedure and apply the Vermont
assessment proiocols appropriately. They are particular to Vermont streams. They will guide the
designer through an assessment and provide the essential pre-design data needed for a

prudent crossing design.

i's best to have a design method in mind and do the assessment with the method in mind.
Additional assessment parameters that might be necessary for stream simulation designs are
described in Section 8.3.1, Stream Simulation Site Assessment Needs.

The following parameters shouid be observed or measured as part of the pre-design for any of
the design procedures described in this guideline:

o Description and dimensions of existing structures; dimensions, conditions, history,
etc.

= Siream, road, culvert alignments, See VANR, 2003; Appendix G.
o Recent flood history and evidence at the sile
o Characteristics of key features and channel grade controls

= VWhat key channel features {debris, live wood, colluvium, bedrock, steps) are
nrasent?

= What effect do key features have on the channsl?
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= [escribe size, spacing, function {profile control, roughness, confinement,
bank stability}, bed drop, and permanence (mobility and condition).

s See VANR, 2005b; Phase 2 Step 1. Fay atlention to wood and permanencs
of grade control.

¢ Bed matena! charactenstics; amounl, size, mobilily

= How mobile is the bed material? See Sections 3.2.2-Pre-design Assessment
Interprelations, and 6.3.3, Streambed design.

= Ses VANR, 2003; Phase 3, Steps 2 and 8.2. See also Seclon 3.2.2, Pre-
design Assessment interpretations.

o Channel profils

= Surveyed naturai channel thaiweg. See Section 3.2.3, Prae-design
Assessment Producls,

= Describe channel slope, continucus or in segmenis
s See VANR, 2003; Phase 3, Siep 2.

o Measured representative bankfull channel andlor ordinary high water width
= See YANR, 2005b; Phase 2, Step 2.

= Correlate bankfull and/or ordinary high water width with the Vermont regions!
hydrautic geometry curves developed by the River Management Program.
See VANR, 2005a; Phase 1, Step 2.

= Include cross-section surveys immedialely above and below any existing
structure.

o Represeniative floodprone width
= See VANR, 2005b; Phase 2, Step 2 and VANR, 2003 Phase 3, Siep 2.
= Estimated conveyance of floodprone area

o Mydrotogy

= Develop continuous flow gauging, peak flow gauging, basin correlations,
hydrologic regressions. See VANR, 2005a; Phase 1, Step 1.

= See Basin Characteristics feature of the USGE Vermont Streamsiais
interactive map hitp://waler.usgs.gov/oswisireamsiats/Vermont. himl.

3.2.2 Pre-design Assessment Interpretations
o Hydrelogy
= Cualitative hydrologic characteristics of basin
»  Expsctations of future watershed conditions thal might affect hydrology
= HMigh structural design flow

o Channel stability

= g the channel likely fo aggrade or incise in the lifetime of the crossing?
Consider likelinood of changes 1o hvdrotogy, sediment input, bankline
development, base level changs, loss of major profile conirols, etc.
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o (eneral bed and bedform characieristics.

o Bed mobility

= A mobile bed s characlerized by bedforms that indicate recent deposition
General characteristios include: sand fo grave! bed material, steep Taces on
bars, no vegetation on bars, no moss on bed material, no armor layer or
imbrication, and bed material icose rather than compacied.

= An immobile bed doas not move frequently compared to the life of the
struciure. Characteristics include: cobble to boulder bed, cascade or step-
pool channel, vegetation or other evidence of infrequent bed movement, well
armored or imbricated bad. An immobile bed may be present with mobile bed
material moving over it

o Channel geomorphic stage and evolution.
o Dominant profile and lateral controls. See VANR, 2008b; Phase 3.

o~ Assessment of potential headcut impacts upstream of the culvert. See Section 3.4.5,
Headoui issues.

e Bankfull channse! and/ior ordinary high water dimensions.

s Vertical adjusiment range, the range of elevations the channel might experience through
the reach in the lifetime of the new culverl. This is a key to setting the elevation of the
culvert. See Section 3.4.1, Channal vertical adjustment range.

These interpretations are described in the following sections.

3.2.2 Pre-design Assessment Products
The following products should be developed in the pre-design assessment:

Annctaied plan view skeich

The plan view sketch is a graphical interpretation of visual observations of the site showing the
channel form, existing structures and their relationship to the channel, dominant channel
hydraulic controls, and channel lateral movement characteristics. It is useful to initially describe
the site before a topographic survey is completed during design.

Locations and orientations of photo poinis used, cross-sections, and survey reference points
shouid be included.

The road alignment and characteristics, other infrastructures, potential construction access
routes, project limitations such as rights-of-way and property lines should be shown.

Plan view skelches are generally described in the Vermont assessment protocols Phase 2, Step
1 though for the purpose of this guideline they are commonly done by field observation.
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Figure 3-1. Example of a site assessment skefch.

Annotated longitudinal channe| profile

The profile is a survey of the existing channel thalweg. Survey points are recorded at unique
and repesiable geomorphic features such as heads of riffles and siep cresis.

The long profile should extend upstream and downstream further than the existing or new
culvert might affect the channel. Survey length depends on the scale of the project, the vertical
drop through the existing culvert, and the mobility of the streambed. A sand-bedded channel
might be mobilized for thousands of feet upstream; a steep bouldery channel may not be
affected at all. Survey low and high-flow hydraulic controls, bed controis, and grade breaks.
Note channel dimensions, key bed and bank features, bed material, and floodprone width.
USDA Forest Service {in press) has a thorough description of site assessment methods.

The profile should show dominant and temporary grade controls from beaver dams to bedrock,
hydrauiic control features, bed and gradient variability, and existing structures.

identify the locations of surveyed cross-sections. it is also heipful fo plot the bankfull elevations
in the profile. identify any features that you believe might affect the iong profile or channel
alignment in the nexi fifly years such as debris and sediment sources and current or likely bank
erosion.

If you are doing a stream simulation design, consider what reach will tikely be a reference reach
and include it in the profile.

Channel profiles are generally described in the Vermont assessment protocols, Phase 3, Step
4. An example of a longitudinal profile is shown in Figure 3-2. Scale of the project is described in
Section 3.4.2, Scale of the project.
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Figure 3-2. Exampile long profile sketch.

Channel cross-sections

Surveyed channel cross-sections are helpful for interpretation of the long profile. They, together
with the profile and the site sketch, are a complete three-dimensional description of the site.
Other than general interpretation, cross-sections can document the channel shape for any of the
design methods. Specific cross-section measurements will be needed for the stream simulation
option and are described in Section 6.3.2, Reference Reach.
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Figure 3-3. Fxample channel cross-section with annotations.

Pre-design Documentation
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The pian view sketch and profile are the primary documentation of pre-design observations.
Prepare documentation with the expectation that somebody other than you might design the
nroject,

A good photographic record is very imporiant for the design and o document pre-project
conditions, Pholo records are generally described in the Vermont assessment profocols. See
VANR, 2003, Phase 2.

3.3 Project layout
The first step in the design is 1o esiablish the project layout in three dimensions:

& The generalized two-dimensional plan view with the naw project conneciing the
gpsiream and downstream channels, and

a  The streambed project profile, connecting verticaliv stable polnts upsiream and
downstream of the crossing.

ideally, the proiect layout approximates the naturai channei alignment and slope at the site.
Since slope depends on crossing length and alignment, these must all be considered
concurrently.

Consider the channel alignment, channe! profile, and road alignment, how they affect each
other, how they might vary for the life of the project, and any practical limitations to them.
Consider the vertical adjustment range of the channel. What is the range of potential channel
profiles that might be present at the site during the life of the prolect? The project should be
designed to accommaodate that range. A similar range can be appilied fo lateral channel
movement,

The simplest situation is where the crossing (s 8 new instailation, the channel is stable, and the
road alignment is perpendicular to the stream. In that case, the design alignment and profile are
simply the existing channel. At more complex sites, the designer must consider trade-offs
associated with the site layout. it may be useful {o evaluate the pros and cons of several profiles
and alignments tc find the most reasonable combination.

3.3.1 Alignment

Culvert alignment is the crieniation of the culvert structure relative to either the road or the
stream channel. In the simplest situation, a straight channel! meets the road at right angles, and
the upstream and downsfream reaches are easily connected through 3 siraight crossing.

Alignmentis are often not so simple. Poor structure alignment with respect o the stream is a
common source of passage and struciural problems.

A skewed inlet (see Figure 3-4b) is hydrauiically inefficient. It increases the risk of debris
plugging and decreases the ultimaie capacily of the culvert. I can cause upstream ponding and
sediment deposition even if the inlet is not plugged. That deposition further exacerbates the
poor alignment. A skewed iniet can also cause local scour of a stream simulation channel inside
the culvert by forcing flow to one side. A skewed outlet can aiso cause bank erosion
downstream by directing the flow at erodible banks. These risks are associated with high flows,
se think of the flow patterns at those flows when considering alignment.

These risks increase with the skew angle and are minimized when the culvert is aligned with the
upsiream and downsiream channels. However, aligning the crossing structure with the channel
ofien resulis in & skewed alignrment relative 1o the road {see Figure 3-4¢), requiring & longer
structure or headwalls.
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Do not reduce culvert length by realigning the channel normal to the road without evaluating the
trade-offs associated with the altered alignment relative to the channe! stability and habitat loss.

An obiective of culvert replacement projects shouid be o improve the existing alignment if it is
poor. The disturbance of realigning the culvert and channel might be balanced by the reduction

of risk.

Due o existing alignments of the road and stream and to other site limitations, there is often no
feasible perfect alignment; design alignment is 2 compromise among several variables. Change
of road location and/or slignment might be the best solution.

3.3.2 Culvert length

The longer the culvert the greater the risk that fish or other organisms will be blocked. The
likelihood of any erroneous design assumptions or construction inadequacies are increased by

the added length.

A longer culvert is more likely to cut off channel bends, reducing channel length. This can have
a significant effect on channel stability in the adjacent reaches of sinuous channels. If the
meandering channel is in a wide floodplain, the crossing may have two compounding risks: one
associated with concentrating overbank flow through the crassing, and one with the longer
culvert.

Always consider minimizing structure length to manage risk. In some locations, shifting the road
location 1o avoid a bend can be a solution. Structures can aisc be shorlened by

o Adding wingwails.

o Lowering the road elevailion.

o Stespening and/or narrowing the road embankment.

These madifications may have inherent implications of cost, safety, and road fill stability. The

risks associated with long culverts can also be partially mitigated by Increasing structure width.
This will allow additional lateral variability in the channel and will provide some width for

overbank flows inside the culveri.

3.3.3 Skewed and bend alignments
A common culvert alignment problem is shown in Figure 3-4 where the road is aligned at an
acuie angle to the siream.

Three alignment options, each of which requires some levs! of design compromise, are!
a. Maich the channsel alignment;
b. Realign the stream o minimize culvert length;

c. Widen and/or shorten the culvert,
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Figure 3-4. Alignment options for cuivert on a skew.

None of these options nacessarily stands alone; a project will often combine the three options.

Matching the channel alignment has the least risk of debris biockage and does not reduce the
capacity of the cuivert. However, this may require a longer culvert, which results in additional

direct loss of habitat.
Realigning the channsl creates a skewed inist and outlet, which increases the likelihood of

debris blockage and reduces the culvert capacity. This option potentially disrupts more riparian
and stream habitat, oversteepens the banks, and has a greater risk of bank erosion due to the

skew and inefficient infel.

Widening and/or shortening the culvert can reduce or eliminate the effects of skew as shown in
Figure 3-4c. It has the greatest capacity and the least likelihood of debris blockage. It may
require the longest construction period and might cost more than the other options if wingwalls
are used to shorten the culvert. Precast concrete products can minimize those effecis.

Crossings located at a bend in the channel are a second common alignment challenge. The
three options described above for the skewed alignment should be considered.

Consider how far the channel is likely to migrate laterally during the life of the project (especially
important for a crossing on a bend). Cptions {o accommodate expecied changes include

o Widen the culvert and offset it in the direction of meander movemaent

o Control meander shift at the inlet with appropriate bank stabilization measures or
training structures.
¥ hankiinas are constructad within the culvert, the rocks used fo construct the ouiside bank
might need to be bigger to sustain the higher shear siresses. See Section §.3.8.2, Bed stability
analysis,
For long pipes with severe alignment issues, a curved pips might be an aiternative solution. A
curved pipe is a series of culvert sections formed into a bend that preserves the inlet and outlet

channe! alignments, as well as channel length and slope. Curved pipes might be used, for
example, in ravine channels where alignment cannot be changed, or where property boundaries
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Hmit alignment oplions. They require special cubvert design, special produdt, and care in
construction and may have cost and project duration implications.

3.3.4 Transitions

Special freatments might be necessary at the ends of a culvert where it transitions from stream
channs! to structure. Transitions can reduce fallure risks, eliminaie seffects of previous culverls,
and affect performance and capacity of the new structure. Risks of debris blockages is
minimized at a good transition.

A common malady of existing culverts is calied the “hourglass syndrome” characterized by a
widened channel ust upstream and downsiream of the culvert. See Figure 3-5. An undersized
culvert typically causes the hourglass syndroms. The over-widened channel just upsiream from
an undersized cuiverl can cause debris {o rotale normal to the channel and plug a culverl.

Fili transition,
restore bankiing / /

Ouilet scour

R Fill transifion,
e - : b resiore banking

iniet scour
widened channe!

Replacement culveri

Existing culvert ) .
with fransitions

with hourgiass effect

Modified from USFS (2003}

Figure 3-5. Transitions and "hourglass syndrome.”

To minimize the probabiiity of debris blockage and to maximize the capacity of the culvert, the
culvert intet dimensions should gradualiy transition into the upstream natural channsi cross
section. This is especially true for outer banks where the culvert is located on a channel bend.
The ideal situation is for the culvert cross-section dimensions 1o equal the natural channel
dimension. For stream simulation designs, the upstream and downstream bankiines shouid be
continuous with the banklines within the culvert. Channe! banks shouid be modified if necessary
o restore the shape of the natural channel cross-section

A scour hole below a culvert that is replaced with a siream simutation design should be filled so
banklines can be resiored and to provide a base for the stream simulstion bed. if there is a
scour hole downstream of an existing cuivert that is retrofitted for fish passage, consider leaving
it in place as an energy dissipation feature to protect the channe! downslream.

Efficient transitions mimic the natural channel. Transition modifications require work in the
channel beyond the culvert but are oflen essantial io success of the culvert,
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3.4 Project profile design

The proiect profile represents the slope and elevation of the initial streambed through the project
reach. It establishes the elevation of the crossing. It should seamiessly connect stable poinls in
ihe upstream and downsiream channel segmenis.

The ficor of the culvert iself is below the elevation of the project profile. lis elevation may
depend on the design method used and characteristics of the natural channel. The floor
elevation is described in each of the three design methods.

For new cuivert instaliations, assuming the road is aligned well to the stream, the existing
stream profile is the project profile.

if a culvert is being replaced, the effect of the existing and new culverts on the profile must be
understood. If there is a grade or elevation change through the crossing, the profile may be
jong, perhaps including adjacent reaches that will be restored to natural grade and elevation, or
where artificial grade controls will be installed.

For now, in order to select a project profile, the designer should at least be aware of what profile
control technigues are availabie, how they support project objectives, and what their limitations
are. Arificial grade controls are described in Section 8, Profile Control,

Structures have a risk of becoming perched or piugged during their life that if they are not
designed for vertical sireambed adjustments that are likely during their fife. The profile design
starts by estimating the range of possible future bed profiles through the project reach and a
design project profile and alignment are seieciad.

3.4.1 Channel vertical adjustment range

Natural channels vary over time. The elevation of the streambed at a road crossing may rise or
lower over the iife of the structure due to natural channe!l evolution, fluxes of sediment, debris
accumulations, hydrologic changes, or other influences. The vertical adjustment range (VAR) is
the range of elevations and slopes that the channel might experience in the life of the structure
being designed. The designed structure should accemmodate those changes.

The initial VAR is established with the assumption that no cuivert or other arlificial conirol is
present. This would return the channel to a natural profile. If that VAR is not acceplable, a
forced profile will be necessary 1o change the VAR,

A high adjustment profile is the estimated highest elevation the channel will be in the project
reach: the crossing should accommaodate flocd flows and debris when the channel is In its high
profile.
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Figure 3-8. Flood capacity and embedment relative to vertical adjustment range.

The low adiustment profile is the lowest expected elevalion of the channel. The elevation of the
culvert floor will be below that profile and will depend on which design option is used. It shouid
alsc accommodate large bed material (if stream simulation design) and the normal depth of
scour in the channel {if stream simulation or low-siope design). See the appropriate design
mathod to determine the final culvert floor slevation.

3.4.2 Scale of the project

If an existing culvert is perched, the designer must determine whether the perch is due to local
scour caused by the existing culvert, or whether the downstream channel has incised. The scale
of the problem should determine the scale of the solution. Scour due solely 1o an undsrsized
culvert on a siable channel is usually limited fo a short distance below the culvert; the plunge
nool s a local scour feature and the scale of the project can be local. In the simplest cases, the
restoration project may be nothing more than repiacing the culvert with an appropriately sized
culvert, filling the scour pool and ailowing the accumulated sediment to naturally regrade.

if the downstream channel is incised, it is & problem of a larger scale and requires g more
complex sciution on that large scale. Grade control measures or channel restoration work some
distance downstream and/or upsiream of the culvert might be appropriate. issues that shouid
determine the scaie of a solution for an incised channel include the extent of the incision,
whether the incision is continuing, and the cause of the incision. An additional important
considerations is whether the incision should be allowed to progress upsiream as a fisadcui or
whether it should be corrected by restoring the natural channel profile and elevation.

3.4,3 General procedure for profile design in a stable channel

A stable channel is one that is naither generally aggrading nor degrading over time - in this
case, generally for the iife of the crossing. it is imporiant to estimate the permanency of grade
controls upstream and downstream of the culvert and how much the elevation of the streambed
might change in the culvert lifetime. At the very least, local streambed elevations can change
due to local pool scour and fill, such as might ocour during a flood.
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Start with the surveyed longitudinal profile and characteristics of the channel. Evaluate any
potential for downstream base level change, changes in incoming sediment loads, or other
watershed changes that could affect vertical bed stability and elevation. Consider possible
orofile changes and stability of grade controls within the reach such as loss or accumulation of
debris, beaver dams, and other culveris or infrastructures that might be modified. Inciude limits
of vertical changes such as bedrock outcrops in the channel bed and floodplain elevations.

Any features or processes that may cause the channel to rise locally will affect the high
adjustment profile. Debris accumulations can easily cause bed elevations torise. In &
depositional reach, natural aggradation should be considered. Sediment from a headcut, bank
failures, or delivered from an upstream fributary may cause a sireambed {c aggrade.

Using that information, draw at least two profiles on the longitudinal profile drawing to show the
vertical adjustment range through the site. An example of a simple profile and vertical
adjustment range is shown in Figure 3-7.

asting culverd

Existing channet ‘( and road
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Range
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Figure 3-7. Project profile and verlical adjustment range.

The lower profile represents the lowest likely elevation of the streambed in the life of the
structure and will iead o selection of the culvert floor elevation. The upper profile is the highest
iikely profile and will be used to ensure that the culvert is large enough o accommodate the
high design flow when the streambed is at its highest likely elevation.

Estimating the vertical adjustment range requires professional judgment, observation, and
interpretation of natural channe! conditions and evolution.

Draw the project profile considering the vertica! adjustment range. The project profile is the
profile that will be constructed or will initially develop. The project design profile is ideally within
that vertical adjustment range and connects grade control features in the existing channel. It
should extend at least as far upsiream and downstream as the new culvert instaliation might

affect the channal.
Profiles can be drawn in segmentis where a channel has distinct grade breaks. The high and low

profiles might not be parallel where a feature will limit the possible channel elevation from going
higher {e.g., floodplain elevation) or lower (e.g., bedrock} as shown in Figure 3-7. if it is
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uncertain how far the bed might move vertically (for example, in & channe! with a highly mobile
bed and good polential for debris jam formation), the designer might increase the vertical
adjusiment range somewhal 1o offset the risk of error, Document your assumpiions with notes
on the profiie.

The extent of aggradation in the channel upstream of the existing culvert may affect the scale of
the project. See 3.4.5 Headoul issues.

This section has covered simple installations in stable channels. Situstions that are more
complex are described in the nexi sections.

3.4.4 incised or incising channels

Construction or replacement of a cuivert in an incised or incising channel is more complex. In
this case, the downstream channel has incised so its profile s close to parailet fo the upsiream
channel but it is offset at 3 lower elevation and the culvert is perched above it a3 shown in

Figure 3-8.

A possible project profile

/ Existing culvert

/ and road
|

Existing channal

VAR reflecis
regional channsi

S

verticat exaggeraton = 16 =
g1 Frer s S — - :
¢ 80 100 150 200 250 300
distenca devnatrean: )

e PEGIGCT SCRM ——

H

Modified from USFS (2003}

Figure 3-8. Vertical adjustment range with channe! incised downstream.

Seversl project profiles should be compared in this case. Possible project profiles connect the
upstream and downstream channels and the range of polential profiles is estimated based on

final selecied profile.

in addition 1o considerations of the siable channs! described above, it is necessary o
undersiand the causes of existing channeal conditions, the sensitivity of the channel, and how it
will evolve in the fulure,

A proiect profile to consider is the profile that would be at the sile If no culvert had ever been
instalied. To get that profile, the upstream channe!l might be allowed 10 Incise or new channel
right be constructed al 2 lower elavation. Such a project profile is shown in Pigure 3-8, There
are significant risks that must be considered if g culvert is lowered and the incision s allowed o
proceed upsiream. Review Section 3.4.5, Headcul issues, describing issues associate with
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potential headcuis. On the other hand, such a design would allow the channel to return fo a
natural profile.

A headcut profile might not be acceptable, Other considerations, such as construction
limitations, other infrastructures, or protection of habitat might limit the profile. In these cases,
the proiect profite might have to be located above or below the natural vertical adjustment
range. A forced profile with profile control struclures is necessary; struciure is needed to control
the elevation and grade of the channel. A forced profile is shown in Figure 3-2. Options for 3

forced profile are:
o Raise the downstream channel to a nalural grade by rehabilitating i,
o Steepen the downstream channel with profile condrols,

o Sieepen the culvert,
Lower the culvert and steepen the upsiream channel.

Yy
o

A general description of profile controis is included in Section 9, Profile Control.

Exisiing culvert

and read
Profile confro! structures
and forced project profile

Fxisting channel

VAR { \

% Bedrock
e /8

@ I~

o Gas line

{or other site lirmitation)

varical siaggetatan = 1
g ey — — —
50 200 260 300
distance dawnsteam m)

i .
e Projedct scale —%

Modified from USFS (2003}

i 50 00

Figure 3-9. Project profile with forced profile.

No single solution satisfies all situations. Projects are often designed as a combination of two or
more of these options. :

The profile control strategy might be to permit a headcut to adjust the profile, but to control its
extent with permanent grade controls, or limit its rate of migration using deformable structures.
Temporary conirols such as scattered, buried or temporary rock structures that are expected 10
fail over time mitigate some of the headcut impacts,

if any of the last three options (steepened downstream channel, steepened culvert, or
steepened upstream channel) are used, the project profile is first established and then a revised
vertical adjustment range is estimated based on that project profile.

Channel rehabilitation shouid be considered as an option in any project associated with an
incised channel. Channal rehahilitation is the resioration of planform, structure, and grade of the
stream with the goal of achisving a stable and self-sustaining channel, rather than forcing the
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culvert info an artificially oversteepensd profile, 1t is the most elegant and durable way 1o correct
a large slevation drop caused by channel incision. Rehabilifation might mean buiiding the
channel bad back io ifs natural elevation and/or realigning the channel to restore the meander
pattern and channel length.

if channe! incision has been caused by a change in the hydrology of the watershed, perhaps
due o land uss changes, it may not be possibls fo restore the channel 1o historic predisturbance
condition. Design the channel for the current and future hydrologic regime.

Channel rehabilitation can extend a considerable distance downstream, and may be the most
axpensive option. Its benefit is that it may have habitat restoration vaiues that go far beyond
passage of aquatic organisms; for example, such a project can restore in-stream, riparian and
floodplain habitats and channei-floodpiain interactions. Side-channels previcusly biocked by the
existing culvert or roadfil can be reconnected. It can also reverse bank erosion, and is likely to
be more seif-susiaining than other options.

Channel rehabilitation may or may not be feasibie for many reasons, and the decision to
recommend i shouid be made by experienced team members. Details of channel design are
bevond the scope of this guide. For more information on channel restoration, see Federal
interagency Stream Restoration Working Group {1888).

2.4.5 Headcut issues

Baies et al. (2003) identified sight issues to consider when determining whether o control &
headcut or allow it o ocour when a culvert is removed or lowered and/or eniarged. Castro
{2003) described headcut issues to be recognized during the planning phase of a culvert
renlacemant or removal project. These are primarily negalive effects though they have io be
weighed against other options such as sieenening a channe! to artificially mainiain the elevation
of a culvert that is a nick point.

Exient of headout The upstream distance a headcut can travel depends on the channel siope,
bed composition and mobility, sediment supply to the reach, and the presence of debris and/or
colluvium in the channel.

The extent is usually less in armored or coarse-grained channels than in sand and fine-grain
channels. Sandy beds often headcut uniformily without increasing slope until they reach a grade
control of debris or larger bed material. A headcut of just a foot can extend & thousand fest
upsiream or more in a sand-bedded stream.

A channel with a high sediment supply and a large amount of mobile bed material is generally
affected less by a headcut and will reach an equilibriurn more rapidly than a channs! with a iow
rate of sediment supply.

Condition of upstream channel and banks If the upstream channe! incises, banks will become

less stable as they are undermined. Banks that are already prone or are on the verge of failure
are most vulnerable. A bank stability assessment can be used 1o identify this risk.

Habitat impacts of upstream channel incision Allowing the headcut 1o travsi upsiream can have
significant effects on aguatic and riparian habitats. As a channel incises it typically becomes
narrow and confined; Habitat diversity and channel stability are reduced because the siream
cannot access its floodplain during high fliows.

Eventually, the channe!l may evolve back into its initial configuration, but substantial bank
arosion and instabilify may persist for a long tims. Bedrock might become exposed ifitis
shallow, resulting in 2 loss of habitat. i no debris or sediment struciure is Jeft, sediment might
not accumulate in which case recovery would be slow. The headcut can aiso cause snough
downcutiing o leave sids channels perched and/or inaccessible.
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Wetlands have formed upstream of many undersized or perched culverts. Although they are
artificial, they may create unigue and valuable habitats and perform important functions in the
riparian ecology. Their fate should be carefully considered when replacing culverts. Evaluation
of tradecffs of wellands versus passage of aguatic organisms s beyend the scope of this
document.

Presence of fish or other organisms A headcut can pose a short-term risk of loss of organisms
that are in the bed or pools upsiream of a culvert. The bed may scour at a lower flow than
normal in g headcutting situation.

Habitat impacts 1o downstream channe! from sediment release The increased sediment
released by a headcut will likely affect aguatic habitats downstream. in addition to the volume of
sediment released, it will be released at flows lower than would normally transport that material
56 it might deposit in pools and other habitats.

Decrease in_culvert and channel capacity due fo initial slug of bed material. Allowing an
urnicontrolled headcut upsiream of a culvert can mobilize a siug of material during a single flow
event. As this material moves through the culvert and the downsiream channel, it can
accumulate and reduce the capacity of both, With a normal bedload regime, the material would
transport cut of the reach but in the case of a regrade, the bedioad rate is high at lower flow. A
loss of capacity can resuit in additional deposition and, in extreme cases, can fill the entire
channel and plug the culvert.

The risk is highest where the upstream bed is mobile. Less immediate degracation shouid be
allowed where the cuivert and/or channsi have even a short-term risk of loss of capacity. Similar
limitations shouid be considered where structures downstream are at risk from a loss of channsl
capacity or where banks are at risk of erosion.

Utilities and structures A headout can jeopardize structures in the channel or on the banks. Be
aware of utilities buried under or near the channel and the effects of increased bank erosion on

structures near the channel.

Potential for fish passage barriers created within the degraded channel. Consider the risk of
channel degradation creating additional passage barriers upstream. Buried logs, nonerodibie
materials, and infrastruciure such as buried pipslines are commonly exposed by channel
headcuts. Additionally, upstream culverts could become perched. As the channei headcuts to
these features, they become the new nick point and fish passage barrier. Adding to the difficulty,
these problems may occur where they are not visible from the project site, where access is
more difficult, or on other properties.

3.4.6 Aggraded or aggrading channels

Construction or raplacement of a culvert in an aggraded or aggrading channel may also be
complex. in this case, the channel has been raised by accumulation of sediment through the
reach.

In addition 1o considerations of the stable channel described above, it is critical to understand
the causes of existing channel conditions, the sensitivity of the channel, and how it will be
affected by future hydrologic changes and sediment inputs.

if the aggradation is just 2 local deposition upstream of an undersized culvert, it shouldn't be
considered as part of the project profile. See the previous section regarding headeul issues.
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4. DESIGN FOR PASSAGE OF FISH

AND OTHER AQUATIC ORGANISMS

in most cases, the preferred stream crossing design to accommodate AOP is an open bottom
bridge or arch. These structures generaily provide the least risk of becoming a barrier over their
lifetime as vertical bed adjustment is allowed o occur within the structure. However, itis
recognized that costs and other constrainis often make a closed structure {e.g. box, pipe, pipe
arch, etc.) the preferred alternative. There are three primary culvert design options commonly
used and described in this document: the low-slope, hydraulic, and stream simulation options,
The basic concepis and definitions are the same here as generally accepied eisewhnere in many
parts of North America and the world though some of the specific criteria are modified to apply
to ecosystems and aguatic organisms in Vermont. Other design methods might be devsloped in
the future and are appropriate if they meet the same objeciives.

The stream simulation and low-slope methods are preferred since they provide passage fora
wider range of organisms and channel processes.

Passage for fish and other aguatic organisms is designed within the profile that was defined In
Section 3.4, Project profile dasign. The designer may find that a reascnable project cannot be

designed using one or any of these methods and within the desired profile. in that case, a new
profile may have io be selecied or perhaps a culvert is not suitabie for the sits.

Which design method is applied depends primarily on oblectives of the project and ecological
concerns. Briefly, these are situations where each option can be applied.
= lLow-siope option
New cuivert instaliation
Low risk sites (low gradient channel and short cuivert)

o}

O

o Where passage of weak aquatic specles is required
s Stream simulation option

o New culvert insialiation

o Anvy channei slope
s Hydraulic option

o Retrofit of existing cuivert

o VWhere other options cannot physically be applied (e.g. a steep stream
simulation channe! is usually not feasible below a pond or read-impounded

wetland that must be protected.)

o Low to moderate channel slopes

o Where target species biological criteria (e.g. swim speed) information is
availabie.

The following sections describe each of the options in more detall. Background, limitations,
approprigie applications, and crileria are described.

This guide is neither a cookbook nor @ manual. Each site is unique, and conditions will lead to
individual solutions. The methods and analyses described here are more rigorous than is
necessary for simple sites and experienced design teams may be able 1o streamiine the
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process in many cases. Many sites, howsver, have unigue challenges that can only be soived
by applving an in-depth undserstanding of the biclogical, hydrologic, geomorphic, and struciural
components of the design. To avoid expensive mistakes, it is important to recognize where this
higher degree of rigor is needed and {o bring in specialists when appropriate.

This is an evolving science. Other new and alternative designs may be considerad if they apply
the design concepts and considerations provided in these methods and meet the overall project

abectives.
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5. Vermont Low-Slope Design

5.1 Definition of Low-slope Design
The low-slope design is a simplified design for use af low risk sites. it is intended 1o simplify

design and permitiing for private landowners with short crossings under residential ariveways,
farm roads and similar sites, so that channel siope and/or culvert length are limited. The low-
slope option requires few technical calculations for design of the culvert iiseif and resulisin a

conservaiive but reasonabie culver! size.

The low-slope option is defined by these criteria: Premise of low-slope:

) o The design of an oversized
« The low-siope method shall only be applied in low culvert in & low risk site can

risk situations of stable but mobile bed, low siope, be simplified and built with
and short culvert length. Culvert length is limited P }iﬁfe risk

o 50 feet and the natural channel! slope is limited ’
to no more than 1.0%.

¢ The bottom of the culvert is embedded 20 10 40% of the rise of the culvert (diameteroia
round culvert; equivalent for other shapes) for the expected bed elevalions over the life
of the project. The elevation of the minimurmn scour cover over the foolings is used in
place of the culvert invert for botlomless structures.

o The width of the culvert at the elevation where it meets the streambed must be at least
1.25 times the average natural channel bankfuil width. This and the shape of the culvert
determine the aclual culvert structure width,

+ The culvert does not constrict the active fioodplain excessively.

Figure 5-1 shows the same definition of the Vermont low-slope design option.

Low-Siopse:

Ciivert at slope of natural channsl
Maximum stope: 1.0%.

Maximum cuivert length: 50 feet,

Bankfull

Culvert countersink

/ 20 1o 40% of cutvert
Culvert width at bed slgvation rise throughout
at least 125% of natural
channel bankiull width

Figure 5-1. Definition of Vermont low-slope option.
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52 Low-slope Application

This option is appropriate only for low risk situations with a stable but mobile bed, low slope, and
short culvert length.

Since the culvert is embedded within g 20% range of the culvert rise, the culvert height musi be

enlarged to accommodate uncertainties of an unstable channel. An unstable channel might be
one that will experience aggradation or incision such as when the downstream channel has

incised.
Since the appiication and design entirely depend on the future channetl slope and elevation, a

careful assessment of the potential channel elevation for the life
of the project is essential. See Section 3.4, Project profile

A careful assessment of
the potertial channel

design. elevation for the life of the
It is anticipated that since the culvert bed is at least as large as projedi is essential io the
the natural channel bed and the bed is mobile, material will low-slope design.

deposht in the cuiverl. The natural bed wili allow a broad range of
fish species and sizes to move through the culvert, This might occur or might not be persisient
in several situations. For exampile, a floodpiain constriction can cause a culvert bed 1o be
unstable. The naturaily recruited streambed may also be inadequate ic meet the objectives of
the project. For example, a streambed may be desired immediately or channel margins may be
important for migration of aquatic organisms. The design might be modified 1o mitigate these
issues or the designer may have {o consider other culvert or road crossing design options.

The low-sicpe design option might be applied in new and replacement culveris. Since the bed
orofile assessment is complicated for an existing pipe that is perched, this option is best applied
1o replacements of pipes that are not perched or new instaliations. An existing culvert cannot be
retrofit o comply with the low-slope design.

Consider bed mobility. Will the culvert fill and be persistent? Consider the channel profile and
the impact of headcut discussed in pre-design. See the discussion on bed mobility, Section
3.2.2, Pre-design Asssssment interpretations.

The primary advantage of the low-siope option fo the culvert owner is the avoidance of
additional surveying and engineering costs required for other options. No special fish passage
design expertise or survey information required.

5.2 Low-siope Design Process

The low-siope design foliows the pre-design described in Section 3, Culvert Pre-Design. From
the pre-design the designer must understand the vertical adjustment range of the channsl
through the new cuivert and be able to evaluate the effects of any headcul created by the
culvert replacemeant, lowering, andfor enlargement.

- From this information and the design criteria, the elevation of the cuivert can be esiablished and
an initial estimate of the size of the culvert can be made.

5.3.1 Low-siope culvert size and elevation

The width of the culver: at the slevalion it meets the sireambed is at least 1.25 times the
average natural channel bankfull width. This and the shape of the culvert determine the actual
culvert structure width. The fioor of the culvert is embeddad within the range of 20 10 40% of the
cuivert rise. if no bed is placed in the culvert, use the culvert width at the elevation egual fo the
iow poiential profile.
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Bed material placed or naturally deposited may not be persistent if the culver! constrics the
active floodplain too much. For example, consider a culvert designed in a channel with a
pankfull width of 10 feet and a floodprone width of 100 fest. During a flood, flow from the
floodplain will be constricted into the 10-foot cuivert and will likely scour the bed.

To design a cuiveri that will have a persistent bed the culvert can be eniargec or additional
culverts placed through the fill in the flocdplain. The additional culverts in this case are not
intended for normal flow conditions. Thay are place in the floodpiain and become active only
during overbank flows.

Finally, the flood capacity of the culvert must be verified as it is for any cuivert design.

The design shouid also mest of exceed other applicable local, state, or federal standards for
hydraulic capacity, headwater depih, and other design parameters.

5.3.2 Low-siope culvert bed

if the low-slope culvert is built in a bed that is mobile, a streambed does not have 1o be
constructed in the culvert. Bed material in & mobile streambed will quickly fill the culvert and
form a natural bed.

When a bed of mobile material is recruited or placed in a culvert, the bed initially tends 1o flatien
unnaturally. Then, because of the smooth culvert walls, the flow often scours a trench along one
or both walls. These effects can be prevented with disrupters, banklines or other siructures that
disrupt the Tlow along the culvert walls. They are eguivalent to natural variations in stream
hanklines.

Disrupters are single or groups of rock near the edges of the channel that create the bank
diversity similar to natural banklines. Bankiines in a low-siope design wouid be similar to the
panklines described for stream simulation in Section 6.32.3.3, Bankiines and margins.

if a bed is placed in the culvert, the disrupters can be clusters of rock larger than the iargest
particle in the natural channel. If a bed is allowed to form naturally disrupters should be large or
high enough so they are exposed at the surface of the bed after it is deposited. The intent is to
provide some disturbance so the stream wili create bedforms naturally during the first freshets

axperienced by the project.
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6. Stream Simulation Design

6.1 Definition of Stream Simulation Design Option

Stream simulation is a geomorphic approach to designing for passage of fish and other aquatic
organisms. It is a continuation of the natural channel dimensions, siope, bed and banks through
the crossing to connect the channels above and below the crossing. The stream simulation
creates the diverse water depths and velocities, hiding and resting areas, and moist edge
habitats that different species need o move. The simulated channel inside the crossing should
nresent no more of an obstacle to movement than the adiacent natural channel.

The goal is 1o set the stage so that the simulated
channei evolves and adjusts to accommodate a Pramise of stream simulation:
range of flood discharges and sediment/debris
inputs. For the simulated streambed to maintain itself
through a wide range of flows, stream processes that
contro! sediment and debris transport and mainiain
hydraulic diversity have to function as they do in the
natural channal. This means that flows that transport
sediment and debris and rework the channei should
not be constrained or accelerated inside the crossing
structure.

A channel that simuistes
characieristics of the adjacent
natural channe!, wili present n¢
more of g challenge fo movement
of organisms than the natural
channel.

The design is based on a natural reference channel naar the crossing. Stream simulation design
starts with & channetl inside the structure af least as wide as bankfull width and with a slope
close to that of the reference reach. Bankfull flow is widely recognized as an index for the full
range of channel-forming flows in alluvial rivers. Slope is recognized as a primary controlling
factor of channe! and bediorm shapes.

It is not always clear where the boundaries of “stream simulation” should be drawn. How far can
we deviate from truly natural conditions and still depend on the premise stated above? Since we
are unable to verify free mobility for all agquatic organisms at a site, success is likely to remain
somewhat subjective. Stream simulation has some variability just as does the channel that is
being simulated. The design requires professional judgment and expertise in a variety of
professional fields,

Real stream channels are very diverse and complex, and there is randomness in their response
to runoff events and inpuis from land management. It is an art to “read” a stream in order to
simulate it. There are no definitive guaniitative methods that can ensure a simulated streambed
will be sustainable through the full range of flows. Knowledge is continually expanding as more
structures are built and tested by flocds. This guide represents the best set of methods we have
z1 this time, bui its limitations should be recognized.

6.2 Stream Simulation Application
Stream simulation applies to new and replacement culverts. It does not apply to retrofits,

Simulations are not exact replications of real stream channels. Features like channel-spanning
or embedded wood, bankline vegetation, cohesive goils, and floodplain functions cannot be
recreated inside crossing structures. These features usually stabiiize the bed and some provide
roughness that slows flow and heips create depth and velocity variations needed for aguatic
species passage. Likewise, we cannot reproduce the roughness and diversity contributed by
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channel bends or the complexity of large features like debris Jams. Though they cannot be
duplicated, some of these characteristics can be simulated with large rock, and sometimes with
wood. Artificial banks construcied of rock sized o be immobile might simulate banklines in the
reference reach. The grade-stabllizing functions of embedded debris can also be simuiated

using rock,

Stream simulation may not work in some situations. Stream simulation or any other design may
not work in a channel that is rapidly changing such as after a major flood, where there s no
siable reference reach. Other examples are inherently unstable landforms subject to frequent
disturbances, such as sliuvial fans, and debris torrent-prong channels,

These are not only poor choices for reference reaches; they may be poor sites for any road
crossing. Where feasible, the most prudent sclution may be 1o relocate the crossing andfor the
road. Where this is impossible, the design team must predict potential channel adjustments for
the life of the structure and design for them.

The same applies 1o channels that are actively migrating across floodplains. These sitreams
present challenges to stream simuiation not only because the channel may shift rapidly across
the floodpiain, but also because the structure cannot accommodate the highest flows that
naturally spread across the entire floodplain. Concentrating floodptain flows through the
structure can axert pressure on the simulated streambed that & reference reach connected o
the floodpiain never sees. Design solutions for wide flcodplains are discussed in detail in

Section 6.2.8, Bed mobility and stability analysis.

There are also occasions where the channel at the crossing is not connected to an upsiream
aliuvial channel that can supply the size and volume of sediment needed by the simuiated
shannel. For example if 3 road filll creates a pond above the culvert, bedioad will nct be
fransported through the pond so the culvert reach and downsiream reaches are not directly
connected io an upstream reach that would normally replenish bedload to the stream simulation

reach.

Although this guideline focuses primarily on the design of culverts, the stream simulation design
process can be readily applied for the design of channels to replace culverts that are removed.

6.3 Stream Simulation Design Process

As mentioned previously this guide is neither a cookbook nor a manual. Each site is unigue and
will have a unigue solution. The methods and analyses described here are more rigorous than is
necessary for simple sites. Other sites have unigue challenges that can only be solved by
applying an in-depth understanding of fluvial processes and how they relate o the crossing.
Risky conditions such as a culvert that confines a fioodplain or is steeper than the reference
reach require the team to devole more time and care to the assessment and design sffort. To
avoid expensive mistakes, it is crucial to recognize where this higher degree of rigor is needed
and to bring in other specialists when necessary.
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Figure 6-1. Biream simuiation design process

There may be other and better methods of analysis and stream simulation design at specific
sites. Those methods might be acceptable as iong as the premise of stream simuiation can be
satisfied at least as well as i can by the methods described here.

Much of the stream simulation design process was initiailly developed by Washington
Department of Fish and Wildlife {Bates et al, 2003) and has been expanded by USDA Forest
Service {in press). The USDA Forest Service document alsc includes a thorough discussion of
site assessment in preparation for 2 stream simuiation design.

65.32.1 Stream Simulation Site Assessment Needs

An initia! site assessment was described in pre-design, Section 3.2, Pre-Design Site
Assessment and a project profile was selecled. Additional site assessment data are needed for
the stream simulation method. Many assessment protocols for these data are described by
VANR, 2003 and are cited hers. Other data and products listed here are described further in

following sections.
o Reference reach characteristics
o Floodprone width (VANR, 2005b; Phase 2, Step 2}

o Characteristics of floodprone width {roughness, flood swales, eic.} io determine
general fioodplain conveyance (VANR, 2003; Phase 3, Step 2)

o Characterize bed forms, structure (VANR, 2005b; Phase 2, Step 2
o Characterize depth of normal alluvial scour
Characterize colluvium, debris, banklinas (VANR, 2005h; Phase 2, Slep 2)
o Pebble count and visually characterize subsurface material or bulk bed material
sample {(VANR, 200580, Phase 2, Step 2)
s Products

o Plan view skeich (if reference reach not inciuded in pre-design data) (VANR, 2005D;
Phass 2, Step 1)

o
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Profile survey {if reference reach not within pre-design profile}

Cross-section surveys including bankfull channel and floodprone area (if not in pre-
design data) (VANR, 2003, Phase 3, Step 2)

= |pcation of reference reach, channel plan form, channel classification of
segments, locations of cross-sections

[}

o]

Bed material size distribution

» Pebble count should be stratified to separate key features including steps
from more mobile bed material

o]

o Size and distribution of key features
o ldentify and measure alluvial pools on long profile
o Documentation of design

s Interprefations
o Feasibility of stream simuiation
o Selection and verification of reference reach

o Reference reach interpretations
= General fivodprone area conveyance {may have to be quantified in design)

»  Bankfull and/or ordinary high water widih correlated with prediction of bankfili
channe! width calculated from the Vermont regional hydraulic geomelry
curve. The River Managemeni Program (VANR, 2005a; Phase 1, Step 2 has
developed hydraulic geometry curves for bankfull discharge, and channel
cross sectional area, width, and depth. If there is a large discrepancy
hetween the measured and predicted bankfull widths, it should be a warning
to understand what causes the difference. Additional geomorphic expertise
might be needed for the design.

=« Bed maobility
= Becour depth

6.3.2 Reference Reach

The reference reach is a tempiate for the design of the stream simuiation channel. To satisfy the
premise of stream simulation the new structure must satisfy the physical conditions, especially
slope, of the project site and it must be self-sustaining when simulated inside a confined
structure. This means that flows interacting with the bed and the structure walls will create and
dynamically mainiain streambed material sizes and patierns within the struciure. in high flows,
the simulated bed should mobilize, adiust and reform similar to the natural channel; eroded
material should he replaced by sediment transported from upstream. Setling the stage for this
means establishing basic characteristics from the reference reach, such as gradient, bed and
cross-section shape, bank configuration, and bed material size and arrangement.

Where no suitable reference reach can be found, it might be necessary to use another design
method, such as the hydraulic method, use a bridge or possibly relocate the crossing.

An initial reference reach might be selected during the site assessment so it is included in the
profile survey. The reference reach is confirmed afler the projsct profile is designed so the
desired project and reference reach slopes are known. A preliminary selection of the refarance
reach is made during the site assessment simply to minimize surveying effort. Later in the
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design, the chosen profile and reference reach may prove to be not appropriate and a new
profile and reference reach should then be selected.

The reference reach should ideally have the following characteristics:

» Siable, meaning that is neither aggrading or degrading. Always consider how the projsct
reach is likely fo change over the structure iifetime before selecting a reference reach,
What adjustments will occur when the existing structure is replaced by a continuous

streambed?

« MNear the project, ideally immediately upstream. Factors that control channel dimensions
and structure (flow, debris, sediment) are then the same. If i’s just upstream, il
represents the source of material that will repienish the project reach ang it is continuous
with the project reach.

= Cutside of the influence of the existing structure.

» Channel gradient should be similar to the design gradient through the road-siream
crossing.

e At jeast as long as the road-stream crossing.

» Relatively straight. The roughness of bends must be simulated In & straight structure,
usually using rock. This can increase turbulence and compromise the degree of

simulation.

At new crossings, the undisturbed natural channel at the site is the reference reach. Ideally, the
crossing would be built over the stream without disturbing it. However, if the natural channel is
unconfined, consider the effects of confinement by the culvert on the hydraulics and bed of the

stream simulation channel.

A structure length nearly equivalent to the length of a straight reference reach is likely safe. Risk
can be reduced by shortening or widening the culvert or by locating the crossing 1o avoid
channei bends. Alternative siruciures, such as bridges, should be considered when the cuivert
greatly exceads the length of the reference reach.

Where the site has a concave or convex profile shape, referencs reaches representative of both
upstream and downstream reaches should be measured, because it may be necessary to
construct a transition inside the pipe to connect the two sections.

if the selected project profile includes regrading a long reach to accommodate the new
structure, the reference reach survey should be done not only for the simulated streambed
inside the crossing structure, but also for a channel restoration project.

it may be impossible o identify a reference reach on very unstabie channels where the system
is in o state of change. This would be an undesirable site for any road crossings. If there is no
other aiternative, a reach-scale restoration effort might be necessary. A stable stream in a basin
with similar characteristics might be used as a reference, but it would remain uncertain whether
it could be transferred io the changing, unstable channel. Expect long-term mainienance.

For streams undergoing system-wide channel incision, if the headcut will be aliowed to progress
through the crossing site, use downstream reaches ihat have aiready stabilized as the reference

reach.

The incised channel is one of several situations where the crossing may have 3 sigeper grade
than the adjacent reaches. Project objectives {e.g., preserve weiland habital above crossing) or
constraints {e.g., right of way, property boundaries) may diciate the steeper grade. in these
cases, it may or may not be possible to achleve stream simulation, depending on whether
reference reaches at the necessary grade sxist. Generally, sleeper reacheas can be found,
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aithough they may be distant from the project site. The further away from the site, the more risk
exists that the proposed reference reach’s characteristics are not directly transferable. Until
better information Is avaiiable about how much of a difference is sustainable, a reasonable rule
of thumb is to keep the simulated channel within 25% of the slope of the reference reach.

L.ook at the longiiudinal profile and consider the variability of reach slopes. There may be short
punctuated steps that are steeper than the average gradient that could serve as a refersnce
reach. if necessary, investigale beyond the surveyed profile.

How much steeper can we go? The slopes of the stream simulation and the reference channel
should not differ greatly. At some increase, the bed material must be so much larger than in the
upsiream reach that the upsiream reach cannot replenish bed material eroded from the
simulated streambed. This means the simulation will not be self-sustaining. Remember the
premise of stream simulation is that the simulated channel is close enough fo the natural one
that organisms will move through it as easily. If the change of slope leads to a substantial
change in channel shape or bed material characler, that premise may not apply.

Bates et al (2003) suggest a slope increase of no more than 25 percent ¢f the natural or
reference reach. The suggestion is a conservative rule of thumb; there are no dala 1o support a
specific oriterion. A maximum percent change of slope is used, because a flatler channel is
much more sensitive o a given absolute change than a steeper one. A mobility/stability analysis
should be conducted for any change in slope greater than the reference reach, sven if it is
within the 25 percent change guideline (see 6.3.8, Bed mobility and stability analysis).

6.3.3 Streambed design

The simulated streambed is designed using the characteristics | p_4 design objectives
and dimensions of the reference reach. This seclion describes » Bed shane
design of the following streambed elements that are imporiant « Diversit P
to design of the siream simulation channel: i Roughnyess

o Channel type «  Mobility

o Channal width » Forcing features

. , » Control
o Streambed material permeability

o Bedforms and cross-section shape
o Channel bankiines, bank irregularities, margins, and key features

o Bed mobility.

We cannot design and construct all of these characteristics. We will construct the framework
and enough of the struciure and materials so these characteristics will be deveioped and
maintained by the hydraulic action of the culvert, channel, and input.

Characteristics like vegetation and channel bends also have important effects on the structure
and hydraulics of the reference channel and should be considered in the design.

First, the basic procedure for designing a simulated bed is described, including bankiines and
key features. This “basic” procedure applies to pool-riffle and plane-bed channels with bed
material of medium gravel or coarser. Special considerations for other channel types are
described in the sections that follow.

As a framework, we use the channe! classification system developed by Montgomery and
Buffington (1997) because it focuses on the bedforms that confroi these functions and
characteristic. Table 6-1, adopted from USDA — Forest Service {in press), summarizes
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important channel characteristics and recommendations for each channe! type and ways o
simulate them. Channels in cohesive soil are added fo the Montgomery and Buffingion channel
types as 2 special design case.
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The design sirategies listed in Table 6-1 are the basis for design. The information in the table
can be an inifial guide to imporiant design and construction elements. For example, bed
material is not sorted during construction and bedforms are not constructed in pool-riffie

channels.

These channel types ars not necessarily clearly separable; instead, they are a continuum.
Characteristics and recommendations should be used as general guidance to help define a

specific design strategy for each project.

The following sections describe the design of a stream simulation bed. The description Is writlen
with the assumption that the bed will be constructed. Alternatively, the bed might be allowed to
il naturally. Three issues might determine whether a bed should be constructed rather than

allowed fo fill naturally.
« s the risk of headcutting acceptable? See Section 3.4.5, Headout issues.

= What is the time expscied for natural filling?
» Are key features such as steps, banklines, or other key feaiures necessary?

A key feature described in Table 6-1 is bed mobility. Mobility here is the relative flow at which
bed material is entrained. It is defined as a frequency relative 1o the life of the crossing project.
For example key pleces in a step-pool channe! that are mobile only at flows that occur once in
30 years are considered immobile. The material in the steps is expecied 1o move so infrequently
during the life of the project that it should be considered permanent. it can therefore be
designed as being immobile. On the other hand, the bed of a dune-ripple bed may be constantly

mobile. It may therefore just fill in naturally since it is in constant supply and the risk of it not
being initially installed is low.

Is the upstream bed mobile enough to fil] the culvert within an acceptable length of time? Thers
are examples of culverts that have not filled and sealed even for a decade after construction. On
the other hand, mobile beds will supply material quickly but the headcut risk might be greater.

Bankiines, steps, and key features in all channel types are designed as permanent features.
Some beds are made of composite materials. They may consist of small mobile material mixed
with larger immobile rocks or debris. In those cases, each of the materiais is designed
separately with its appropriate mobility. Key features should be embedded into a base of other

bed materiai for siability.

§.3.3.1 Stream simulation bed material

The design of a simple bed is described in this section. This will apply to most pool-riffie and
plane bed channels. Following sections deal with special issues associated with other channsl
types and more complex issues such as channel steepening and fioodplain constrictions.

Sorting of the bed material and formation of bedforms are controlled by hydraulics during high
flow events and the bed material composition. Bed material in pool-rifile and planse bed channels
is generally in the gravel-cobble range. For design purposes, this category consists of pool-riffle
beds with Dy of medium gravel (> 16mm) or larger. The basic design process applies to these
channeis. INote: The 16mm cutoff point is only a matter of practicality related to specifying a

ked mix of graded fine material ]

The bed material is a well-graded mix that approximates the reference reach pariicle-size
distribution. it must include enough fines to seal the bed. Most commonly, the simuigtion bed
mix is specified based on the pebble count from the reference reach. Bunte et ai (2001)
describe pebble count methods. A sieved bulk sample can also be used if desired.
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For the pebble count technigue, the Dgs, Day, and Dy of the reference reach bed are used
directly as the corresponding grain sizes of the bed mix. in using the surface pebble count to
design the simulation bed material, we are directly simulating the surface of the reference
channel bed. This means that, if the bed is armored, the large particle sizes will be over
represented in the rest of the mix. This is a safety factor for the simulated bad; if the bed scours,
there is additional armor material below the surface and the resulling bed surface will becoms

coarser and rougher,

The smailer grain sizes in the subarmor are very important as Do not assume the

they affect bed permeability and stability. A porous bed can stream will fransport
allow subsiantial flow 10 move through if; the entire streamflow sufficient fines io seal an
may go subsurface. The simulation bed mix must have encugh open-graded bed surface;
fine materials to fill the voids between the larger particies. Do it could take years io fil ;;?
not assume the stream will fransport sufficient fines to seal an the voids naturally.
open-graded bed surface; it could take years to fill in the voids

naturaily. There are culvert situations in which the entire
summer sireamflow went subsurface for at least a decade afier construction. The issue is
especially critical in steep channels where the hydraulic slope can drive the flow subsurface.

Since pebble counts on the armor layer show very low content of fines (< 2mmj} compared {o
the subarmor, the smalier grain sizes for the simulated mix are calculated from the reference
channel Dy using a standard relationship. One method of sizing the smalier material is to use
the equation developed by Fuller and Thompson (1907), which defines dense sediment
mixtures commoenly used by the aggregate industiry.

The Fuller-Thompson equation is:

( d \E”
P e i
DEOSJ
Egqustion &-1

Where d is any particle size of inferest, P is the percentage of the mixiure smalier than d, Dig i the
largest size material in the mix, and n is a parameter that determines how fine or coarse the
resulting mix wifl be. An n value of 0.5 produces a maximum density mix when particles are round.

The Fuller-Thompson equation can be rearanged to find any particle size relative 1o Dg. The
equations for Dz and D5 are:

D,, =032"" Dy,
Equation §-2
D, =0.10"" Dy,
Eguation 6-3

To develop the design particle-size distribution curve, we suggest using n values between 0.45
and 0.70, a standard range for high-density mixes. Select an n value that results in 5-10
nercent sand and finer materials, which are needed to reduce permeabllity and to help lock the
larger pieces together. if the D5 resulting from the Fulier-Thompson equation is larger than 2mm
{for n = 0.45, this occurs when Dy is larger than 330mm or 13 inches), adjust the mixture such
that fines comprise 5 percent. if you have a good field estimate of reference reach subarmor
fines that is much higher than 5-10%, you may want to adjust the mixiure 1o approximate the

figld value.
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The entire bed material mixture is defined by the gradation curve as shown in Figure 8-2. The
lower half of the design mix particle size distribution curve can be anywhere between the two
Fuller-Thompson distributions with 17 values of 0.45 and 0.70. In this case, selecting an n vaiue
of 0.45 produces a mix with approximately 10% finer than 2mm, which is close 1o the actual
fines content in the subsurfacs.

;
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Figure 6-2. Stream simulation bed gradation.

This procedure develops an acceplable distribution curve of particle sizes. Later, you may
modify the distribution 1o deal with various risk factors; for example, you might increase the
sizes somewhat if the simulation needs 1o be slightly steeper than the reference reach {(see
Section 6.3.8, Bed mobility and stability analysis). The gradation will then have 1o be converted
into & contract specification. it is important that the bed mix be as well graded as the reference
reach. There should not be a gap in sizes between any classes of material in the mix; a2 dense,
stable bed requires ali sizes. ideally, each class of bed material that makes up the mix is well
graded, so ali sizes within the category are represented. This is especially important for the
smaller size fractions in a mixture of large material.

it is probably not critical to spend a large effort to replicate the particle size distribution exactly. it
is, however, very important {o

« Replicate the large bed material that provides bed structure and butiresses the finer
material and

s Provide enough fines to limit bed permeability and to bind the bed together.

including fines in the bed mix commoniy arouses justifiable concerns about water guality and
habitat impacts Immediately after construction. Without special care, fine sediment in a freshly
constructed bed will wash downsiream in low or moderate streamflows that would not normally
move the material. This can be mitigated by jetting the fine material down into the bed with high
pressure jets and/or placing a veneer of washed gravel over the surface.
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Bed material rock must be durable and it should be at least as angular as in the reference
channel. If it is less angular it may be significantly more mobile than intended. it makes sense o
try to find the bed material locally, because it will more likely resembie the natural bed material.

6.3.3.2 Channel cross-section

The width of the stream simulation channel is the bankiull width of the reference reach. Il might

be greater if the culvert constricts the floodplain flow. This widih is not necessarily the culvert

width; The shape and dimensions of the cuivert structure itself are described in Section 10.1
Culvert shape, style, and material.

The channsal bankfull width is the distance belween channe! bankiuil elevations, which is the
elavation at which flow first floods over the bank inte the floodplain. Depending on the
environment and channel type, this point may or may not be cbvious. Guidance for identifying
bankfuli elevation is provided by Harrelson et al (1893}, USDA Forest Service (2005}, and
YANR (2003). If there is no discernable bankfull elevation, the ordinary high water mark can be

substituted for it

In simpie situations, bedform shapes (riffles and pools) are not constructed, bul some temporary
hed features are neaded 1o set the stage for channel margins to develop. In the simplest case, 8
V-shaped low-flow channei with a width of about ten feet is formed into the bed material that has
been placed in the cuivert. The V-shape is not intended to persist through flood events. High
flows will redistribute the bed material naturally, constructing a diverse channel with a thalweg.
Channels that are more complex are described in following sections.,

Bands, bank

Bankfull : ;
wrequiarity, of
Width ! g Y

continuous banklines

Bankfull
Haight

|t pitial low flow
channel

Figure §-3. Siream simulation cross-section.

Even riffle-poo! channels are generally more complex than this. Based on the complexity of the
reference reach any of several structures might be added to the stream simulation bed. Each

structure type has a different specific objective:

o Featuras constructed on the margins simulate the reference channe! banklines and
adge divarsity,
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o Rock bands shape the initial cross-section in dune-ripple and pool-riffle channels if
no bankline is constructed.

o Key features are structures that simulate specific features, such as bankline
rootwads, of the reference channel.

Eanh of thess siructures is described below.

8.3.3.3 Banklines and margins

The diversity, roughness, and shape of the channel and banklines are critical to satisfying
passage chjectives of some aquatic organisms. For example, weak swimmers and crawling
species may need margins of siow, shallow water with eddies in which to rest. Channsel edge
diversity is necessary between low-flow and normal high-flow levels o accommodate the
different movement capabilities of all aquatic species. Bankline diversity should be included in
all stream simulation designs.

Bars may form in a crossing structure — perhaps just on one side or through part of its length —
and they may provide some of the benefits of a bankiine. Mowever, without root siructure,
cohesive soils, or the ability to scour info parent bed material, true bankiines will not form
naturally inside the structure. Banklines and specific channel margin features should be also
included when they are needed for hydraulic roughness, habitat diversity, or to prevent channel
trenching along culvert walls and protect footings from scour. Use the reference reach bankiine
diversity {including frequency and size of wood or rock protrusions) as a guide to design the
bankline/margin. Where wood is an important feature on the channel banks, simulate iis
functions of roughness and edge diversity using rock sized to be immobile.

The intent is to create a permanent bankline, so material farge enough o be stable during the
high design flood is required. The size of rocks that appear to be immobile in the reference
reach may alsc be a clue to sizing bankiine rocks. As a starting point, bank material might be up
to twice the size of Dygg in the reference reach. If Dy is 3 inches or less, S-inch-rminus guarry
spalls might be used. Later in the design process the size of the bank rock and other key pleces

will be verified with a stability analysis.

A mindmum-widih bankiine is a line of large rock placed along each wall. For additional
roughness and diversity, make the line of rocks discontinuous or add clusters of rock to simulate
bankiine irrsgularities of the reference reach banks. Appropriate structure width is necessary to
create a stable bankiine without constricting the bankfull channel. Fill over and behind the bank
rock with bad material so it will wash into place between the rocks and help to stabilize them.

if 2 fioodplain bench is included in the culvert, construct it similar to a bankiing, with the enlire
surface being stable rock. The top of a floodplain bench should siope in at about 1110, so it will
be less iikely fo have pockets that could trap fish.

8334 Rock bands and clusters

Rock bands are temporary rock diaphragms or clusters placed at intervals through the culvert o
provide some diversity as the channel avolves. If a bankline is not constructed in a channe! with
a mobile bad, rock bands should at least be included,

When there is no disruption of flow over mobile bed material, a very Tiat bed will develop
resuliing in very shallow flow from wall to wall. Alternatively, a narrow trench is ofien scoured in
maobile bed material along smooth culvert walls where there is no flow disruption. The purpose
of rock bands is to prevent either of these problems. They obstruct any tendency o scour along
the culvert wall, and help create the bed diversity that exists in natural channels {from flow
deflecting off bankline irregularities like woody debris or root wads),
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Bands are diaphragms of rock that extend across the entire cross-section of the bed and are
lower in the middie to encourage the thalweg toward the center of the channel. Clusters of rock
at the walis of the culvert can provide the same function.

Bands and clusters can provide initial support for the cross-section shape. They aiso supply
material for high flows to rework into natural features such as riffles. Bands only help create an
initial cross-section shape and provide diversity: they are not intended to control channel grade.

Bands and clusters are not permanent rigid structures; high flows will rearrange them. They are
generally mobile at flows that mobilize bed structures in the reference reach and might consist
of rocks the size of D100 in the reference reach or slightly larger, Where D100 is smailer than
coarse gravel (16mm), use coarse gravel. The high points of clusters and bands al the culvert
walis should rise above the elevation of the bed profile.

Recause the rock bands are not persistent, their spacing is not critical. Nonetheless, it makes
sense 1o locate the bands (o resemble the spacing of the riffle crests in the reference channel,
uniess doing so would create a vertical difference between crests larger than 'z fool. A larger
vertical drop could cause the band fo become a temporary drop structure.

§.3.3.5 Key features

Many streams have non-alluvial features such as large wood, embedded or jammed wood, and
large boulders that may have fallen or slid into the stream or are remnants of glacial action.
Woody debris in the reference reach might be in the form of smali jams, buried wood that
buttresses the bed and/or forms steps, or wood profruding from a bank. These features are
often partially buried in the bed, and they block part of the channel cross-section. These
features often play a significant role in the reference reach. When they do, they are key
features, and their functions should be simulated. Functions can include buttressing the bed
material and controlling grade, providing diverse hydraulic conditions usable by aquatic species
for cover and resting areas, and providing hydraulic roughness.

In current practice, we directly simulate key feature roughness by imitating the size and
distribution of individual elements using large rock. Key features such as embedded logs often
span the entire channel and should be simulated that way. The step height shouid not exceed
the dimension of Dy & series of steps might be necessary to achieve the full height of the key
feature. A cluster of rocks jutting cut from the culvert wall can simulate a bank log in a natural
stream, The cluster will provide some edge diversity, and will help prevent a low-flow trench
being scoured next to the culvert wall.

An alternative method of simulating reference reach roughness might be to measure the iotal
frontal area of all roughness elements in the reference channel and reproduce it in the
simulation using bouiders. Ferro (1998) describes a method of quantifying the roughness
created by varicus arrangements and concentrations of boulders piaced on a gravel sireambed.

To size the key-feature rocks, mimic the size of immobile rocks in the reference channel, and/or
do a stability analysis {Section 6.3.8, Bed mobility and stability analysis}. Rocks locked together
in clusters are more stable than individual rocks and can be somewhat smaller. Angular rock is
more stable than round rock. Key-feature rocks are mixed into the bed rather than bearing on

the culvert floor.

Since key features are considered immebile in the stream simulaticn design, rock sizes can be
over-designed to reduce the risk of failure. Careful construction is essential, especially in
steeper (>8%) channels where dissipation of energy by key features is critical to channel
pattern, form, and stability. If possible, consult with experienced stream simulation practitioners

about siees simulations.
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6.3.4 Special considerations for other channel types

Section 6.3.3, Streambed design, is a discussion of pool-riffle and plane bed channels. The
same procedures apply to other channel types with some special considerations that are
described in this section. See Table 8-1 for a summary of channel types and design strategies
for various bed malerials.

£6.2.4.1 Dune-ripple channeis

Although dune-rippls channels are usually low gradient sand-bed channels, for design purposes
we include channals with mobile fine- and medium-grave! beds because of the similarity of the
bed material design. This section generally applies to channels in which D s medium grave
{18mm) or smalier and is mobile at flows below bankiuil.

The key to design in this category is the fine-grained bed and its mobility. Because the bed
maobilizes and mixes during fraquent moderate flows, the bedforms form more readily. For this
reason, there is no need to build siruciure into the simulated channel, except for rock bands thal
are useful initially to help maintain the initial channal cross section shaps.

In these channels, designing a bed mix in the process described in Section €.3.3, Streambed
design would result in a specification with classes very close in absolute size, which would be
impractical for a contractor to supply. Several alternative strategies can be used.

Culverts in low-gradient channels are nearly flal. If the space within the culvertis entirgly
hackwatered by the downstream channel, the design team may choose to allow it to fill with bed
material naturally. Bankiines and/or rock bands can be built as described previously. Consider
volumne of material required to fill the culvert bed and the effects of a headcut if it is not
controlled. The upsiream bed might be temporarily held in place so the culvert bed fills with
bedioad rather than material scoured in a headcutl

Ciean sand or pit-run material might be used. it is important to use material that is similar to and
not larger than the natural channel! so the same Initial mobility is achieved.

in new instailations, the native bed material might be used if it is available from the excavation
for the crossing and maiches the size distribution of the reference reach bed. Fine-grained beds
are typically not armored or are only weakly armored, so there is no great risk in mixing and
replacing excavated bed material. The bed materiat may be used by itself or fo supplement
imported material in order to make up the required channei filt volume.

In sand channsls, pebble counts are impractical. A visual estimation of particle sizes is ususlly
adequate. It is also feasible to sieve bulk samples of these finer materials. Sample sizes are
smalier and the problems assocciated with 2 layered (armored) bed do not arise. In this case,
use the particle size distribution from the sieve analysis directly to create the bed material
specification.

in some fine-grained channels, small piscss of debris scattered and buried partially in the bed
may control siope. Consider whether that function should be replicated in the designed channel.

£.3.4.2 Step-pocl channels

Steps form when the largest particles in the bed congregate and support each other to form a
structure that is more resistant to movement than the individual pleces. Usually boulders form
the step framework, which supports smaller cobbles and gravels. In nature, step-pool bedforms
can take several decades to form (Mads] 2001}, depending on when channel-ocrganizing flows
occur and what key features are present. Bed-organizing flows are generally higher than
banidfull; depending on the size of the boulders, steps may not reform at flows less than the 30-
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year or higher flow (Grant et al 1990). For these reasons, we cannot rely on bankiull flows to
form step-pool features naturally, as we do with most pool-riffie channels. Rather, since they are
critical for energy dissipation and channe! stability, steps must be constructed.

Except for the steps themselves, the step-pool channel bed is designed from a pebble count of
the reference channe! (see basic design process). Frequent high flows will scour and replenish
the material batween steps as bedicad moves through the system. Pools will form naturally, and
generally are not constructed.

Steps shouid be designed to match natural channel. They shouid be within the range of
composition, spacing, and structure as those in natural channel. They should be constructed
with the expectation that individual rocks will adjust their position and location during high flows
to lock together. See Figure 6-4. Use rocks of at least the same size and angularity as the step-
forming rocks in the reference reach, so that step height is as similar as possible. Space the
steps the same as in the reference channel; step-poois in natural channels are typically spaced
one to four channel widths apart and are closer in steeper channeis. Until the larger particles
congregate and support each other, they are vulnerable to being scoured out of the cuivert, so it
is wise 1o be conservative. Rock stability will be checked later in the design process, see
Section 5.3.8, Bed mobility and siability analysis.

Culvert
Step bouiders simulate
e SN . natural steps
,// \V\ 2

Adiuvial hed material mix

Aank boulders

Plan View

Figure 6-4. Schematic of step-pool stream simulation.

In channels with very large, stable step-forming boulders, steps may not move except in very
high flows. Even in a culvert as wide as bankfuli, these very high flows wili be confined and
shear stresses will be higher than in the natural open channel. It is not likely that steps would
reform inside the culvert if the constructed ones were washed oul. For this reason, steps made
of large rock are designed to be immobile. Rock angularity and/or size can be increased &
moderate amount for added stability. Smaller bedload will still move across the steps and be
retained by them, as in the reference reach.
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5.3.4.3 Cascade channels

Cascade channeis are steep and the largest bed particles are large relative to normal flow
depths (Montgomery and Buffington 1993). Energy is dissipated by water flowing over or around
individua! rocks. Smaller sediments move over or around the larger rocks at flows somewhat
larger than bankfull. Rocks that are key to bed structure and stability, however, are immobile up
to very high flows (> 50-year). Again, at these flows, shear stresses inside a pipe are higher
than in an open channel, Bed stability would be critical in a simulation since, if the bed fajied,
the bare culvert would be unlikely to recover naturally. On a simulation this steep, it is wise {0
conduct a hydraulic stability anaiysis to ensure the largest bed-forming particles (e.g., Dgy) are
stable in the design flood {(8.g., Gl

§.3.4.4 Bedrock channels

if a culvert is being replaced and the adjacent channel is primarily bedrock, investigate the
channel and footing locations to determine bedrock location, elevation and suitability for a
foundation.

if the bed at the site of a new crossing is sound bedrock, and bedrock is continuous throughout
the site, stream simulation may censist of placing an open-botiom arch culvert over the bedrock.
Depending on the shape of the rock surface, the entire footing might be anchored to it with a
sterm wall extending up to the bottom of the prefabricated culvert. The helght of the footing and
stem wall accommodate any variation in the bedrock surface. Exposed bedrock is often tilted;
so, when contained by a culvert, a deep, smooth channe! forms along one wali at low flow.
Consider adding bouiders for roughness in such a case. Special construction procedures, such
as embedding, anchoring, or clustering, may be required to keep large boulders from rolling or
sliding out of a bedrock channel.

Frequently, bedrock is exposed in the bed while the stream banks are composed of other
materiat. The banks may have large roughness elements such as wood, and single or clusterad
noulders. These may be important key features for retaining sediment and debris that provide
diverse habitats and migration pathways in the channels. Channel margins and/or banklines
may therefore be important o achieving the objective of the project.

Bedrock channels sometimes exist where a bed of alluvial material has scoured, leaving the
bedrock exposed. This often occurs where woody debris has been removed or where a debris
fiow has scoured the channs! to bedrock. ¥if the bedrock does not show typical erosional
features such as fluting, longitudinal grooves, or potholes, this could be an indication that an
aliuvial veneer has recently washed away. In these cases, consider placing debris and/or
immobile key feature rocks to help develop a natural alluvial bed and/or to stabilize a
consiructed bed.

6.3.4.5 Channels with cohesive bed material

A channel with cohesive bed or banks cannot be constructed inside a pipe. The best stream
simuiation alternative is probably to span such a channel completely using a bridge or arch, For
new installations in cohesive bed channels, avoid disturbing the bed and keep bottomiess
culvert footings cutside of the active channel so they will not induce scour. Any excavated or
disturbed bed material should be replaced with material intended to be permanent.

8.3.5 Crossing structure shape, dimensions, and elevation

Now, for the first time in the design process, we consider the crossing structure itself. Up fo this
point, we have defined the probabile range of stream profiles at the site, and the size, shaps,
maierials and arrangement of the stream simulation channel using a geomorphic design
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method. Now we design the structure by fiting it around the designed channel. It could be a
culvert of various shapes. In this part of the design process, the culvert slavation and
dimensions are alsc determinad.

Several iterations may be reguired to select the final structure dimensions If the bed stability
calculations (see Section 8.3.8, Bed mobility and stability analysis) indicate the initial structure
size is too small.

The design should also meet or exceed other applicable local, state, or federal standards for
hydraulic capacily, headwater depth, and other design parameters.

6.3.6 Culvert width

Several factors go info determining the size and elevation of the culver, including:
o The bankfull width of the channel, and any banklines and overbank surfaces
o The range of possibie bed profiles, scour depth
o Maximum sizes of alhivium and colluvium
o Results of the checks on bed stability and flow capacity
The structure must satfisfy ali these conditions simultaneously.

The goal of stream simulation is that the simulated channel be self-sustaining and free to adjust
similarly to the natural channel. For the simulation bed characteristics to be self-sustaining, the
culvert must simulate the hydraulics of the natural channel at sediment-transporting flows,
especially those flows that create and rearrange major bed siructures. Constricting the channel
at that flow will change the character of the bed; it may wash out, lose its structure, and/or
become coarser. For this reason the stream simuiation channel has a width equal to the
reference reach and has similar bankiines and other key features that coniroi channel and bed
form. The bankfull cross-section or another similar parameter that represents channel-forming
processes is used for this purpose.

The first estimate of cuivert width is simply the width needed

1o span the channel designed previcusly. If the design The first estimate of culvert
includes banks, the culverl must be wide encugh to span the width is simply the width
bankfull hed plus the size of bank rock on both banks. If needed to span the channel
banklings are included,, add two io four times the diameter

of the largest mobile material in the bed to the bankfull width as an initial estimate. Thisis only 2
first estimate subject to change based on the stability analysis. As noted earlier, where the
reference reach has a rough and highly irregular bankline, the simulated banks may be laterally
deeper and may require more structure widih.

Entrenchment of the project reach is a critical parameter affecting culvert width. If a cuivert is
located in & channe! within a wide active ficodplain, overbank flow will be forced from the
fioodplain into the constriction of the culvert. The real issue is conveyance. If the conveyance of
the floodplain is significant {perhaps 20% or more of flow in fioodplain), the stream simulation
channel will have significantly different flood hydrology.

Section 6.3.8, Bed mobility and stability analysis, discusses risks associated with flow
conceniration in active floodplains and some possible solutions. Your best option is to minimize
the risk by placing additional culveris or drains that permit floodplain flow through the road fill
However, you may also need to provide additional culvert width o allow an overbank flow
surfacs within the cuivert.
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Figure 8-5. Stream simulation culvert width.

In choosing culvert width, consider how the largest key feature rocks {(or alluvial rock clusters} in
the simulaied bed will interact with rock and wood pieces moving during high flows. A natural
channel can usually scour around a large boulder or debris accumulation. in a culvert, however,
a large individual boulder can create a constriction, or form a bridge with other large particies,
creating a culvert-wide drop structure or debris jam, possibly limiting aquatlic species passage. A
good rule of thumb is that bed width inside the culvert should be at least four times the
intermediate diameter of the largest particies in the simulated bed.

Incising channels may look narrow early in their development but will widen with age as they
recover from disturbance. Stream simulation culverts should be sized {o anticipate the expected
evolution of the natural channel near the crossing. if a channel is unnaturally wide due 1o
disturbance and you expect it to narrow in the future, size the cuivert for current channel with
the expectation that recovery will occur inside the culvert as in the adjacent reaches.

The final culvert width must also accommodate the high design flood capacity and potentiaily
accommodate the road alignment or natural lateral migration of the channel.

6.3.7 Cuivert invert elevation and height
The goal is to provide enough bed depth to avoid exposing the culvert floor or the foolings even
in the scour pools and when the bed profile is at its lowest potential slevation. To set the
elevation of the culvert invert or open-botiom arch footings, use these three parameters:

1. The low profile of the vertical adjustment range (VAR (Section, 3.4-Project profile

designy;

2. The depth of scour pools within that profile (Section, 8.3.1-8tream Simulation Site
Assessment Needs); and
A thickness of the bed below for the bed material to be weil-integrated and able to
structure lself,

W
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The required bed depth inside the pipe alsc depends on the size of the largest bed material,
The minimum thickness of the bad over the culvert flioor should be 1.5 times the diameler of the
largest immobile particles in the bed or four times the size of the largest mobile material,
whichever iz greater. This is so the bed materials can form a mass and large particles do not
have o sef on the floor,

This analysis might have to be re-done if later sleps in the design cause a change o the bed
material size.

Bottomiess arches are typically built on stemwalls that are part of the footing. The elevation and
design of the footing is determined by the structural design of the foundation and the projected
bed scour depth. A rule of thumb recommendation is to bury the top of the foeoting 2 Teet below
the lowest expected channel profile. A thorough analysis is typically necessary (Federal
Highway Administration, 2001). Where the consequences of failure are large, use a larger
culvert or g deeper fosting.
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average of mobile bed
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Figure 6-8. Stream simulation culvert embedment.

A second goal that affects culvert elevation is to maintain flood and debris capacity when the
bed is at its high adjustment range. This will determine the culvert height. The high bed design
flow is the flow at which the bed including any permanent features within it (key features,
banklines, step structures) is likely to wash out of the culvert.

The simulated bed is likely to fail if the culvert becomes pressurized during flood flows.
Pressurized flow happens when the headwater depth is over the top of the culvert and there is
substantial headioss {e.g. somewhat greater than the natural headioss in the reference reach of
the same length) between the upsiream and downsiream water ievels. For bed siability, and
with a safety factor, the culvert should not exceed 80% submergencs during the high bed

design flow.

Select the bed design flow appropriaie with the level of risk and consequences of faiiure of the
bed. Consider bed mobliity, the ability of the bed to restore itself, and equipment access for
repalr if necassary,
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6.3.8 Bed mobility and stability analysis
in a stream simulation design, bed mobility and/or bed stability might be important. Either or
both might be used in any spedific project.

Mobile streambeds are designed for “equal mobility” of the simulation and the reference reach
streambed. When the bed maobility of the stream simulation bed is equal to the mobility of the
reference reach, the bed shape, distribution of bed material, and bedforms are assumed similar
and the goal of stream simulation is achieved. This analysis is useful where the simulation
diffars somewhat from the reference reach {e.q., steeper or floodplain flow is confined infe &
cuivari}h

Bed stability means key bed pieces stay in place during the high bed design flow. Stability
analyses are used to check that the rock sizes of key features are stable.

Which analysis to use depends on the mobility of the streambed and the frequency of bed-
forming flows relative to the life of the project. Material that moves in common floods is mobile.
Typically sand-bedded and pool-rifiie channels are mobile. See the characteristics of mobiie and
immobile channels in Section 3.2, Pre-Design Site Assessment,

Material that doesn’t likely move at fiows that occur less than once in 20 years within a structure
that is expecied to last 50 years should designed to be stable in the bed design flow. The
project cannot wail for it to create or restore those bedforms if they are scoured out.

Bed-forming flows vary from below bankfuli in a low-gradient fine-grained channel, to bankfuil
flow in many gravel-bed streams, to as much as a 50-year flood in a steep, boulder step-pooi
channel. Normally, all stream simulations except step-pool, cascade and bedrock reaches
would be designed for equal mobility.

When evaluating the risk of a bed failure consider what headcut might occur if the bed fails. See
Section 3.4.5, HMeadoul issuas.

6.3.8.1 Bed mobility analysis

The bed mobility analysis compares the flow at which specific-sized particles in the reference
reach are entrained to the comparabie flow in the culvert. If the simulated channel closely
mimics the reference reach, the entrainment flows should be the same for all flows until the
culvert significantly constricts flow width. If there are differences between the simulation and the
reference reach, the designer can use the results of the analysis 1o adjust the simulation to
achieve equal mobility. The analysis is done in mobile streambeds or for the material that is

mobile in step-pool channeis.

When is a mobility analysis necessary? Two key factors that determine whether a mobility
analysis is necessary are bed mobility and risk of failure.

Low-gradient, fine-grained channels where the bed is fully mobile during frequent high flows are
more self-healing than higher energy sireams and may not need fo be analyzed. For exampie,
in dune-ripple channsis, where sand-sized sediment is in transport at most flows, it is not
necessary o do a mobility analysis. in straightforward projects on siable, moderately
entrenched pooi-riffle streams where the culvert bed closely replicates a reference reach just
upstream, we can assume similar bed mobility and stabliity during the bed-forming (near

bankfull) flow.

Steep pool-rifile, plane-bed, and moderate-gradient, cobble and smali-boulder step-pool
channels most often require a mobility analysis; they are in the range between being very
mobile and immobile. They may be fully mobile at frequent flows (8- 1o 10-year recurrence
interval), but infrequent encugh that a partial bed failure may not heal itself within a reasonabile
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timeframe. in these channels, it is worthwhile evaluating whether the same sizes are enfrained
in the structure and the reference reach over a range of fiows from bankiull to the high design
flow.

Fvery project entails some level of risk of failure. Table 6-2 is modified from USDA - Forest
Service (in press). It lists risk factors associated with culvert and stream simulation failures and
some design and construction strategies to mitigate the risk, Details are described elsewhere in
this guideline and are further described in USDA ~ Forest Service (in press). Sirategies in the
table marked with “** might be identified and quantified in a mobiiity analysis.
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Table 6-2 Culvert risk factors and strategies

Risk Factor

Design / Construction Strategy

wEE

Al culverts - Risks of structural failure

Debris blockage, debris
fiows

Limit headwater depth during high design flow o conservative tevel to avoid
pressurization

Ensure efficient transition at inlet to faciiiiate debris and sediment passage

Harden fill; design for overlopping and cleancut; plan for possible sireambed
mainienance after overtopping; prevent siream diversion

Provide iniet protection to reduce risk of scour duting iarge flood events

Stream diversion

Sag vertical curve to prevent diversion; harden fill to allow overtopping instead

Provide armored roadway dip, ditch dams, redirect road ditches o safe area

Stream simulation culveris - Risks of bedform, bed fallure

Culvert steeper than
reference reach

Minimize siope increase; modify/resicre downstream and/or upstream channel

Rk

increase bed malerisl size

increase width of stream simulation channe!, wider culvert 1o reduce shear
siress * 7

if simulation is step-pool channel, install bed retention sills to reduce possibility
of loss of key pieces

Provide access for maintenance and repsir

Floodplain constriction

Widen culvert to include “flocdplain” inside of culver!”

i***

increase size of bed materia

Add floodplain relief cujverts, road overflow dips ™

Place layer of large rock armor under stream simuiation bed

iack of initial bed
consolidation

Compact bed {ayers during construction

Wash fines in hetween and argund iarger material to embed and stabilize it

Hangd-place key bed features for siability

Construct thicker streambed {io elevation higher than VAR) to allow some initial
consolidation

Downsiream channel
instabilily

Ensure vertical adjustment rangs is accurate

Ensure simulated bed is deep encugh and the culvert large encugh o
accommodate the range of potential profiles

Provide grade controls downstream of outie!

Use full-bottom pipe or deepen foundation of open-bottom structure; place
tayer of large rock under simuiation bed to reduce probability of structural
fallure

Pressurized pipe

increase culver! size 1o limit headwater depth during high design flow to 80% of
culvert rise
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Risk Factor Design / Construction Strategy

Provide wider culvert with "floodplain, add floodplain relief culverts, road dip
overflow *

Add headwalls to shorten culvart

Long culvert Add safsty factor to stability analysis to compensate for possible compounding
design flaws ”

* Design options that can be designed with bed stabiity/mobility anatysis. Analysis may indicate a need
for bed material larger than reference reach, a wider culvert, ficodplain culverts, or dips, &ic.

** Strategies that are effective within limits as described in the text

*** Note that bed failure in botiomiess culvert may lead o structursl failure,

What particle sizes are analyzed? Generally, the analysis is done on the bed malerial that
characterizes structurs, stability, and roughness of the bed. For pool-riffle and plane-bed
channels, Dg, is the recommendsd grain size to analyze. Dy, is recommended because when it
is mobiie, most if not ali of the bed is mobile. Additionally Dy, is 8 good indicator of bed
roughness and of the larger particle sizes that affect bed form.

in step-pool channsis, the fine material between the steps {sands, graveis, eic.) moves over the
steps at near bankfull flows (Adeniof and Woh! 1884; Blizzard and Wohl 1898). The reference
reach comparison would apply to Dy, of that material, although normally there wouid be no need
o do the analysis.

What flows are analyzed? In a simple analysis, you don't need 1o analyze a pre-determined
flow based on return frequency. Te verify equal mobitity between the reference reach and the
stream simulation reach we want Dy, to be mobile at the same flow in both channels. Find the
flow that mobilizes Dy, in the reference reach and then find the stream simulation design that
causes Dy, move there at that flow.

There is fremendous uncertainty in determining specific recurrence interval flows in most
watersheds. The process of comparing the simulation to the reference reach reduces the nesd
for highly accurate estimates. We don't need to know exactly at what flow bed maierial is
actually entrained, as long as we know that it will behave the same in both channels.

Specific higher flows might aiso be analyzed. If the culvert causes a significant constriction of
flow off a floodpiain at flows higher than the bed mobility flow described above, it should be
analyzed. The analysis might lead to wider culvert with “floodplain® area and/or additional
culverts within the flocdpliain for flood relief,

6,3.8.2 Bed stabliity analysis

Key features (steps, banklines, coliuvium) in the natural channel may move infrequently. Steps
in a steep step-pool channel may move once in 30 to 80 years Grant ef al {1880) though more
frequently in some cases. Colluvium and key buried wood pleces may never move in the lifetime
of the structure. These feaiures are simulated in the siream simulation and a bed siability
analysis is applied to design them io be permanent during a high design flow.

A bed stability design flow Is selected for the analysis. Typically, i's 3 100-year flood but could
be less if the risk is iow and/or there is 8 means of repairing a falled bed.
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§.3.8.3 Mobility/Stability analysis models

Mobility and stability are evaluated using equations that estimate what flow moves {entrains) a
certain size particie. Though there are no precise models for particle entrainment in steep
channels, the following equations are the best available for cur purposes here:

e Linit discharge equation (Bathurst, 1687}
Thie model estimates the critical unit discharge (flow per unit channel width, ¢fs/ft) at
which a certain particle size will begin to move in a steep, rough channel,
The equation by Bathurst is consistent with natural streambed material that is expected
to move at this flow intensity and is recommended for the design of the mobile bed in
stream simulation culverts,

This mode! can also be used fo size immobile bed material though it should be the lower
limit of particle sizes in that case.

o Critical shear stress method

Critical shear stress is an ofien-used method to estimate the initial movement of particles.
This equation applies to channels with low-fo-moderate gradients (less than about 2.0%;
where water depth is large compared to the size of the bed material. The method is
therefore limited for application with strearm simulation.

+ Riprap sizing equations
U.S. Army Corps of Engineers (1994) describes a modified shear stress approach io
riprap design. The manual clearly states that this method should not be applied to
channels over 2%. Maynord (1994) modified this method for slopes up to 20%.

These equations were originally developed for designing riprap bank protection and rock
chutes such as spillways. They are useful in stream simulation for the design of
bankiines and key features, which are designed to be immobile during the high design
flow. They are also useful for sizing material in a roughened channel.

Like all hydraulic and hydrologic models, these are approximations and simplifications of the
real world. The Bathurst and modified Shield’s equations apply best in purely alluvial sellings;
the stabilizing effects of key features, such as embedded debris or coliuvium, are not included.
All the eguations are based on empirical field and laboratory studies with data sets of limited
size and variability and they should be applied within those fimits. If it is not evident which
squation is more appropriate, use more than one and compare the resuls. Understanding why
the results differ can be important to & good design. USDA — Forest Service (in press) describes
in some depth the background, criteria for appiication, and limitations of these models and has
examples of their application {o stream simulation designs.

Do not allow the models to drive the design. Rather, they are tools to be applied with
geomaorphic and engingsering expertise. Visualize how the channel will lcck and function as it
adjusts over time. Use the models to test the sensitivity of the bed and to help predict bed
mobility in different channel/structure configurations. Test sensitivity by varying design values in
the models to see if they greatly affect the resuits. There is less risk of error when changes o

the rasulls are small.

Always check the results of the equations against your understanding of how the channe! will
function. For example, if the simulation is steeper than the reference reach, the mode! will
indicate that the structural rocks mobilize at lower flows. To offset this, you might consider
making the cross-section wider, increasing the calculated entrainment flow 1o maich the
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reference reach. Question whether the simulated channal is likely o relain what may be an
ariificial shape over ime. Larger bed malerial might be a belter solution in this case.

Also consider how the models compare o the existing channel. Do the model resulls make
sense compared 1o material that appears stable {or not} in the reference reach?

To ensure safety and remain within the range of natural variability, we suggest increasing bed
material sizes and/or channel width no more than about 25 percent unless you have a clear
understanding of the implications of a greater change. if these minor allerations in bed material
size or cuivert width are not enough to match bed mebiiity with the reference reach, review the
risk factors in Table 8-2. Consider selecting a new proiect profile. Stream simulation may not be

feasible at the site.
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7. Hydraulic Design

7.1 Definition of Hydraulic Design Option

Hydraulic design has been used for decades as the primary design method for fish passage at

road crossings. Due to the inherent uncertainties of

the hydraulic, hydrologic and biological Premise of hydraulic design
assumptions regquired in this design, # should A structure designed with appropriate
generally be avoided for new installations requiring hydraulic conditions will allow target
AQP. This design option will be most often species to swim through it within a
appropriate for retrofit applications for sound specific range of design flows.
siructures with passage deficiencies or for new

instaliations where other designs are not feasible.

The Hydraulic design option is a design process

that matches the hydraufic characieristics of a culvert at a specific range of flows with the
swimming abilities of a target species and age class of fish. The hydraulics of the cuivert might
pe controlled by the culvert slope, width, and roughness.

This method targets distinct species of fish, therefore it does not account for biological
requirements of non-target species. There can be significant errors associated with estimation
of hydrology and fish swimming speeds that are mitigated by making conservative assumptions
in the design process.

Hydrologic data, high and low fish passage design flows and hydraulic characteristics (depih,
velocity, turbulence) are required for this option. Information on the timing of movement,
swimming ability, and behavior of the target fish is required.

The resulting culvert size is often narrower than the channel bankfull width.

it should be understood, that in retrofit applications where improvements to passage through an
existing structure is desired, full attainment of biological criteria might not be possible. In these
cases, project success might be limited to improvements in passage for only a portion of a fish
population or aguatic community.

7.2 Hydraulic Application

For best resulis, the hydraulic design criteria can generally be achieved in the following
situations:

s New, replacement and retrofit cuivert installations where physical limitations make other
design options {low-slope, stream simulation, bridges) not feasible.

¢ Low to moderate culvert slopes {less than about 1.0%) without baffles or other added
roughness,

= Moderate to steep culvert slopes {(up to about 3.5%) with baffies retrofitied. Fishways
can be construcied at steeper siopes but cannot typically be retrofit info culverts.

« Where swimming ability and behavior of target species of fish are known.

¢ Where complete ecological connectivity is not required.

Guidetines for the Design of Stream/Road Crossings for Passage of Aguatic Organisms in Vermont

March, 2008



These are general descriptions of applications. Hydraulic designs must satisty specific hydraulic
design criteria. The method might be applied in more extreme conditions than described above

but with reduced resulis.

Many species of fish and other organisms migrate through the stream corridor. This design
method targets distinct species of fish and therefore does not account for ecosysiem
requirements of non-target species. We know littie about the movement patterns and swimming
and movement abilities of many species. These issues are compounded by the uncerfainties of
hydrologic and hydraulic parameters that must be applied for this concept to be applied.

Maximum average velocity and turbulence are basic design criteria in the hydraulic option. The
roughnesses of the culvert material, installed baffles, or of the bed material if the pipe is sized
appropriately and embedded, create resistance to flow and reduce the velocity.

The hydraulic opticn may not address the ecological and habitat issues at road crossings
discussed in the ecological considerations section of this guide. Depending on the criteria and
assumptions made in the hydraulic design, changes caused by the crossing can transform the
crossing into a barrier o many species.

The hydrauiic method is used as a primary design concept in many iocations. it is ofien used to
design retrofits or temporary retrofit instaiiations until more suitable designs can be constructed.
Roughened channe! design is discussed in this guide as a means of steepening a channel
within or near a road crossing. The distinction between roughened channels and stream
simulation as defined in this guide is that roughened channels are designed using the velocity,
length, and turbulence parameters of the hydraulic culvert design method; stream simulation is
designed by geomorphic and bed characteristic parameters.

7.3 Hydraulic Design Process
The hydraulic design follows the pre-design described in Section 3, Culvert Pre-Design.

The process for & hydraulic design is reversed from the typical engineering orientation of culvert
design for flood flows. Think like a fish. Start in the channel below the culvert and proceed in the
upsiream dirsction through the culvert; the direction of fish passage. Culverts designed for fish
passage normally resuit in outlet control conditions at all fish passage flows. An inlet control
analysis must then be done to verify adequate culvert capacity for the high structural flow. In
many situations the fish passage criteria controls the culvert design; flood passage criteria are
normally less stringsnt.

Proper culvert design simultaneously considers the hydrauiic effects of culvert size, slope,
material and slevation to create depths, velociiies and a hydraulic profile suitable for fish
swimming abilities. There are conseguences to every assumption; adequate information allows
you to optimize the design. Inadeguate information, which is often the case with this method,
requires conservative estimates and assumptions. The foliowing steps make up the hydraulic
design:

1. General and hydraulic design site assessments, Sections 3.2, Pre-Design Site
Assessment, and 7.3.1, Hydraulic Design Site Assessment Needs.

2. Pre-design. See Section 3, Culvert Pre-Design.
3. Culvert length. Find the culvert length based on geometry of the road fill.

4. Riological design. Determine target species, sizes and swimming capabilities of fish
requiring passage. Species and size of fish determine velocily criteria. Actual
allowable maximum velocity depends on species and length of culvert,
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4. Hydrology. Determine the range of fish passage design flows al which the fish
passage criteria must be satisfied.

&. Culvert elsvation. Set the culvert elevation and verify the backwater elevations
throughout the range of low to high flows are at least as high as the water surface in
the culvert.

7. Velocity, depth, and turbulence. Find the size, shape, roughness and siope of culvert
1o satisfy velocity criteria assuming open channel flow and no bed material. Verify
that the fiow is sub-critical throughout the range of fish passage flows.

B. Final Design. See Section 10, Final Design.

Several iterations of some of these steps may be required to achieve the optimum design. The
following sections further describe all of the design steps.

7.3.1 Hydraulic Design Site Assessment Needs

The site assessment for the hydraulic method is described in Section 3.2, Pre-Design Site
Assessment. Since the hydrauiic design is normally used for retrofits, some of the data
described in that section may not be necessary. It is assumed here that a project profile was
determined in the pre-design phase also. The only remaining site assessment need is to
develop the high and low fish passage design flows. They are described in Section 7.3.4,
Hydrology.

7.3.2 Length of Culvert

The hydraulic design process is based on the maximum water velocity for target fish species 1o
be able fo negotiate the length of the culvert; the longer the culvert, the lower the maximum
allowable veiocity. The culvert length inciudes aprons uniess they are countersunk below the
invert of the culvert. Adding headwalis to each end of the culvert, narrowing or lowering the
road, and/or steepening the fill embankments, can minimize the culvert length.

The iength of the repiacement culvert might be different than the existing pipe; the length might
be affected by its elevation and size.

7.3.3 Biological Design

Since the hydrautic design is based on the swimming abiiity and behavior of one or more target
species, those species and their migration timing, sizes, and swimming capabilities and
nehaviors must be determined. Species and size of fish, together with culvert length, determine
design velocity criteria.

The following fish species found in Vermont are most likely to be impacted by culverts.
*  Brook trout ™
= Rainbow trout
= Brown trout
«  Atlantic salmon: land-locked & sea-run ”

s Fainbow smeill

Guidelines for the Design of Stream/Road Crossings for Passage of Aquatic Organisms in Vermont

March, 2009



s American eel ®

«  White sucker

«  Longnose sucker

« Northern brook lamprey ™

= Silver lamprey

s American brook lamprey

. Sea lamprey * (Connecticut River}

«  Minnows, shiners, efc. {15 +/- species ¥}

* = identified as species of greatest conservation need in the Vermont's Wildlife Action Plan
{Vermont Fish and wildlife Depariment, 2005)

Despite exiensive research on these fish species, unceriainties in the hydraulic, hydrologic and
hiclogical requirements for successful fish passage persist. Most studies have been limited to
jaboratory studies, which cannot mimic the range of natural condiions encountered or account
sor effects of fish behavior. To address these uncertainties, the design vaiues provided here are
conservative.

The hydraulic design method targets hydraulic conditions through the cuivert that accommaodate
the swimming ability and timing of target species and sizes of fish. Fish passage design is
based on the weakest species of size of fish requiring passage and is intended to accommodaie
she weakest individuals within that group. What species are potentiaily present? When are they
oresent? VOFW District Fisheries Riologisis will determine aquatic organism passage neads on
a case-by-case basis. See Section 3.1, Agqualic Resource Objectives.

Upstream movement of fish other than adult trout and saimon must also be considerad.
Rainbow smelt, sucker species, as well as other fish species use wributaries of lakes and ponds
for spawning. The upstream movement of juvenile salmonids and other fish species is also
important for dispersal and recolonization of vacant habitats. These fish are generally smalier
and weaker than aduit frout and salimon and therefore require lower velocities and turbulence
for passage. It is therefore ofen not practical to design for passage of weak swimming species
directly by the hydraulic design option. Instead, either the Low-slope method or the Stream
Simulation method may be more appropriate.

The hydraulic conditions described for the default design will generaily resuit in bed material
accumuiating and a natural roughened channe! through the culvert that juvenile fish can
successfully use for passage. An exception to the presumption of & stable bed formation for
juvenile fish passage might occur in situations where a pipe becomes deeply submerged and
pressurized during an extreme flood event and bed material is therefore scoured from it. Unill

new bed material is recruited into the culvert, there may be a barrier 10 wesker swimming fish.

7.3.3.1 Timing of Movement

The hydrauiic design criteria must be satisfied a certain portion of the fime during the migration
season for the target species and age class. Since the fiming of movement varies among
species and watersheds, knowledge of the specific movement imings is necessary for
development of hydrology. Different specias or age classes at a site may migrate at different
fimes of the year; therefore multipie hydrologic analyses may he needad to determine the
controlling hydraulic requiremenis.
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An overview of aguatic organism movement and migration is presented in Section 2.1, Passage
of Fish and other Aguatic Organisms . Tabie 7-1 provides general information of spawning and
general movements for selected fish species in Vermont. A VDFW fisherias biologist should
confirm these timing guidelines or provide site-specific information if available.

Table 7-1. Fxpected periods of movement for selected fish species in Vermont. Solid represents
spawning movemenis, shaded represents general (e.g. foraging, refugia) movements).

Brook trout All

Rainbow frout All

Brown trout All

) Adult

Atlantic saimon i
Juvenile

Rainbow smelt Adutlt

American esl Juvenile
“Yailow" sal

Wihite sucker Aduit

Oither resident fishes | Al

Since hydraulic characteristics are design criteria for this method, the flows at which they are
achieved must be defined. Determine the range of passage design flows at which the fish
passage criteria must be satisfied. The hydraulic criteria in Section 7.3.5, Hydraulic Criteria;
Velocity, Jump Height, Depth, and Turbulence, are not achieved at ali flows. They shouid be
achieved throughout a range of flows from the low to the high fish passage design flows.
Compliance with criteria at flows beyond this range is not essential for several reasons. Exirems
fiows are less frequent; design for extrame flows is difficult and costly; design for extreme flows
may comprormise the design for more frequent flows; and fish are less likely to naturally move
during exireme flows.

7.3.4 Hydrology

Many streams in Vermont have characteristic prolonged high flows in the spring (March-May) as
snow melts and then again brief high flows in the Fall-winter {October-December) due o rainfall
events. These high flow evenis coincide with the general migration timing described above and
therefore highlight the need to accommodate fish passage during high flows.

The focus of this section is on fish passage design flows, Other structural and siablility design
flows might be necessary. See Section 10, Finai Design.
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7.3.4.1 High fish passage design flow

For the purpose of defining high passage flow requirements, thers are two periods of concern
for fish on spawning migrations in Vermoni: spring and fall.. Spring spawners inciude rainbow
smelt, various suckers, and rainbow trout. Common fall spawners include brook frout, brown
trout, and Atlantic and landiocked saimon.  While exceptions may occour, other Vermonl species
that spawn in the spring (walleye, bass, pike, eic) or fall (lake frout) are usually associated with
larger streams, which would generally not accommodals cujverts.

High passage flow criteria were developed for spring and fall spawning periods using a subset
of USGS gauge station average daily flow data with the following criteria:

e minimum of 10 years of continuous data
<50mi2 drainage arez

Yermont & western New Hampshire streams
minimaily reguiated or unreguiaied streams.

®

@

E

This analysis used “average daily flow sialistics” and therefore does not reflect actual peak
streamflows. Methods, specific locations, and summary statistics of the 20 stream gauges
selected are provided in Appendix B — Vermont High Passage Design Flow.

Spring Spawning - High Passage Flow criteria
Most spring spawning movements of Vermont fishes in sireams occur in the months of April and
May. Vermont streamfiow statistics indicate April receives higher fiow during this period;

therefore, this month was selected 1o define the high passage flow for spring spawning
movemenis.

Fish do not move under all flow conditions, and therefore peak runoff events would not provide
an appropriate standard for fish passage design. However, spawning is a physically and
physiologicaily stressful time for fish, leaving them vuinerable to predation and disease. The
ionger fish are delayed during these migrations, the Jess likely successiul spawning and
subsequent recruitment of young will occur.

This premise led to the development of hydrologic criteria based upon both duration (number of
continuous davs average daily flows will be exceeded) and exceedance (probability that specific
flows will be exceeded) statistics. Due to the effect of snowmelt on spring flows, peak flows
tend to be of ionger duration than at other times of the year. Based upon evaiuations of various
flow criteria on annual hydrographs of Vermont streams, a spring high passage flow
recommendation is described as the flow that has a 20% probability of being exceeded for 2

consecutive days in April

For sites on ungauged streams, the April 2-day 20% exceedance flow can be estimated with the
following model (Appendix B — Vermont High Passage Design Flow:

April Qo = Apasin X (- 41,15 + 0.000038 x NOE’?;’?;&?Q + 45,248 x P}

Whare:

e April Qua s the flow {in cubic feet per second) that has a 20% probability of being
exceeded for 2 consecutive days in April.

e Ag.an 5 the area of the basin above the project in square miles.

¢ Northing is the distance north in Vermont State Plane Coordinates (VSPC) and can be
found in Flow Freguency Characteristics of Vermont Streams (Olson, 2002}

» Pis mesan annual precipitation in inches.
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The derivation of this model and stepwise instruction for lis application is described in Appendix
B — Vermont High Passage Design Flow. If available, site-specific flow data should be used to
determineg the seasonal high passage flow for a given stream.

The basin characteristics can be derived through the USGS Vermont Streamstats interactive
map at hﬂp:!!watef.usgs.gavfaswistmamstais!\jes'mem.htm%.

Fall Spawning - High Passage Flow oriteria

A similar approach was taken to develop fall spawning high passage flow criteria, with
November flows providing the higher flows during the fall spawning period. Based upon review
of various flow criteria on annual hydrographs of Vermont streams, a spring high passage flow
recommendation is described as the flow that has a 20% probability of being exceeded for 2
consecutive days in Movember.

For ungauged streams, the November 2-day 20% excesdance flow {csm} can be estimated with
the following model (Appendix B — Vermont High Passage Design Flow:

Nov Qpzp = Agaein X (~13.709 + 0.4555 x P + 3.0855 x logh {1+ Apses))

Where:

s November Qo is the flow {in cubic feel per second) that has a 20% probability of being
exceedsd for 2 consecutive davys in November.

s Ag,an i8 the area of the basin above the project in square miles.
= P is mean annual precipitation in inches.
e Ay 5 the poriion of the watershed areg in lakes and ponds.

The derivation of this model and stepwise instruction for its application is described in Appendix
B - Vermont High Passage Design Flow. If available, site-specific flow data should be used fo
determine the seasonal high passage flow for a given stream.

The hasin characieristics can be derived through the USGS Vermont Streamstats interactive
map at htip://water.usgs.gov/osw/streamstats/Vermont.htmi.

Mon Spawning Migration Flow

We assume that a design for passage of a particular species and lifestage during the migration
periods will, by default, satisfy general passage needs that are shown in Table 7-1. itis
assumed that if the design provides for passage at migration flows and meets the jump height
and low flow depth criteria, passage at intermediate flows will likely be accommodated. The
design will not necessarily meet the general needs for passage of all species and life stages.

7.3.4.2 Low Fish Passage Design Flow
The low design flow for fish passage is used to determine the minimum depth of water within the
culvert. For this purpose, the two-year, seven-day low flow (712} Is used.

Passage criterla must be met for all fiows from the low fish passage design flow up to the high
fish passage design flow. More than one fish passage design flow may have o considered, If
different life stages or species require passage at different fimes of the year. it is not known
which fish passage design flow will control the design until the hydrology is analyzed and the
culvert hydraulics are designed to accommodate these life stages.
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The depth reauirement is a moot issue in culverts designed with natural beds. Culverts
designed by the hydraulic option for species with low swimming speeds {less than about 2 fps)
will generally accrete bed material in which a thalweg will develop. Exceptions to this are when
there is not sufficient natural recruitment of bed material or when a culverl is pressurized during
an exireme fiood event. if a culvert is pressurized and if bed material isn't immediately
replenished, the bare bed condition may persist for some time as a depth barrier. Another
exception is culverts with baffles in which turbulence might prevent accumulation of bed

material,

To calculate 7Q2, a general relationship of the low fiow to the basin area, 0.138 cfs per square
mile, can be used. This relationship was determined from a subset of Vermont stream gages
and is shown in Table 1 of Appendix B — Vermont High Passage Design Flow.

7.3.5 Hydraulic Criteria; Velocity, Jump Height, Depth, and Turbulence

The hydraufic conditions allowable depend on the target species and length of culvert. The
criteria for velocity and jump height are intended fo provide passage conditions for the weakest
and smallest individuals of each species. The minimum depth in the structure should, however,
accommodate the largest fish expected.

These criteria should be applied where fish passage is required and the hydraulic design
method Is appropriate.

e Maximum cross-section-averaged water velocities at the high fish passage design
flow are shown in Table 6-1 for 2 varisty of Vermont species.

+ Maximum outlet drops for several Vermont fish species are shown in Table 7-3. While
the avoidance of an outlet perch shouid be the goal of ail designs, it is recognized that
retrofit applications may not be able to always eliminate the drop.

e Minimum water depth in the culvert at the low fish passage design flow is shown in
Table 7-4 for several Vermont species.

Fali and spring spawners are defined in Section 7.3.3.1, Timing of Movement.
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To achieve the hydraulic criteria listed in these above, the designer of a new culveri can modify
the roughness, slope, and/or size of the culvert and bed within it, The designer of a retrofit
culvert normally has no control over the culvert slope or size. Culvert baffles or other roughness
devices can be installed to modify roughness.

This design method does not account for the lower velocitias in the boundary layer that fish
might use to move through a cuivert. Boundary layer velocities are difficult to predict with
different culvert materials and bed configurations, turbulence can become a barrier, and
continuity of a boundary layer through a culvert is not ensured.

A simple hydraulic design option uses the average velocity and maximum depth in the cross-
section. Depth and velocity are derived from a calculation of open channel flow conditions (e.g.
Manning’s equation) or from a chart of culvert hydraulic characteristics. This assumes there is
no backwater influence. Backwater influence means the flow depth is increased due 1o deep
water downsiream; depth within the pipe is greater than what would be predicted by normal
open channel flow. A backwater analysis is needed if the downstream channel is raised to
backwater the culvert to control depth and/or velocity.

Depending on culvert size, velocity, and bedioad characteristics a streambed may or may not
develop and be persistent within the culvert. Bed material might deposit and a thalweg might
farm in a culveri designed by the hydraulic option for species with low swimming speeds. This
cccurs when the velocity is low enough in the culvert during flows at which bedioad is mobiie
that it sccumulates in the culvert. Exceptions to this are when there is not sufficient natural
recruitment of bed material or when a culvert is pressurized during an exireme flood event, i it
is pressurized and if bed material isn’t immediately replenished, the bare bed condition may
persist for some time as a depth and/or velocity barrier.

Because of these unceriainties, the hydraulic analysis for fish passage is normally done with the
assumption that there is no streambed in the culvert unless a permanent bed is constructed as
a roughened channel. On the other hand, for the flood capacity analysis, it shouid be assumed
that there is a bed in the cuiverl. See Section

10.2  Hydraulic Capacily.

Alternatively, the culvert can be designed with mobile bed material in place though the analysis
of this design introduces other uncertainties. If the upstream channel has a mobile bed, the flow
at which bed material is entrained in the upstream channel can be compared to the comparable
flow in the culvert. To be successful the culvert has fo be close o or larger than the natural
hankfull channel. This essentially becomes a stream simulation design.

it is often difficuli to achieve both the depth and velocity criteria in a cuivert. A larger culvert will
reduce the velocity at the high design flow but will cause the depth to be too shaliow at the low
design flow, This can be resolved by using a roughened channel or by countersinking the
culvert low enough that depth is created by the backwater from downstream through the cuivert,

The flow will typically be sub-critical for ali flows at least up to the fish passage design fiow. An
exception to this is in @ roughened steep channel with mixed-flow hydrautics.

Computer backwater programs such as FishXing, HEC-RAS™, HY8, or CULVERT MASTER™
and others can help refine the design. The minimum ameunt of information needed for these
programs varies with the program and complexity of the project. They are all fimited in soms
way; either roughness is a constant, no bed material can be included in the floor, the bed has o
be flat, or hydraulics within the culvert are not shown. A backwater analysis allows the designer
to optimize the design by using the lower velocities created by the backwatered condition. A
backwater model that shows conditions within the culvert should be used to evaluate passage at
a culvert that is not backwatered.
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7.3.51 Culvert and Bed Slope

in 2 new installation, the culvert should normally be placed on the grade of the project profile
defined in Section 3.4, Project profile design. The culvert might be installed at a lesser slope o
increase the water depth and reduce the velocity. If that is done, the project profiie must be re-
svaluated o be sure the culvert elevation will be effective for any profile within the vertical
adjustment range. The culvert rise {vertical dimension) still has to accommodate the flood
capacity analysis. See Section

10.2  Hydraulic Capacity. The effect may be to cause transient or permanent bed deposition
within the culvert as described above. Passage is improved In that case by the roughness and
diversity of the naiural bed.

The designer has no control of the culvert slope in a relrofit design.

7.3.5.2 Culvert and Bed Roughness

Roughness aiso controls velocity. Roughness is provided by the culvert walls and bed and
might be modified with a roughenad channel, and/or baffies within the pipe.

increased roughness is not necessarily a solution to passage of agualic species however.
Theoretically, the roughness can always be increased fo reduce any velocity o a value suitable
for fish passage. The approach is not realistic though because roughness converls velocity to
turbulence and the combination of turbulence intensity and scale can be a barrier 1o passage.
Roughness can merely convert a velocity barrier to a turbulence barrier, especially for smali and

weak-swimming fish.

The type of roughness used can greatly affect passage success. Diverse hydraulic conditions,
as in a natural channel, can provide a number of passage corridors and opportunities and
therefore turbulence will have less effect on passage.

Turbulence can be guantified by the energy that is dissipated in a unit volume of water, referred
to as the energy dissipation factor (EDF). Bates et al (2003) suggest limitations of EDF in
baffled and roughened culverts based on passage of adult salmon. Those limits are listed
below. There is no data on the subject and there are no EDF limits suggested for other species

or lifs stages.
The EDF is calculated by Equation 7-1 in fishways, culverts, and other channeis.

EDF = il
Vol,
Eguation 7-1

in the equation v (Gamma) is the unit weight of water (62.4 ib/cubic foot), Q is the flow (cubic
foet per second), h is the sum of the potential and kinetic head entering the space ({feet}, and
Vol, is the effective volume in which energy is dissipated (cubic feet). Melric units can be used
iust so they are consistent. This equation can be directly applied to pool and weir fishways
where the volume is the volume of the fishway pool and h is the head differential entering the

ool

For open channels and culveris this equation can be simplified fo!
EDF = VY
Equation 7-2

YV is the velocity (feet per second) and S is the hydraulic slope (feet per Teet),.
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7.3.5.21 Roughened Channel

A roughened channe! is a continuous and immobile channel constructed of 2 well-graded mix of
rock and sediment. The hydraulic design method for fish passage is used to combine channe
dimensions, slope, and bed material to creale depths, velocities, turbulence, and a hydraulic
profile suitable for target species to pass. The channel is rough and/or wide enough that energy
is dissipated in turbulence consistently through the reach.

The design principles described here can be used for channels inside and cutside of culverts. If
built within a culvert it is normally built within a new installation. The use of roughened channels
inside of culverts is therefore an exceptional case since the hydraulic design is normally
appropriate only if other methods are not physically feasible. An example of such a case
providing passage through a replacement culvert into a road-impounded wetland that will be
oreserved. Neither the iow-slope or stream simulation design methods will apply so the
hydraulic option with a roughened channel may be the most preferred solution,

Roughened channels are similar to natural cascade reaches. They can be designed to have
panklines, shallow water margins, and other diversity to provide diverse cpportunities for
passage of aquatic species. A “hybrid” design uses a channe! shape that is similar to the
channel type that would naturally occur at the required project slope though it may not occur in
the project stream.

The similarity can only be approximate since the roughened channel is a rigid, non-aliuvial
design. The bed material is not intended to evolve as a natural channel or a stream simuiation
design. It is a fixed semi-rigid structure. Individual rocks are expected to adjust position but the
larger grain sizes are not expecied 1o scour out of the reach. Bed stability is therefore essential.
Smaller sediments moving across the top of the larger material and depositing temporarily will
probabiy enrich the streambed.

Examples of hybrid-type designs in open channels can be found in Castro (2003), describing

ariificial step-pool and cascade reaches.

if = roughened channel is located downstream of a fixed structure, such as a culvert, it should
he designed carefully. Any degradation to the channe! will result in the culvert countersink or

velocity criteria being exceeded. The roughened channel is most applicable upstream of

culverts fo control channet headcoutting. The stream simulation option gives a much more
conservative design for fish passage than roughened channels and should be Investigated

before roughened channeals.
The following steps are a suggested design procedure for a roughened channel. These steps

are iterative; severa!l trials may have 1o be calculated to determine a final acceptable design.
This procedure is adopted from Bates et al (2003); refer to that document for more details on

each of the steps.
1. Assume a culvert width, A bed width equal 1o the natural channel width is a reasonable
starting assumption.
2. Size the bed material on the basis of unit discharge for an appropriate bed stability
design flow such as the 100-year event (Q100)

Use the bed stability models described in Section 8.2.8.3, Mcbility/Stability analysis
models, and further described by Bates et ai (2003},

Bed stability considerations rather than fish passage velocities usually dominate the
design of the bed material composition so the bed stability analysis should be performed

before verifying the fish passage vslocity.
3. Verify the largest bed particle size is less than one guarter the culvert bed widih.
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If the largest bed material is large relative to the width of the culvert bed, there are few
passage options and the rocks are more likely o bridge from wall-to-wall and create a
drop structure within the culvert. If the largest rocks are too large, increase the culvert
widih to decrease the unit discharge and, in tumn, the relative and absolute particle size.

4. Create a bed material gradation o control porosity.

in order for low flows to remain on the surface of the culvert bed and not infiitrate
through a course, permeable substirate, bed porosity must be controlied in two ways.
First, the design should be well graded to inciude fine material for an initial mix that is
impermeable. This can be achieved by designing the smaller fractions of the bed
material based on the D84 (and/or D100) needed for stability and roughness and on the
Fuller-Thompson relationship described in Section 6.3.3.1, Stream simuiation bed

material.

Second, the bed material should be checked to verify it would continue o trap bed
material that is naturally recruited from the channel upsiream. Smalier grains that control
the porosity in the roughened channel may be washed out of the bed over time. If
material ransported into the roughened channel is too small to be trapped in the voids of
the bed, the bed will become porous. To create an effective filter that will trap bed
material, the U.S. Army Corps of Engineers {1841} method for designing filler blankets
can be used. Essentially, to filter sands and gravels, D16 of the filter (roughened channel
bed) must be less than five times the D84 of the source (natural bedioad).

5. Verify the average velocity and energy dissipation factor (EDF) criteria

The hydrauiic fish passage design is used for the fish passage design. Velocity should at
least meet criteria in Table 7-2. at the high fish passage design flow on the basis of
culvert width and the bed Dy, from gradation in previous steps. If the velocity or EDF
exceed the criteria, increase the cuivert span.

Velocity and depth are commoniy calculated using models that include Darcy-Weisbach
friction factor or the Manning coefficient. Values of these parameters for steep channsis
should be based on bed characteristics rather than textbook estimates. Bathurst (1882,
1985), Ferrc {1999}, and Paggliara and Chiavaccini (2008) present models for
caicuiation of channel roughness in steep channels based on bed malerial size.

Minimum depth reguirements in a roughened channel can be relaxed since the depth
caiculation is not precise and the diversity of the bed provides multiple passage
pathways.

The EDF in a roughened channel can be relatively high because the diversity in a
roughened channel provides many diverse hydraulic conditions and migration pathways.
Bates et al {2003} recommends as mentionad previously thers is little data on the
subject and there are no EDF limits suggested for species or life stages other than adult
salmon. Bates et al (2003) suggest a maximum EDF of 7.0 in roughened channels for

passage of adull saimon.

No depth of flow criterion needs to be applied as long as the diversity of the bed is
comparabie to the size of the target species being designed for. A suggested target is
that the largest particles in the bed be at least as large as the length of the target
species fish,

8. Check culvert capacity for exireme flocd svenis.

This step is not detailed here but is required as it is for any new culvert or retrofit culvert
design that affects the culvert capacity.
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7.3.82.2 Baffies

Baffles are a feature added to a culvert {o increase the hydraulic roughness of the culvert and
thereby reduce the average velocily. A series of baffies works together as roughness elements
rather than as individual hydraulic control structures. The flow over a series of baffles at high
flow Is a streaming pattern. To create streaming flow the baffles have 1o be relatively close
together and short compared to the depth of flow. At low flow, baffles usually perform as weirs,
which requires a different analysis than baffles.

Baffles within the culvert are not a desired solution and are not typically used in the design of
new or replacement culverts. There are several inherent problems with them. Littie is known
about the effectiveness of baffles to provide fish passage conditions, especiaily for juvenile and
weak-swimming fish. Baffles may block these fish by turbulence. The allowabie turbulence
(EDF) in a baffled cuivert is much more limited than in & roughened channel because there is
much less diversity in hydraulic conditions and migration pathways are very limited.

Many culverts currently being addressed for fish passage were originally designed only for
hydraulic capacity. Adding baffles reduces hydraulic capacity. The tendency of baffles fo catch
woody debris exacerbaies the culvert capacity problem and creates an added possibility of a
fish barrier as well as culver plugging and road fill failure.

If a culvert has a siope less than about 2.0%, bedioad transported info it will likely deposit
hetween the baffies and reduce the hydraulic effect and sfficacy of the baffles. A minimum
energy dissipation factor (EDF) can be used 1o assess the susceptibility to deposition. Though

not thoroughly tested Bates (2003) recommends a minimum EDF of 3.0 for gravei-bed streams.
it can be argued that the deposition of bed material then provides hydraulic characteristics for

fish passage. There is very little certainty in that argument though.

The added roughness of baffles raises the hydraulic profile through the culvert and is therefore
more difficult o maich to the profile of the downstream channel

Styles, designs, and a design process for baffles are described further in Appendix C — Baffies
for Hydraulic Designs and by Bates et ai {2003). The design process assumes that baffles are
being installed only in existing culverts as a retrofit measure.

7.3.5.3  Culveri Elevation and Channel backwater _
In the hydraulic method, the culvert elevation is set to satisfy two criteria.

1. Countersink the cuivert inio the streambed so the ficor of the culvert is below the bed
nrofile by a distance of at least 20% of the rige (height) of the culvert and a minimum of
one foot.

2. Setthe culvert so the normal water level within the culvert at the high fish passage
design flow is at or below the backwater elevation in the downsiream channel at that
flow.

in 2 refrofit design, the culvert elevation isn't changed but the downstream channel might be
modified to increase the backwater of the culvert and thereby reduce the velocity through it.

Whether it is a new installation or a retrofit of an existing culvert the culvert is couniersunk into
the channel profile of the low vertical adjustment range defined in Section 3.4, Project profile

design,
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Verify that the normal depth water surface (no drawdown) is at or above the water surface in the
downstreamn channel (tailwater) at the high fish passage design flow. if the water level in the
culvert is higher, the outlet condition might be a velocity and/or drop barrier. This should be
checked at both the profiles of the low and high ends of the vertical adjustment range. The
downstream water surface profile can be determined by either observations of the water surface
at flow evenis near the fish passage design flow, or by calculation of the water surface profile in

a uniform flow condition.

To satisfy these criteria the culvert may have to be lowered or enlarged or the downstream
channel may have to be modified. The downstream backwater may have to be raised and
steepened to an appropriate elevation. Grade controf structures are described in Section 9,
Profile Conirol. Several flerations of calculations and designs may be required 1o esiablish the
culvert slope and roughness to satisfy beth of these criteria.

An exception to these criteria might be necessary for a culvert retrofit project, In that case, a
drop is allowed at the outlet as defined in Table 7-3. The drop is defined as the distance
between the normal depth water level in the culvert and the downstream backwater at the high

fish passage design flow,

7.3.6 Summary of Hydraulic Design Steps

The following list summarizes the steps described above for a fish passage design by the
hydraulic method to achieve elevation, velocity, depth, and turbulence criteria. Several iterations
of some of the steps might be necessary.

1. Complete the biological and hydrologic portions of the hydraulic design. Determine the
target species, timing, swimming abilities, low fish passage design flow (Q.p), and high
fish passage design flow {Qup) hydrology. This analysis might have to be done for
several {arget species.

2. Calculate the average cross-section velocity at the high fish passage design flow and
compare with the design criterion.

3. if the velocity is high, add roughness and/or backwater depth and recalculate. if baffles
have to be used, refer o the steps described in Section C-3.4, Summary of Baffle
Hydraulic Calculations.

4, A velocity greater than the target criteria may have to be accepted if additional
roughness causes cther criteria (turbulence) 1o be exceeded and additional backwater
depth is not feasible. The fina! design in that case shouid be a balance to opfimize both
criteria even if targets are exceeded. Whether this is an acceptable design depends on
how well it satisfies the project oblectives.

5. Calculate the energy dissipation factor at the high fish passage design flow and compare
with the turbulence design criterion.

6. If the turbulence is high, add more backwater depth and/or balance it with the velocity
criterion.

7. Calculate the water depth at the low fish passage design flow and compare with the
depth design criterion,

8. f the depth is low, add roughness, baffle helght, and/or backwater depth and
recalculate.

9. Setthe culvert and/or backwalsr elevation to comply with the countersink criterion and
verify the normal water level in the culvert is no higher than the channel backwater.
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These steps are modified if baffles are included in the design. See Appendix C — Baffies for
Hydraulic Designs.

The design should aiso meet or exceed other applicable local, state, or federal standards for
hydraulic capacity, headwater depth, and other design paramelers.
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§. Alternative Designs

The design approaches described in this guideline are the result of advances in siream crossing
design technology from focused research and evaluation over the past decade. Recognizing
that technigues used in designing stream crossings for aguatic organism passage are rapidly
evolving, the evaluation of alternative design methods will be a necessary component to further
our understanding of this complex issue. However, it must also be recognized thaf Vermont has
hundreds of examples of projects previously “designed” for fish and aguatic organism passage
that have not fulfiled their project objactives, and which will remain passage barriers for
decades until their replacement or retrofit,

i is critical that stream crossing designs for aguatic organism passage incorperale the
principles, concepts, and considerations presented in this guideline document tc be considered
as acceptable alfternatives. Follow-up evaluations on the biclogical, fluvial and structural
performance of these crossings will be important to make further meaningful sdvances in cur
ability to design structures which successfully pass aquatic organisms while minimizing project
Costs.

To meet the objective of aquatic organism passage, the following performance standards should
be met:

e Design the structure io maintain a streambed composition and form throughout the
culvert similar {o and continuous with the adiacent reaches. Tc do this,
o Design and install streambed material and bedforms if not adequately suppiied
and developed naturally,
o Design profile and alignment through structure similar to those of adjacent
stream reaches,
o Design culvert elevation o remain embedded for the iife of the structure and in
consideration of future channel conditions.
« Maintain velocities, turbulence, and depths within the structure similar to those found in
adjacent stream reaches across a range of desired flows.
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9. Profile Control

rofile control structures are artificial structures that control the channel elevation in a forced
profile. They are used outside of the culvert as one possible remedy to a large elevation drop
across the crossing as in Figure 3-8,

The need and general scale of profile controls are defined in Section 3.4, Project profile design.

The general information given here is not adequate for a complete design. U.S. Depariment of
Agriculture Natural Resource Conservation Service (2001), Rosgen (1896}, and Saldi-Caromile
et al (2004) provide detziled descriptions, design considerations and limitations.

Specific structures may or may not be compatible with the premise of stream simuiation
depending on how well they mimic structures found in the natural channel. Artificial profile
control structures are sometimes part of the compromise made to maintain a grade through a
site that is steeper than natural. Biological monitoring may be necessary to determine the
suitability of these constructed features with respect to passage of specific aguatic organisms.

The more rigid @ control structure is and the more uniform in cross-section and hydrauiic
characieristics, the less ceriain that passage is provided for aguatic organisms. If sills are used,
select a design that best preserves natural channel shape and diversity. Boulder and iog weirs
can be designed to imitate natural steps, and are appropriate for stream simulation in step-pooi
channels and channels with forcing features such as colluvium and debris. In other channel
types, the degree to which they permit passage of aquatic organisms will vary. The key isto
design any control structure for maximum variety of passage opportunities.

Do not place any drop structure near the culvert inet. If the energy dissipated below the
structure scours the culvert bed, any streambed within the culvert can be affecied and
potentially washed out of the culverl. Leave enough space for a pool and its tailout o form
downstream of the structure without affecting the culvert iniet. Likewise, profile controls should
not be located near the outlet. 1f the culvert is sized and channel is built as stream simuiation, a
conirol structure should not be closer o the culvert than one channel width, and further if the
crossing constricts the flocdplain. if the culvert and bed are not stream simulation, keep the first
downstream siruciure far enough away so there is room for a scour pool and energy dissipation
at the outiet. A rule of thumb is to keep it at least twenty-five feet away. Use any existing scour
pool as a guide and consider additional energy that will be concenirated at the outlet due 1o

retrofit modifications.,

Be aware that profile controls have the risk of a “domino” failure. A faiiure of one structure or the
downstream channe! can propagate upstream, underming the next control, and cause additional
weir failures. If a culvert upstream depends on the elevation established by the controls, it can
also be at risk of failure. All profile control options have this risk but it is greatest with bouider

weirs,

9.1  Channel rehabilitation

USDA-Forest Service (in press) describes channel rehabilitation as the re-establishment of
structure, grade, and function of the stream with the goal of achieving a self-sustaining channe
that can be stable over the long term. 1t is the most elegant and durable way {o correct a large
elevation drop caused by channel incision, rather than forcing the culvert into an artificially
oversteepened profile. Rehabiiitation might include realigning the channel 10 restore the
meander pattern and channel length. Alternatively, the downcut bed could be built back up o a
orofiie and elevation that provides aceess 1o the culvert.
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Channel rehabiiitation should be considered as an option in any project associated with an
incised channel. The opportunity for channel rehabilitation should be recognized in the pre-
design phase, see Section 3.4.2, Scale of the project.

A project that inciudes restoration of an incised channel can extend a iong distance
downstream, and may be the most expensive option avaliable. lis benefil is that it may have
habitat restoration values that go far beyond passage of aguatic organisms; for example, such a
project can restore in-stream, riparian and floodplain habitais, and channel-floodplain
interactions. Side-channels previously blocked by the existing culvert or roadfill can be
reconnected, it can also reverse bank srosion, and is likely ic be more self-sustaining than other

options.

If channe! degradation has been caused by a change in the watershed’s flow regime, perhaps
due to land use changes, it may not be possibie to rehabilitate the channel to historic,
predisturbance conditions. Instead, design the channel for the current and future hydrologic
regime. There are a number of valuable design references for channel rehabilitation. See
FISRWG (1998) for an introduction to the process of channel rehabilitation. See aiso Douglas et
al {(2003), and Saldi-Caromile et al {Z003) among others.

9.2 Boulder Weirs

Low boulder weirs have been built for many vears as retrofits to backwater perched culveris and
low dams and to control channel grades. Though many of those struciures have deteriorated
and disappearad over time, they can be durable and effective if designed and constructed well.
Their success depends to a large degree on the size and quality of material used, the care and
skill of the eguipment operator, supervision, and equipment used 1o place the rocks.

The diversity of bouiders in a weir create a number of possible passage routes over them. They
have a discrete drop that a fish must swim through.

To create a long-lasting structure, rock should be durable and shaped so that individual rocks
can be keyed together. Specific rocks should be individually selected to fit together; somewhat
angular bouiders and rectangular are much more stable than round ones. Bouiders are
commonly sized based on experience and by observation of the channel; there are no analytical
tools specifically for this purpose. A common rule of thumb is to use rock twice the size of the
largest mobile particles in the channel. Designers can also use references for riprap bank
protection in turbulent flow, such as the U.S. Army Corps of Engineers (1994) or U.S. Dept. of
Transporiation {1689). The USDA Natural Resources Conservation Service (2001} suggesis
that Dsp of the weir rock be equal to what is calculated as stable riprap, and that Dy be twice
that size. Scour depth is also a factor. For 2 one-foot drop, rocks should be founded on footer
rocks, which shouid be embedded about 2.5 feet in gravel and 3.5 Teet in sand beds.

Carefully place individual rocks with eguipment that allows the rock to be rotated for precise
alignment and fitling. In plan view, the welr is shaped like an arch or 3 *V" pointing upstream so
rocks support each other, First, place fooler rocks below the elevation of the final grade o
support the header rocks. Then place header rocks against the footer bouiders and slightly
upsiream of them so that they are supported against them, Fit them against each other
continuing the arch shape, s0 that each boulder bears against its downstream neighbor and
ideally two footer rocks below it. The force of the streamflow and bedload is then transferred
through the weir to the footer rocks and banks.

in cross-section, the weir crest should slope down toward the middle and shouid approximate
the cross-section of the stream. Key end boulders into the banks o bankiull elevation. Place
well-graded seal material with some fines on the upstream side of the control fo Iimit
permeability and leakage through the structure, Bad material that accumulales on the upsiream
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face of the weir provides much of the structural integrity and sealing of bouider weirs. if there is
no continued recruitment of sediment to maintain the weirs, they will become more porous,
allowing them to leak and become vulnerable to failure. See Saidi-Caromile et al (2004) for a

more complete description of rock weirs and other drop structures.

Upstream of a culvert, the V can be offset to one side of the channel, if necessary, 1o Improve
culvert inlet alignynent at bankfull flow.

Boulder weirs carry the risk of “domino” fallure. If one welr in a series failg, the risk of other
failures increases as the added head differential increases the piunging flow, scour, and
hydrostatic forces on the next weir upstream.

9.3 Roughened Channel

Roughened channels are described in Section 7.3.5.2.1, Roughened Channe! as a roughness
feature inside of culverts. The principies described there apply fo roughened channels oulside of
culverts as well as a profile control feature.

94 Chutes

A chute is a short steep reach constructed within a low gradient channel that mimics similar
forms in natural channels. Like a roughened channel, it is designed to be semi-rigid and
permanent. lts similarity to a natural mobile Teature is therefore limited.

They are a combination of & boulder weir and a roughened channel. Think of a chule as a pair
of boulder weirs more or less a channel width apart with a roughened channel between them.
They are constructed of natural cobble and gravel and the downstream face typically stopes 5%
o 10%. They are constructed in a series spaced so energy is dissipated in the poois belween
the chutes and the overall channsi slopes up o about 2.53% and possibiy higher in smaller
sireams.

The weirs support and define each short roughsned channel. They are constructed with a cross-
section V-configuration to concentrate low flow and to provide a diversity of hydrauiic conditions
at all flows. The flow along the margin is shallow at all flows contained within the V and provides
a low-energy passage corridor. The plan view shape is concave with the opening pointing
downstream so flows are concenirated towards the center of the channel creating diverse
hydraulic conditions,

A benefit of chutes compared to roughened channels is that much of the energy s dissipaied in
the scour hole below each chute rather than just by the roughness of the chute itself. The
individual chutes are roughness elements of 2 much larger scale than individual boulders. They
are also valuable because upsiream and downstream migrants only have to negotiate a short

reach ingiead of along coniinuous siope,

9.5 Rigid Weirs

Rigid Weirs are fixed non-deformable structures used fo control the channel profile precisely.
They can be built out of logs, sheet piling, concrete, or other durable materials. A benefit of rigid
weirs is that they can often be buiit at a steeper grade than other steepened channel options,
thus minimizing the project footprint. They can also be built to function well even at very low
fiow.

Uniform rigid weirs often have negative impacts on aquatic habitats of some species. They tend
o create channel structure that is trapezoidal and uniform in cross section. Full channel-
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spanning horizontal structures lack the variety of passageways found in rock structures though
they may simulate embedded wood structures in a natural situation.

Like rock structures, they must be designed and consiructed correctly to prevent failure. Poorly
designed structures commonly fail by scouring sither under or around the end of the struciure.
Rigid structures are more likely to become barriers fo fish passage when downstream scour
accurs than are flexible struclures.

Log sills can be built into the streambed o span the entire channe! and create a series of small
drops 1o raise the downstream watsr surface up to the slevation of a culverl. They are a low-
cost and durable means of fish passage for streams with moderate gradients and channel toe
widihs of less than about 30 feet. They are typically used downsiream of a culvert, but may also
be used upstream. There are a variety of designs; single logs, multiple stackad logs, straight
weirs, angled weirs, V-weirs, and K-dams.

Simple, straight, double-log sills are the most secure and the easiest {o construcl. These require
the least overail channel fength and are the ieast costly of the siyles. They can be placed ic &
maximum grade of 5 percent.

Styles that dip toward the middle of the channe! or angle downsiream tend to create more
shannel complexity and diversity. They are more complicated to build and may have to be built
on a lower gradient. Because of the recommended maximum slope for a series of log sills, itis
difficult 1o steepen a channei with 2 natural slope already greater than about 3 percent.

An advantage of precas! concrete or steel sheet-pile weirs is that they can be manufactured
precisely, resulting in a good seal, with a varied cross-section similar {o the natural channel, and
a crest shape that is specifically designed for fish passage. They can be designed io include
diversity by building variabiiity into the weir crest.

Installations can be custom-designed to fit the needs of the sile; for example, a single pre-cast
concrete unit could include a weir, a siilling basin, and wing walls. Steel-pile weirs can be solid
sheet-piles or H-piles with wood or pre-cast concrete lagging between them.

Congrete highway median barriers and “ecclogy blocks” are not recommend; they commonly fail
when used as weirs unless they are anchored for siabllity, modified o provide a shamp crast and
a deep plunge pool, and are sealed permanently {o prevent ieakage.

10. Final Design

Final design is the completion of the design to make i ready for contracting and construction. i
includes structural and dimensional detalls of the structure, road fill, and channel modifications.
The high flow capacity must be checked. Final design and specifications documents are
prepared and project controls are established. Final design may also include project
sequencing, care of the site and stream, and other special provisions.

Most final design elements are the same for any culvert design. Eiements described here are
only those that affect the design for passage of aqualic organisms.

10.1 Culvert shape, siyle, and material

Cuivert size, elevation and alignment issues have been defined in previous design phases.
Other key design parameters in the final design are culvert shape, style, material, and
thickness. These design elements are more relaled fo site conditions, constructability, designer
preference and cost. Considerations includs
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Commercial availability,

@]

o Structure longevily,
o Hoad elevation,
Sireambed and cuivert construciabilily,

[l

Consiruction time, seguencing, and allowable 'in-water' work period,

0

Scil bearing capacily,

&)

o Site access, and
o Fiood capacity.

Since these are not usually directly related to passage of fish or other aguatic organisms, no
more detall is provided here. Further guidance for selecting the shape, style, and culvert
material is provided by USDA-Forest Service (in press).

10.2 Hydrauiic Capacity

Regardless of the design option used, the high flow capacity of the culvert must be checked to
ensure stability of the culvert and road fill during extreme flow events.

Road fill stability, road overiopping, allowable headwater depth, the likelihood of debris plugging
the culvert, backwater effects, or a combination of these factors might determine the high flow
capacity. in assessing for stability, consider that in forested environments culvert failures
caused by debris plugging are often more frequent than failures due solely to flow capacity.

Probabiiity of failure can be minimized by a variety or combination of ways; adequate fiood and
debris capacity and culveri height, design for overtopping or routing excess flow past the culvert
without jeopardizing the culvert or associated fill, or preventing diversions. Design practices can
heip; minimize and account for uncertainties in hydrologic and hydraulic models with better site-
specific data or betier models.

Design for risk of failure. Once you've designed the instaliation to not fail, consider what the
consequences would be if or when it does fail. Minimize the consequences of failure even if the

probability is low.

Design the high flow capacity for the situalion in which the streambed is al its highest
adjustment profile (see Section 3.4.1, Channel vertical adjusiment range) simultansously with
the high structurai design fiood.

The design of a culvert should consider future peak flows as land uses change. Usually the size
and shape of the culvert, as developed by the design processes described in this manual, will
be adeguate to pass most debris and bed material. A culvert designed by the hydraulic design
method may not have adequate size for debris passage so an afternative design may be more

appropriate.

The standard practice for analysis for flow capacity is to analyze the backwater created by the
culvert and Emit i to some elevation relative to the culvert inlet. Models for this analysis are
mentioned in Section 7.3.5, Hydraulic Criteria; Velocity, Jump Height, Depth, and Turbulence.
Roughness calculations for stream simulation and roughened channels are found in the
references mentioned in Section 6.3.8.3, Mobility/Stability analysis models, and roughness
calculations for baffles are described in Appendix C — Baffies for Hydraulic Designs.

As described in Section 6.3.8, Bed mobility and stability analysis, a stream simulation culvert
should not become pressurized during the high bed stability design flow,
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The design should also meet or exceed other applicable local, state, or federal standards for
hydraulic capacity, headwater depth, and other design parameters. Other standards might
include VTrans Hydraulics Manual, project environmental documents, Virans Structures
Manual, and AASHTO Specifications for Highway Bridges. For example, the VTrans Mydraulics
Manual requires culverts to have flood capacities that vary from a 25-year flood to a 100-year
flood by road class. These criteria may be more or less than what would be prudent for
protection of passage facilities and habitat.

10.3 Design Documentation

Documentation is important for any design to preserve the design process for future reference.
Good documentation should summarize methods, assumptions, data scurces, calculations, and
conclusions.

Good documentation will help reviewers and managers o understand the project and design
process for the purposes of permitting, prioritizing, and funding. Not all details are needed for
every project; depending on the site and design, some sections may not be applicable.

A checkiist for the documentation of design for passage of aquatic organisms is included in
Appendix D. The items listed there will provide full documentation of the site and project data,
design process, calculations, and assumptions. The checkiist is arranged in a logical order from
assessment 1o design.

Designers are encouraged to work with the checkiists or similar tools.
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Appendix A - Glossary

Aggradation: The geologic process by which a streambed is raisaed In elevation by the
deposition of additional material transported from upstream {opposiie of degradation).

Backwater: Stream water, obstrucied by some downstream hydraulic control, is slowed or
stopped from flowing at its normal, open-channe! flow condition.

Baffie: Structures mounted in a series on the ficor and/or wail of a culvert o increase boundary
roughness, thereby reducing the average water velocity and increasing water depth within the
culvert.

Bankfull height and width: The bankfull channel is defined as the water ievel (stage) when
water just begins to overflow into the active floodplain. Bankiull height is the vertical distance
from the thalweg to the bankfull elevation. Determining bankfull width reguires the presence of a
fioodplain or a bench. In cases where these features are absent, bankfull channel is determined
using features that do not depend on a floodplain, such as those used in the description of
ordinary high water,

Bed: The land below the ordinary high water lines of the waters of the state of Vermont. This
definition does not include irrigation ditches, canals, storm water devices or artificial
watercourses, except where they exist in 2 natural watercourse that has been sltered by man.

Bedload: The part of sediment transport that is not in suspension, consisting of coarse material
moving on or near the channel bed surface.

Bed retention sill: Structure placed in the bottom of a culvert to trap and held the bed material
inside the pipe.

Bed roughness: The unevenness of streambed material {i.e. gravel, cobbles) that contributes
resistance to siream fiow. The degree of roughness is commonly expressed using Manning’s
roughness coefficient.

Cascade: A series of small, veriical drops within a channel. They can be natural or man-made.

Debris: Material distributed siong and within a channel or its floodplain either by natural
processes or human influences. This includes gravel, cobble, rubble and boulder-sized
sediments, as well as trees and other organic accumuiation scattered about by either natural
processes or human influences.

Degradation: The removal of streambed materials caused by the erosional force of water flow
that results in 2 lowering of the bed elevation throughout a reach {opposite of aggradation.}

Deposition: The settlement of material onto the channel-bed surface or floodpiain.
Dewater: To remove water from an area.

Dxxx: The size of a particie of which xxx percent (e.g. 84%) of the particles of a mix are smaller.
For example 84% of the pariicles in a specific mix have median dimensions smaller than D84.
The median dimension of 2 particle is commonly used for this analysis.

Energy dissipation factor (EDF): The power dissipated per unit volume of flow in channels
and fishway poois as a criterion for maximurm allowable turbuience.

Entrenchment: The ratio of the channel bankfull width 1o the valley floodprone width.
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Fishway: A system specifically designed for passage of fish over, around or through an
obstruction. Such systems include hydraulic-control devices, special attraction devices,
entrances, collection and transporiation channels, fish ladders, exits, and operation and
maintenance standards.

Fioodprone width: The width of the valley at an elevation twice the bankiull height.
Forced profile: A constructed channel profile that is controlled artificially.

Gradient: The slope of a stream-channel bed or water surface, expressed as a percentage of
the drop in elevation divided by the distance in which the drop is measured.

Headeut: Erosion and lowering of the channel bed, progressing in an upsiream direction,
creating an incised channel. Generally recognized as small, vertical drops or waterfalls, or
abnormally over-steepened channel segments. See nick point.

incision: The resulting change in channe! cross-section from the process of degradation.

Nick point: A steep inflection in a channel profile created by erosion and lowering of the
downstream channs! but where the upstream channel is resistant o srosion or has not vet been
incised. A nick point can be permanent or temporary. See headcul.

Ordinary high water {OHW}: The line on the shore in non-tidal areas established by the
fluctuations of water and indicated by physical characteristics such as a clear, naiural line
impressed on the bank, shelving, changes in the characier of soil, destruction of terrestrial
vegetation, the presence of litter and debris, or other appropriate means that consider the
characieristics of the surrounding area.

Perched: The tendency to develop a falis or cascade at the outfall of a culvert due 1o erosion of
the stream channe! downstream of the drainage struciure.
Reach: A section of a stream having similar physical and biological characteristics.

Rehabilitate (habitat or channei): Return of a degraded stream ecosystem {o a close
approximation of its remaining natural potential, (Shields et al, 2003)

Restore {(habitat or channel}: Return existing habitats to a known past state or to an
approximation of the natural condition by repairing degradation, by removing introduced species
or by reinstatement. (Ausiralia Department of Environment and Heritage, 2003}

Riparian area: The area adjacent to flowing water (e.g., rivers, perennial or intermittent
streams, seeps, or springs) that contains elements of both aquatic and terrestrial ecosysiems,
which mutuaily influence each oiher.

Rise: The maximum, vertical, open dimension of a culvert; equal to the diameter in a round
culvert and the height in a rectangular cuivert.

Scour: The process of removing material from the bed or banks of a channel through the
erosive action of flowing waler.

Shear stress: A measure of the erosive force acting on and parallel fo the flow of water. Itis
axpressed as force per unit area (b/ft2). In a channel, shear stress is created by water flowing
paralle! fo the boundaries of the channel, bank shear is a combined function of the flow
magnitude and duration, as wall as the shape of the bend and channel cross saction.

Slope: Vertical change with respect to horizontal distance within the channetl (see gradient).

Substrate: Mineral and organic material that forms the bed of a stream,
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Thalweg: The longitudinal line connecling the deepest poinis in a stream.

Yertical adjustment range (VAR): The range of channse! profiles the channel might sxperience
during the life of the new project. The initial VAR is established with the assumption thal no
culveri or other artificial conirol is present. If that VAR is not acceptable, & forced profile will be
nacessary to change the VAR,

Weir: A small dam that causes waler 1o back up behind i, with plunging flow over It Weirs are
often noichad io concenirate low-fiow water conditions.
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Appendix B - Vermont High Fish Passage Design Flows

The hydraulic design option {Section 7; Hydraulic Design) requires the determination of high fish
passage design flows to use in conjunction with biological criteria (swim speeds, jump heights,
etc.) to design stream crossing structures capable of passing target species/lifestages at critical
times. The intent of the hydraulic design is that the selected biological criteria will be satisfied at
ail flows between the Jow and high design flows. This appendix describes derivation of models
o estimate high fish passage design flows In VermonL

The primary pericds of concern for spawning movements of fish in Vermont is during the spring
and fall, more specifically ApriifMay and Oclober/November (Table 7-1). For these periods,
April and November represent the higher flows for spring and fall periods, respectively. While
fish movements aiso ocour at other times of the year, the April and November periods reflect the
highest flow conditions when critical spawning fish movements can be anticipated for a given
species. Depending on which species are expected at a site, either or both of the spring and fall
design flows might be applicable.

Methods

The high fish passage flow models were derived from historical fiow data. Monthiy flow
statistics from a subset of USGS gauge siations in Vermont and western New Hampshire were
selected for analysis based upan the following criteria:

» watershed size <50 mi®
s minimum period of record > 10 years
s unregulaied or minimally reguiated waiers

This selaction resuifed in a total of 20 gauge sites, including two from western New Hampshire
{Tabie 1). Drainage area of these streams ranged from 2.09 10 44.3 mi’.

Annual, monthly or spawning period exceedance flows (e.g. 2%, 5%, 10%) are often used to
define high passage design flows for fish passage (Powers and Saunders 2002). The use of
multiple-day exceedance flows provides the additional benefit of developing criteria that account
for both the frequency of flows at which passage is desired and the maximum duration of flows
when fish will be delayed during spawning movements. Fish on spawning migrations will often
continue to attempt to access structures under impassable conditions, expending critical energy
reserves during a physiclogically stressful period. Delays may increase the likelihood of stress,
leaving fish vulnerable to injury, predation and disease and may ultimately reduce spawning
success (Lang et. al. 2004).

A review of various flow thresholds against annual hydrographs of several Vermont sireams
revealed that the 2-day 20% high exceedance fiows for both April and November, when used as
design flow, appears fo provide for unrestricted fish passage for the majority of fish spawning
periods in most years, while generally avoiding significant periods of delay. Annual flows vary
widely, and it should be recognized that flows greater than these design flows may disrupt
spawning movements of fish in some years. Figures 1 and 2 show annual hydrographs for two
Vermont streams where these design flows are exceeded for several days in the spring and fali,
respectively. Additional protection for spawning movements can be applied by using more
conservative flow critera when warranied.

Cuidelines for the Design of Strearm/Road Crossings for Passage of Aqualic Organisms in Vermont
March, 2009 B-1



Regression Anglvsis:

To calculate high passage flow criteria for struciures on ungauged streams, a linear statistical
mode! using readily available measures as independent variables was developed. Least
squares stepwise muliiple regression analysis was conducied to determine the best predictors
of the 2-day 20% exceedance flows for Aprit and November {cubic feel/second/ mi® drainage
area; csm) from among a variety of physical watershed descriptors. The foilowing parameters
were determined to explain the greatest amount of variability in 2-day 20% exceedance flows for
Aprii and November, without exhibiting excessive autocorrelation {maximum Spearman R =

0.433
e Portion of basin that is a lake or pond {(Nov. only}
o Northing (Vermont State Plane Coordinates; VSPC) (April anly)

+ Mean annual precipitation in inches {April and Nov.)

Resulis
The April modsl was highly significant (RPadj= 0.7, Fpyy = 22.7, p<0.0001, RMSE = 3.84 csm),
and takes the formy

April oo = Agsen X (- 41.15 + 0.000038 x Northing + 1.248 x P)

Where:

s April Qa.z is the flow (in cubic feet per second) that has a 20% probability of being
exceeded for 2 consecutive days in April.

e Ag.un IS the area of the basin above the project in square miles.
+ Northing is the distance north in Vermont State Plane Coordinates (VSPC).

s P is mean annual precipitation in inches.

The Nevember model was also highly significant (R® adj = 0.80, Fp+7 = 13.04, p=0.0004, RMSE
= 2.52 csm}, and {akes the form:

Nov Qozo = Agsasin X (13.709 + 0.4555 x P + 3.0855 X fogN {1+ ALues))

Whers:

»  November Qa.ap is the flow (in cubic feet per second) that has a 20% probabiiity of being
exceedad for 2 consecutive days in November.

s Agaen 18 the area of the basin above the project in square miles.
= P is mean annual precipitation in inches.

s Al 18 the portion of the watershed area in lakes and ponds.
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Application

A VDOFW Fisheries Biclogist will determine the target species and appropriate spawning period.
teps to calculate high passage design flows for stream crossing struciures in Vermont streams
are provided for each spawning period:

Spring Spawning High Passage Design Flow Calculation

1. Use the Basin Characteristics feature of the USGS Vermont Streamstals interactive map
Wi fiwater usas, goviosw/sireamsiats/Vermont himi to define:

a. the drainage area above the proposed stream crossing structure (square miles)
b. a northing reading for the structure location (Y-coordinate of centroid)
¢. mean annual precipitation for the walershed {inches)

2. Use values determinad from Steps 1 &, b and ¢, in the April model to determine the April 2-
day 20% exceedance flow. This is the Spring Spawning High Passage Design Fiow.

Example:
Bull Run Brook, Bull Run Road, Northileld

Target Species: Rainbow trout {spring spawner)

1, Drainage area = 7.8 mi©

2 Naorthing = 174858

3. Mean annual precipitation = 43 inches

4 April Qaop = Agacin X (-41.15 + 0.000038 x VSPC Northing + 1.248 x P)

April Qpp0 =7.8 mi® X { -41.15 + 0.000038 x 174859 + 1.248 x 43)
April Qpop = 119 ¢fs

Fall Spawning High Passage Design Flow Calculation:

1. Use the Basin Characieristics feature of the USGS Vermont Streamstats interactive map
hiin:waler.usgs.govioswistreamsiats/Vermont.himi to define:

a. the drainage area above the proposed stream crossing structure (square miles)
b. the percent of basin area that is lakes and ponds (0.000-100.000)
c. mean annual precipitation for the watershed (inches)

2. Use values determined from Steps 1 a, b and ¢, in the November mods! 1o determine the
November 2-day 20% exceedance flow. This is the Fall Spawning High Passage Design Flow.
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Example:
Woodward Brook, Carrie Howe Road, Roxbury

Target Bpecies: Brook trout, {fall spawner)

1. Drainage area = 1.57 mi*
2. Portion of basin area that is lake or pond = 0.0123 (1.23% of basin area)
K3 Mean annual precipiiation = 44.4 inches
Nov Qo0 = Agasin X {~13.709 + 0.4555 x P + 3.0855 x In{1+ Alkes))
Nov Quog = 1.57 X {(-13.708 + 0.4555 x 44 .4 + 3.0855 x In{1+0.0123}}
MNov (g = 11 cfs
References

Lang, M. M. Love and W. Thrush. 2004. Improving stream crossings for fish passage. Final
Report. National Marine Fisheries Service Contract No. b0ABNF800082.

Olson, S.A. Flow frequency characteristics of Vermont Streams. 2002, USGS Water Resources
investigations Report 02-4238.

Powers, P.D. and C. S. Saunders. 2002. Fish passage design flows for ungauged catchmenis in
Washington. /n Design of Road Culverts for fish passage. 2003. Washington Department of Fish

and Wildlife,

Guidelines for the Design of Stream/Road Crossings for Passage of Aguatic Organisms in Varmont
March, 2009 B-4



G- 6007 Yarey
juoues W swsmelun ogenby jo ebessed Jog sBuissols peoyAueans Jo ubiseq eyl 10} sauepIng

8040 64°¢ §6'9 €611 99698 TG 65'CE b§L L5'VL as
6510 ves £5°0Z £9°62 §9°848  0SvF L8bE LD Z6°Ck {znu ogs) veaw
0100 98 g'ee 99°G1 Ge vl 08¥.SZ  2'96 0000 12z PL€9  DDTYBTYO woIBUUMOIE
€010 L £l 86'61 891 6'9€ G80S¥Z 00 8L¥°0 17’8 00-06'v2-€9 00£262v0  ooig ebplg suols
GZE0 gL ee 00'0% zie 58y vezove  ves vre0 Ve v€9  OCLZEZY0 oI Auolg
£62°0 o€l G'9z 86'97 Bz¥ 56y VISBET  97U6 098'9 06'Sh ZE-EZ'0Z-G1 000LBZHO 1eAn) U1
9200 iy 70T £g'0e £L g'6e 165861 1LE 0000 BE'Z viv9 D0ELBEVO Auung
§90°0 as Vil g¥'ee 0v0L £oe Lizpoz gL 0044 08 ¥y V006 G6LZBEYO apeidery
¥90°0 8 €2 0L'zg gLl LGy 9Bl 0L 6810 ve's VI€9  00LZ8ZYO U} 4010 ST
§50°0 g'g pxd) 9¥'91 e 86y 660E6  6'8Y 8100 60'e ¥4-€9  00E08ZV0 G} SRMEYBIN
Z80'0 83l 708 09'9g 09¢ 0'es VEEEE 0004 025°0 9g'g L4€9 00849110 ‘enesg
8010 64 gLl S¥'LT 0531 6EY vL8IG 168 0eke 06'LY 8GYZ  00GBGLLD (M) Hooug Je0
$800 ool z92 8¢'eE L1 zLs Zyees 0001 £0¥°0 82’6 V€3 OOESSLLO PO
9210 Lt A1} L8'€L ovl gy Se8LS vEE 98%'0 zo'o VL€ 00ZSGLL0 SHNOBG
2LT0 ! 8'ce 250y 6 928 vE88ZL 816 1920 08'€Z ¥0-G8  0D0BOSELO aaLBNbNER(
980 gl 9T 6868 Lt 0'5s L6Z8ZL 0001 06¥'0 97’ V-9 0080SLLO 1y
€510 Ly Lol S0'€T £0.L 9'0F vEOLOL 059 6640 05°0E PO-LL'GL0F 00GZYELO s1ohy
9800 0'¢ 181 9y 91 g0y 60BEEL 906 682°0 89’y B6-€9  008LPLLO (HN) 1
£vL0 8y gzl v6'1T 196 gL 150691 £'69 ZiLo 0g'ch G0 0000%LL0 SHeM ouelg 'S
g.L0 6 Syl 1842 GhE Ly ¥OLLLL  0'0CL Z9L0 6.8 v00Z-85 00865110 Youesg ebueip 3
9E0 $'9 61 Sgvy g’ 0y 161022 186 §£0°0 x4 P06 OSLGELLO 0ug adod
8800 z§ 061 8947 522 g4y 9Li0Zz 0w 1920 €18 V469 008VELLO Ay
{wis2) wsa wsa {wisa) (si0)  (seyouy  (adSA} 0021 puod eI piosey  § S9SN 19ATY
204 {sp2} 284 4wy podakeg dioesd  Buiyuon  eAogE % U0 aWet Y,  ebeueig
VAR BN
Aepy ADH HrARRT peiaie
juadly UEHLE

"ease sbeulRID JO 8|lw alenbs/puonas) 189 SIGND = LUSD

"PUODES/ 188} DIGND = §J0 [B0UBIINCBI 188K 7 MOy MO| ABD-/ = 21D/ |MOJ) B0USLINDB JBaA 7 = 08U JA-Z [SUOHEIASIGHY
(sisAjeue payusiiqndun $OHSM pue ‘Z0OZ ‘U0SIO Woy pajealsal) suone)s abne §Og O 198gNs Woly SaUSHEIS ABWNG ') Sige |



9-d 6007 arelN
ouLsa W swsiuelfio onenby jo abessed J0) sBUISSOID pROYALIRENS J0 uBISD BY 40 SBW|eDInD

v o ac AL o e @ NI & oA S B
o uo S I T %ﬁ %

- 00&

|
§
%
E
§
|
E
§
§
E
|
%
§
Ev

oot s T

0o

009

(jermoeE) %07 ABD-? ACN s {feryoe) 9407 ABD-Z 1HOY s MOY ABBD PBE |, e (1BNI0E) S0UBINIBE A7 s

- 008

7661 - %o04g sisly

(SOSM 182UN0S) PEEL Hooug stedy 1o} sisewelad Moy peloees pue smoy Ajep ebessae Jo udelBoipAy jenuuy

G001

"L aunfiy

£15



Lg 6007 YR
wouks A U swsiwefin onenby Jo ebessed o) sBUISS0l) pROM/WESNS JO UBISEC] a4} 10} sauUlBRINGD

S oM N 3 A L AN z & e g RN T (RN VIR PR
A ) .Au Mm. A o~ . (q ..n.C o :&\nw &A& \N\VC ..Ov( o . /\ S 4 4 M@ b ..Ov N \nv N ..@ X AV
S & 4@@ o & O IR CIPE S S ETE & 4@@ @GO o g o o pP @ @

e R . s 0
00g
00¥

| B
TR PERRP GQ@ Man.eww
3
2
- Q001
{|BroR) POOOXS %07 ABD-7 AON s (1BM2e) pEEXS 9407 ABP-Z MOV sumems
{(jlemoE) acualnosl -7 MUY ABD COOFT merpmmn
et

CO0Z - 1oAY saysenbneno

{s98n

B0INCS) £00E ey sayosanbnen( sy 4oy seleweied moy pejoses pue smoy Aep sbesene Jo ydelBoipAy enuuy 2 aunbig



Appendix C - Baffles for Hydraulic Designs

This appendix describes styles and design of baffles for the hydraulic design method.

Baffles are a series of features added o a culvert that work together {0 increase the hydraulic
roughness of the culvert and thereby reduce the average velocity. The flow over a series of
baffies at high fiow is a streaming patiern. To create streaming flow the baffies have 1o be
relatively close together and short compared 1o the depth of flow.

Weirs on the other hand are discreet hydraulic elements. The fiow plunges cver each weir and
the energy of each drop is dissipated in the pools between weirs, This is a very different concept
than baffles acting as roughness. Typical baffles act as weirs at low flows and transition to
roughness elements at higher flows. When designed as weirs, fishway design criteria should be
applied. Those criteria are not discussed here but are discussed by Bates (2000).

As deszcribed in Section 7.3.5.2.2, Raffles, bafflas within the culvart are not a desired solution
and are not typically used in the design of new or replacement culverts. Little is known about the
effectiveness of baffles 1o provide fish passage conditions, especially for juvenile and weak-
swimming Tish.

Many cuiverts currently being addressed for fish passage were originally designed only for
hydraulic capacity. Adding baffles reduces hydraulic capacity. The tendency of baffles to catch
woody debris exacerbates the culvert capacity problem and creates an added possibility of a
fish barrier as well as culvert plugging and road fill faiiure.

it is often not possible to satisfy desired design criteria with baffles. Criteria of maximum
velocity, maximum turbulence, sediment deposition, and culvert capacity often confiict with each
other. Project objectives may have fo be balanced to improve fish passage even though criteria
are not entirely satisfied. The designer shouid recognize these conflicts and balance them for
the most prudent and safe design.

C-1 Baffle Design

Baffies are steel, concrete, or wood panels placed vertically and attached 1o the floor and/or
walls of a culvert. They typicaliy are 6-18 inches high depending on culvert siope, desired
velocity reduction, allowable turbulence, and culvert capacity. They can be bolted, wedged, or
welded in piace.

The hydraulic design of baffles for fish passage is a balance between making a culveri oo
srmooth {(excess velocity) and too rough {excess turbulence and/or bedioad deposition).

Culverts with baffles are generally iimited 1o slopes iess than or equal to about 3.5% (Bates,
2003). At higher sicpes, the flow does nol iransition fo streaming flow and is very turbulent,
Stream simulation or fishway weir designs are ulilized for steeper siopes.

A design process is described below. The results Tor different crileria ofien conflict with one
another in which case there may not be a vaiid baffle design. Objectives of the project might not
be satisfied by a hydraulic design solution.

There are no precise hydraulic models for many baffle designs because experiments have been
performed only on a few baffle designs. An analysis of baffles requires considerable engineering
iudgment; a person with expertise and or experience in hydraulic engineering shouid generally
develop designs.

Guidelines for the Design of Strearm/Road Crossings for Passage of Aguatic Organisms in Vermont
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Starting with the biclogical design criteria for the hydraulic design the design of baffles follows
the summary of steps described in Section 7, Hydraulic Design. As addition detail to those steps
the baffle style, dimension, spacing, and insiallation details have {o be determined. There is no
direct solution; any of these steps might be iterative.

C-2 Baffle Styles

Three basic styies of baffle are suggesied; two for round culverts and one for box culverts. They
are shown in Equation C- 1. They are ali designed with the alignment of notches continuousiy
along one wall or in the center rather than alternating back and forth. This allows less resistance
io high flows and an uninterrupted line of fish passage along one or both sides. Thisls
particularly important for weak fish, which would be forced to cross the high velocity zone at
every baffle in an alternating baffie design. Two details of angled baffles are shown for box
cuiverts; the confinuously sloped baffie is generally used for juvenile passage situations and in
culverts six feet wide and less. The intent is to have enough of a slope to the baffle so the upper
corner of the baffle is exposed or only barely submerged at the high fish passage design flow.

Corner baffles are placed on only one side of culvert perpendicular to flow in small culverts or
on both sides for larger culverts. They are infended to provide wall roughness with minimum
potential for blockage by debris.

The notched baffle is similar but for a wider culvert. 1t is two corner baffles with 2 siil betwsen
them to maintain a depth of water at iow flow.

Figure C- 1. Baffle styles.

Baffies instalied in the ares of the culvert inlet contraction may significantly reduce the cuiven
capacity when it is in infet conirol condition during farge floods. The upstream baffle shouid be
placed at ieast one culvert diameter downstream of the inlet and should be high enough to
ensure subcritical flow at the inlet at the high design flow. A modification o the culvert such as a
mitered end or wingwalils may also be required to improve its hydraulic efficiency.

Guidelines for the Design of Siream/Road Crossings for Passages of Aguatic Organisms in Vermont
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C-3 Target Velocity

The culvert hydraulics {velocity, and flood capacity) can be estimated using empirical eguations.
Rajaratnam and Katopodis (1990}, and Rajaratnam et al {1989) studied various combinations of
baffle geometries, heights, spacings, slope and flow in models of circular culverts. Shoemaker
{1956) studied weir baffles in square box culverts. These models can be used for both the fish
passage velocily and culvert capacily analyses.

Rajaratnam and Katopodis developed hydraulic equations for all the styles they tested. Those
squations are rearranged o solve for water depths and simplified here to the form of Equation

-1
0= ") Jes 0

Eguation C- 1

Where C and a are the coefficient and exponent that depend on the baffle configuration and
were determined experimenially. & is the discharge, Yy is the depth of water, g is the
gravitational acceleration, and S, is the non-dimensional slope of the culvert. The equation is
dimensiontess as iong as all units are consistent.

The dimensions and thelr respective coefficients and exponents for Equation C- 1 are shown in
Table C-1. The first column shows the labels of experimenta! baffles provided by the authors;
data for those without Jabels have been exirapolated. The dimensions in the next two columns
show the differences in styles; Z; is the average height of the baffle as shown in Figure C- 2, L
is the spacing between baffies and D is the diameter of the culverl. The limits shown in the table
are the limits of experimental data or valid correlation for the coefficients and exponents.

The weir baffles studied by Rajaratnam and Katopodis were actually horizontal weirs rather than
sloping baffles as shown in Figure C- 2. This is the best information available for predicting the
roughness of baffles fike those recommended in the manual and must be used with sound
judgment. Box culveris were not inciuded in this study. The models presenied below for culvert
capacity with baffies can be used for fish passage analysis in box culveris.

Table C- 1. Baffle hydraulics

Zo L C 8 iimiis
Wis-1 0.15D 0.60 54 243 0.25 y/D<0.8
Wi-2 0.18D 1.2D 6.6 2.82 0.35 ywh<=08
0.15D 2.4D 8.5 3.0
WEB-3 0.10D 0.80 8.6 2.53 0.35 w/D<0.38
WE-4 0100 1.20 9.0 2.38 0.20 v/U<08
0.10D 2.4D g8 2.5

Guidelines for the Design of Stream/Road Crossings for Passage of Aguatic Organisms in Vermont
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To calculate the velocity, rearrange Equation C- 1 o solve for depth of water and divide it by the
cross section flow area between the baffles. The rearranged equation is

r Ve
y = Dé <9
| C\eS, D |
Eguaticn C- 2
By simple geometry and trigonometry the area of flow is
R .
= (0 -sind)

Eguation C- 3

A is the flow area in the cross section, R is the radius of the culvert, and 6 is the angle of the

circular sector that includes the flow area, For this form of the equation 8 is in radians and is
derived by the foliowing equation:

S R-Y )Y

g="2cos” ;( L 3

!\ R

Equation C- 4

Again, 8 is in radians. The geometry is shown in Figure C- 2.

- Water surface

Corner baffle

Figure G- 2. Bafile geomstry nomenciature.
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C-3.1 Turbulence

in order fo maintain & desired velocity, energy is dissipated In turbuience. Excess turbulence is
a barrier to fish passage. The importance of turbulence in fish passage design is described in
Section 7.3.5.2, Culvert and Bed Roughness,

Typical baffles act as welrs at low flows with water plunging over each weir and the energy
dissipated in the pools between them. As flow increases the flow transitions from plunging flow
to streaming flow and the baffles act together as a roughness element. Turbulence is evaluated
for sach of these conditions as well as turbulence required to scour bed material. Too liitle
turbulence at bedload transport flows will cause the bedload o deposit in the culvert and reduce

the effect of the baffles.

¢-3.1.1  Balle Turbulence

There s little research data available to determing the appropriate maximum EDF for fish
passage. Bales (2003} recommended a maximum energy dissipation facter (EDF) of 5.0 foot-
pounds per cubic foot per second (ft-ib/ft*/sec) for passage of aduit salmon st flows up to the
high fish passage design flow. This recommendation is based on observations and recorded
passage of fish through a number of baffled culverts through a range of flows. Additional data is
needed for other species. The allowable EDF would be lower for weaker or smaller fish but
specific design recommendations are not available. A higher EDF is appropriate for situations
with more diverse conditions than a series of simple baffles.

For open channeis and cuiverts EDF can be calculated by:

EDI = y¥§
Equation C- 5

Where: 7 is the unit weight of water (62.4 ib/it™y, V is the average velocity (feet per second) in
the cross section, and S is the hydraulic slope {fest / feet).

For more background on turbulence and this equation, see the discussion of EDF in Section
7.3.5.2, Culvert and Bed Roughness.

$-2.1.2 Bed Material Scour Turbulence

The value of EDF should be greater than 3.0 fi-ib/ft’/sec in a baffled culvert during high flows at
which bed material is moving. Lacking additional bed transport information, a bankfull flow
would be an appropriate flow to use. Lower turbulence causes sediment deposition and/or
debris acoumulations that either make the baffles ineffective or creale a direct fish passage
barrier.

C-3.1.3  Weir Turbulence

For the range of flows in which the fiow plunges, fishway design criteria should be applied. For a
fishway pool, the volume between baffles, the energy dissipation factor (EDF} is calcuiated
using Equation 7-1. The maximum EDF value commoniy used for adult salmon is 4.0 ft-lo/sec/ft’
and for aduit trout 3.0 fi-lb/sec/ft°. Values are not known for other spacies. An unlimited pool
length cannot be used in the calculation since fish have to swim through the entire pool length
and turbulence will be concentrated at the upstream end. For adult fish no more than six fest, or
the spacing between baffles if it is less, should be used to calculate the effective volume.

The flow transitions from plunging (fishway weir) flow at low flow fo streaming {baffie roughness)
fliow at high flow. Rajaratnam et al {1988) described the flow at which the transition occurs as

Guidetines for the Design of Stream/Road Crossings for Passage of Aguatic Organisms in Vermont
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This work assumes the weirs have level crests, which is not the case for corner or noich bafiles
deseribed here. An sverage weir height might be used for the analysis.

Bates {2000} discusses additionai fishway criteria, which normally don't apply to culverts.

C-3.2 Water Depth

The criterion for minimum water depth should be applied as the depth of water over the floor of
a culvert, When baffies are used it can also be used as a guide as a minimum depth over the
batfles which at low flow they will act as weirs. It is analyzed at the low fish passage design flow,

There is also a depth consideration at high flows. An intent of the design of baffles is that at the
high fish passage design flow the water level is just at the top corner of the baffle as is shown in
Figure C- 2. That theoretically maintains a low-turbulence passage corrider along the edge of
the cuivert with the shaliow baffie overfiow.

£-3.3 Hydraulic Capacity
The point of installing baffles is to increase the roughness, which wiil usually decrease the high
flow capacity of the culvert. See Section 9.2, Hydraulic Capacily.

The equations derived from Equation C- 1 that were used to calculate the velocities for fish
passage can also be used to analyze the effect of the baffles on cuivert capacity. Equation C- 1
is based on hydraulic studies that only considered relative depths up to 80% of the culvert
diameter however,

The culvert capacity can be calculated by applying a roughness coefficient derived from
Equation C- 1 in a standard culvert backwater analysis. The steps are listed in Section C-3.4,

Summary of Baffle Hydraulic Calculations.

An alternative analysis is described by Bates et ai (2003). Shoemaker {1858) studied the effect
of weir baffles on the hydraulic capacity of square box culverts. Shoemaker used the Darcy-
Weisbach friction as a hypothetical model to calculate culvert capacities directly.

Friction factors for short baffle spacings shouid be used cautiously. As would be expecied, as
the baffle spacing approaches zero, the baffle roughness actually decreases and the effective
cross sectional area of the culvert becomes the area of the culvert remaining above the baffies.
Shoemaker, in his calculation of velocity head, used the gross culvert area.

if the calculated capacity with baffles is not sufficient, the spacing and/or height of the baffles
should be modified. The baffles just near the cuivert inlet might be modified for additiona
capacity. These changes obviously affect the success of passage of fish.

The design should also meet or exceed other appiicable local, state, or federal standards for
hydraulic capacity, headwater depth, and other design parameiers.

C-3.4 Summary of Baffle Hydraulic Calculations

The baffle design process in application is often not linear. A number of criteria and fests are {o
be complied with simultanecusly but can often not &ll be achieved. The following steps
summarired from the discussion above and are sasiest calculaied on a spreadsheet io test
sensitivities and optimize the design. These steps assume the decision has already been made
to design baffles. To do a good hydraulic and flood capacity analysis you shouid be familiar with
the soures and limits of the maodels, understand the implications of full-pipe flow, and
differentiate between inlet and outlel control.

Guidelines for the Design of Stream/Road Crossings for Passage of Aguatic Organisms in Vermont
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1. Compilete the initial hydraulic design as described in Steps 1 and 2 in Sectlion 7.3.6,
Summary of Hydraulic Design Steps. This task is no different than other hydraulic
designs.

2. If the hydraulic criteria are not satisfied by other means, begin the bafile design. Selsct
an initial baffle geometry; culvert diameter (D) and slope (Sg), calculate baffle height (Z in
Figure C- 2), baffle spacing (L) and the vertical drop belween bafiles (h).

3. Calculate the water depth at the high cassage design flows (Qup). Assume the flow is
streaming across the baffles and the baffles are functioning as large roughness
glements. With this assumption, Eguation C- 1 can be applied for determining water
depths and velocity.

a. Verify the design geometry is within the range of data in Table C- 1 and select
appropriate values for "a” and "C” from the table directly or by interpolation.
Check to see that you are using the equation within its limits.

b, Calculate the water depth (Y.} for the selecied baffle arrangements using
Equation C- 1 at the Qe flows.

4, Modify the height of the baffle so the top comer is near the water surface at the high
passage design flow. Several erations might be necessary.

5. Calculate the baffle hydraulics at the high passage design flows {Qup). Assume the flow
is streaming across the baffles and the haffles are functioning as large roughness
elemenis, With this assumption, Equation C- 1 can be applied for determining water
depths and velocity.

a. Repeat steps 3a and 3b with the modified bafile geometry.

b. Calcuiate the wetted area (A) and average velocity for each Qup using the
geometric relationships in Eguation C- 3, Equation C- 4, and Figure C- 1. The
wetlted area is the area between the baffles.

. Calculate the average cross-sectional velocily using the area and Que
d. Calculate the Energy Dissipation Factor (EDF) using Equation C- 5.

e. Compare the calculaied water velocities 1o the velocity and EDF criteria for each
design fish. If the velocities or turbulence are high return to siep 2 and {ry another
baffle geometry with tighter baffle spacing and/or taller baffles.

It may not be possible to satisfy the velocity and turbulence criteria as weli as the
baffie height guidance simuitanecusly. Velocity and turbuience levels greater
than the target criteria may have to be accepted if additional roughness causes
other criterig (2.9. culvert capacily) 1o be exceeded. The final design in that case
should be a balance to optimize hydraulic criteria and the baffle height even if
targels are exceaded. Whether this is an accepiable design depends on how well
it satisfies the project objectives...

8. Caiculate turbulence at a flow that the natural bed upsiream is mobilized and compare i
with the minimum turbuience criterion to ensure that bed material is scoured from
between the baffles. An acceptable level of turbulence is usually generated if the drop at
each baffle is 0.2 foot or more,

7. Verify the minimum water depth criterion is satisfied at the Q. Tlow,

a. Assume The fiow is plunging over the baffles and the baffles are funclioning as
welrs at low passage design flows.

Guidelines for the Design of Stream/Road Crossings for Passage of Aquatic Organisms in Vermont
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b, Use 3 sharp crested weir equation (Vee-weir with submergence) Lo calculate
the depth of flow gver the baffles at Q.

¢, Calculate the minimumn water depth (Y.} between each baffle and compare it
to the depth criterion for each design fish. If there is insufficient depth at Qip,
modify the fow point of the baffie (Z,in Figure C- 2} to increase the depth at the
next baffle upstream and recalculate from Step 5.

If this fails to increase depth sufficiently, return o step 2 and select a bafile
arrangement with smalier baffle spacing and/or taller baffies.

8. Review the water level ai the high passage design flow and make sure it maiches the
elevation of the backwater frormn downsiream. See Section 7.3.5.3, Culver! Elevation and
Channe! Backwaler.

Assuming this is a retrofit design, the culvert elevation and slope can't be changed so i
the water surfaces don't match, the roughness will have o be modified or the
downstream channel elevation changed.

9. Verify the flood capacity is adequate.

a. Select a structural design flow and acceptablie headwater depth. See Section 9.2,
Hydraulic Capagity.

b, Caiculate the flow at which the relative depth is 80% (Y, is 80% of D} using
Equation C- 1.

c. Calculate the roughness coefficient based on that condition using Manning's
cquation.

d. Run a standard culvert backwater analysis using the roughness coefficient and
the high structural design flow.

e. Compare the headwater created to the acceptable headwater depth.

C-3.5 Baffle instaliation

Baffles in concrete culverts can be made of wood timbers, steel plate or precast concrele. Beni
steel plates work well with one leg bolted to the floor and peinting downstream.

Expansion ring anchors work well for installing baffles in existing round pipes. They can be
instalied without diverting flow from the work area. The rings are expanded out against the
entire pipe circumference. Threaded rods are rolled to the shape of the culvert interior and are
attached 1o an anchor plate. The rod and anchor plate are attached to the culvert by expanding
the rod into the recess of a corrugation. This is done by tightening a nut on one end of the rod
against a sleeve aflached to the other end of the rod. Once the rod and anchor plate are
securad, the baffle is boited fo the anchor plate. This system also works in smooth culveris. A
sat of shear bolts must first be anchored to the culvert wall; the expansion ring is then installed
against the upstream side of the shear bolts.

Generally, 3/16" steel is adequate for baffles though 1/4" plate can be used as a conservative

design for long baffie life especially in areas with corrosive water or high bed load movement.
Gussets should be added to stiffen and strengthen baffles when the baffles are greater than

ning inches deep.
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Appendix D - Culvert Design Data Forms

Design daia forms are provided to summarize the design process of a culvert using any of the
three design methods described in this guideline.
Mot all sections will apply to any culvert; so chose the sections relevant to your culvert design

process. There are two separate forms; one applies to culverts designed under the stream
simulation option and the second applies to culverts designed under the hydraulic or low slope

options.

Guidelines for the Design of Stream/Road Crossings for Passage of Aguatic Organisms in Vermont
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Stream Simulation Design Data Checklist

This is a guide and summary for design and review of a stream simulation road / stream crossing.
Data is summarized to show design milestones, assumptions, and conclusions. This isn't
nacessarily all of the data required for a design. This isn't necessarily all of the data required for a

complete design.

A plan view sketch and a long profile should be attached to this design data form. See the design
guide for background for all data and details recommended on skeichss.

Describe any additional dstalls necessary for the design on additional shests.

Project

Project name and 1D

Stream

Road, iocation

Lat/ Long (d/m/s)

I Team members

Date

Brief description of project

Project type {new, retrofit, replacement)

Does final design satisfy siream simulation design criteria? Explain deviations and limitations.

¥ I N

Site characteristics (LS)

Is there an existing Culvert{s)? Y I N
Existing culvert perched? Y [N Height of perch
Downstream channel incised? Y /N Depth of incision
Evidence of incision
Y i N

Upstream backwater deposition

Evidence and extent

YT Siream Simulation Design Data Form - 0208
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Project

2 - BASIS OF DESIGN
Proposed Project Profile and Alignment

Proposed new channel within crossing. Slops
Upstream channel within project Stope
Downstream channel within project Slope

Show proposed project profile on a long profile plot.

Channel elevations at ends of proposed culvert:

Froject 1D

Daote

Length
Length
Length

Downstream end

Upstream end

Al iow potential profile

Al high potential profile

At proposed constructed profile

Reference Reach
Description of reference reach
Location of reference reach {e.g.; "150" upsiream from crossing)

Show location of reference reach cn plan view sketch and profile.

Length of reference reach
Reference reach channel types (e.g.; 75% pool-riffie, 25% planse bed}

Key bed features, function, and spacing (debris, steps, bends, elc)

Bed mobilitly and how it was delermined

Key bank features and frequency

YT Straam Simulation Design Datg Form - 02/08
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3 - BASIS OF DESIGN

Reference reach cross sections

Cross section labels

Locations
Bankfull width
Bankfull depth

Floodprone width

Depth to high water mark

Reference reach slope Average Range

Reference reach bed materiat

FParticle size
{inches or mm)}

How was pariicle size delermined?

D95
D84
050
2186
D5

Fines

Reference reach key features

Size Permanence,
{inches or | Function Spading dh mobiiity,
mim) : condition
Debris and
ilve wood
Colluvium
Bedrock
Sieps,
clusters

Function: Profile conirol, Roughness, Confinement, Bank siability

VT Stream Simulation Daesign Data Form - 02/08 Page 3/5
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Project 1D
Dats
4 - DESIGN
Mobitity / stability analysis
Design flows
Return period Flow How was flow estimated?
Design Flows {years) {cfs)

Floodplain contraction

Stability of key features

Fiood capacity

Headwater depth

Siream simulation bed material

Particie size How was particle size determined?
{inches or mm) {what model, observations)
D85
D84
D50
D18
D5

Additional features if included in the design

Particle size
{inches or mm)

Frequency, spacing How identified, designed

Bands

Banklines

Key features

VT Stream Simuation Design Data Form - G2/08 Pagedii




Froject 1D

Project
Date
5 - DESIGN
High flow hydraulics
. Fough- Water surface
T .
Eveni i?;; é?;iiaéler: ness elavation HW depth
: in) upstream (HWiculvert rise)
g2
025
0100
Describe methods and sources of data high flow hydraulic calculations.
Road and Alignment
Height of fill on upstream face: fi,
Proposed culvert skew {paraliel is 0 degrees)
Culveri to channel degrees Road to culvert degrees

Proposed alignment, transition changes

Describe permanent benchmark and elevation

Other special considerations, recommendations

VT Stream Simuiation Design Data Form - 02/08 Page 5/5



Vermont Fish Passage Design Data Checklist
Hydraulic and Low-Slope Designs

This is a summary for design and review of a road / stream crossing using the Hydraulic or Low-
Siope design methods for fish passage at cuiverts. Data Is summarized 1o show design
milestones, assumptions, and conclusions. This isn'l necessarily all of the data required for s
complete design. All parts of the data data sheet are normally needed for a Hydraulic Design.
Those marked with "(L3)" are normally needed for 2 Low-Slope Design.

A plan view sketch and a long profile shouid be atiached fo this design data form. See the design
guide for background for ail dala and details recommended on skelches.

Describe any additional details nacessary for the design on additional shests.

Prolect s)
Project name and 1D

Siream

Road, iocation
Lat/ Long {dim/s)
ID Team members

Date

Brief description of project

Project type {new, relrofit, replacement)

Design methed: (hydraudic or low-slope)

Does this design satisfy design method criteria? If not, explain deviations and limitations.

Y / N

Site characteristics (LS)

Is there an existing Culvert{s)? Y /N
Existing culvert perched? Y [N Height of perch
Downstream channel incised? Yo/ N Dapth of incision

Evidence of incision

Upstream backwater deposition Y /N

Evidence and exient

W Hydraulic / Low-Sicpe Design Data Form - 02/08 Page 1/4



¢ Project

Target Species

Z - BASIS OF DESI

Project 1D

Dt

hHydraulic criteria
. . Movement
Shecies Age class | Fish length seasons Swimn
P (Juv, Adutty (i) | Swim |win deptn
{months) | Bpee {
mode {ff)
{fps)
Describe data sources
Hydrology
Walershed characteristics (LS)
Area sg miles Mean slevation ft above sea level

Mean annua! precipitation
Other hydrologic or flow characteristics (hydrolegic province, area of lakes, northing, etc.) (L3}

inches

Standard
Peoak design flows | Derived flow error Design flow
{LS) {cfs) (%) (cfg)
2 - yrevent
25 - yr avent
100 - vr event
Fish passage design flows
_ High design Q7L
Species Age ciass flow
{cfs)
{cfs)

Describe how hydrology was caloulated and any assumptions {e.g. fulure conditions) made. (L5)

VT Hydraulic / Low-Slope Design Data Form - 02/08



Froject

Project 1D
Date
3 - DESIGN
Channel 1s)
Downstream Upsiream
Average slope % %
Average bankfull width fit f

Bed Elevation - low potential profile

Bed Elavation - high potential profile

Description of channel

Channel roughness (n)

Bed Flevation - project profile

Elevation of downstream conirol

How is profile confrolled?

Culvert Description s)
Dimensions, Elevations

Existing Culverl

Proposed Cuivert

Span it
Rise fi ft
Upstream Invert Elevation
Downstream Invert Elevalion
Cutvert Length i it
Slope % %

Note: for bottomiess structures, report elevations of tops of footings.
Description of proposed cuivert; Chose one or more in each line

Shape: Round - Arch - Box

Material Corrugated metal - Smooth metal - Concrele

Corrugation dimensions:

Siyile Fuli pipe - Botlomigss

VT Hydrautic / Low-Slope Design Deta Form - D2/08
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Project 1D

Fraject
Date
4 - DESIGN
Fish Passage Hydraulics
Flow Tailwater R;:Ssh“ Velooity Depth EDF Bassability
(cfs) elev (fps) () (ft-ib/seciouts) as;?; 'ty
Vit

{n)

Describe roughness {corrugation dimensions, bed material or roughensd channe! description, baffie

gecometry, sig)

Describe methods and sources of data for fish passage hydraulic calculations.

High flow hydraulics ws)
. Rough- Water surface | Headwater
Flow Tailwater )
Event . ness elevation {HW/culvert
{cfs) elevation .
{n} upstream rise)
Q2
Q28
Q160

Describe methods and sources of data high flow hydraulic calculations.

Road and Alignment ws)

Helght of fill on upsiream facs:

Proposed culvert skew (paraliel is 0 degrees)

Culvert to channai

degraes

Proposed allgnment, transition changes

Road io culvert

degrees

Describe permanent benchmark and elevation

VT Hydraulic / Low-Slope Design Dats Form - 02/08
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Appendix E - Instream Construction Periods

Seasonal instream consiruction dates are 1o be followed 1o protect fish spawning activities.
Exceptions may be allowed on a case-by-case basis as determined by VDFW District Fisheries
Biclogists, In general, exceptions may be permitted where the work area can be isolated from
the stream or where there is no possibility of discharge of sediments or contaminants from the
construction area into the water body. The following list details when construction is allowed in
sireams inhabited by the speciss listed:

&

[

L

Rainbow and Steelhead Trout: spring runs July 1-Mar. 31, fall runs July 1-Sept. 30
Brook Trout, Brown Trout, Atlantic and Landlocked Salmon: June 1-Oclober 1
Largemouth and Smallmouth Bass: July 1-May 14

Walleye: June 1-March 31

Northern Pike: May 16-March 14

Other Species: case by case basis for known spawning areas (e.g., lake sturgeon,
rainbow smeit, white sucker)

VDFW District Fish Biologists shouid be contacted early during the planning of projects. Uss the
following map to identify the appropriate office 1o contact,

Guidelines for tha Design of Stream/Road Crossings for Passage of Aguatic Crganiams in Vermont
March, 2009 1
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Springfield, Vermont 05158
Phone Numbers:
802.885.8855

YVermaont Fish and Wiidlife Department - Rutland
271 North Main Sireet, Suile 215
Rutland, Vermont 05701
802.786.0040

Vermoni Fish and Wildlile Department - Roxbury
3802 Roxbury Road
Roxbury, Vermont 05869
802.485.7566

Vermont Fish and Wiidlife Depariment - Essex Jct.

111 West Street
Fesex Jol, Vermont 05452
B02 878.1564

rmont Fish and Wildlife Department - 81 Johnsbury
1229 Portland Sireet, Suite 201
&1, Johnsbury, Vermont 05818-2083
802.751.0100




Appendix F - Existing Regulations
and Recommended Praciices

Regulations:

The importance of aquatic organism passage is recegnized in several state and federal
reguiations and programs. This section is a summary of regulations related to stream crossing
structures in Vermont,

VDFW. District Fish Bioclogists should be contacted early during the planning of projects. iUse the
map in Appendix E — instream Construction Periods to identify the appropriate office to contact.

For current information on Stream Alteration Permit from the Vermoni Department of
Environmential Conservation (DEC), including specific regulations, permit applications, and
Stream Alteration Engineer contacis see!

hitoAwww.anr.siate vi us/dec/waterg/permits/himipm_streamalt.him

U.S. Army Corps of Engineers, Vermont General Permit

{Applicable Structures: All)
General Condition #21. Waterway/Wetland Work and Crossings

(a) All temporary and permanent crossings of waterbodies shall be suitably cuiverted, bridged,
or otherwise designed to withstand and to prevent the restriction of high flows, to maintain
existing low flows, and to not obstruct the movement of aguatic life indigencus to the waterbody
beyond the actual duration of construction.

(b) No activity may substantially disrupt the necessary life-cycle movements of those species of
aguatic life indigenous to the waterbody, including those species that normally migrate through
the area, unless the activity's primary purpose is fo impound water.

{c) To meet the objective of aquatic organism passage in (g) and (b} above, all temporary and
permanent crossings of rivers, streams, brooks, etc. (hereon referred fo as "streams’) shall

meet the following performance standards in order to qualify for Category 1 {refer to Additional
References on Page 18): VT GP 13 December 2007.

3 Design the structure io maintain a streambed composition and form throughout the
culvert similar to and continuous with the adjacent reaches. To do this:

a. Design and install streambed material and bedforms if not adequately supplied and
developed naturally,

b. Design profile and alignment through structure similar to those of adjacent stream
reaches, '

c. Design culvert elevation to remain embedded for the life of the structure and in
consideration of fulure channel conditions.

ii. Maintain velocities, urbulence and depths within the structure similar to those found in
adjacent stream reaches scross a range of desired flows.

Guidslines for the Design of Stream/Road Crossings for Passage of Aquatic Organisms In Vermont
March, 2009 F-1
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V.8.A. Title 10: Conservation and Development

Chapter 111, Fish
(Applicable Structures: All)
§ 4607. Obstructing streams

{a) A person shall not unless authorized by the commissioner, prevent the passing of
fish in a stream or the outlet or inlet of @ natural or artificial pond on a public stream, by
means of a rack, screen, weir or other obstruction, and shall comply with the terms of the
notice provided In subsection (b} of this section.

{b) The commissioner may order such an obstruction removed by the person erecting
the same or by the owner of the land on which it is located, by serving on such person or
owner a writtan nofice requiring the removal of such obstruction within ten days afier
service thereof. When such person fails o remove any such obstruction within the time
regidired in such notice, the commissioner may remove the same and recover the
expense thereof in a civil action on this section. (Added 1981, No, 118, § 1, eff. May @,

1981.)

Vermont Water Quality Standards

(Applicable Structures: All}

Section 1-03. Anti-Degradation Policy"All waters shall be managed in accordance with
these rules to protect, maintain, and improve water guality. Existing uses of waters and
the level of water qualily necessary to protect those existing uses shall be maintainad
and protectad regardless of the water's classification.”

V.8.A. Title 10: Conservation and Development

Chapter 41: Regulation OF Stream Flow
Wil www anr state vi us/des/walerg/permiis/him/om streamerosaing. him

(Applicable Structures: For drainage areas 10m¥ and greater)

§ 1023, Investigation, permit

{a} Upon receipt of an application, the secretary shall cause an investigation of the
proposed changs to be made. Prior 1o making a decision, g written report shall be mads
by the secretary concerning the effect of the proposed change on the watercourse. The
permit shall be granied, subject 1o such conditions determined 1o be warranted, if it

appears that the change:
{1) will not adversely affect the public safety by increasing flood hazards,
and
(2) will not significantly damage fish life or wildlite,

(3} will nol significantly damage the rights of riparian owners, and

Guidelines for the Design of Stream/Road Crossings for Pagsage of Aguatic Qrganisms in Vermont
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(4} in case of any walers designated by the board as outstanding resource waters, will
not adversely affect the values sought to be protected by designation.

Vermont 401 Water Quality Certification of U.S. Army Corps of Engineers, Vermont
General Permit

{Applicable Structures: For drainage areas greater than 1mi}

Section 401{(a)(1} of the Clean Water Act requires applicants to oblain a water quaiity
certification or waiver from the Vermont Agency of Natural Resources, DEC, Water
Quatity Division. For activities in wetlands and waterways listed in Category A of
Appendix A, Definition of Categories of this general permit, the Vermont DEC has
granted WQC subject to obtaining the State permits and approvais listed above, when
applicable, with the exception of stream crossing structures over streams greater than
1mi watershed size at the location of the crossing. In such cases an individual 401
Certification or waiver must be obtained. The State has conditioned this certification so
it is valid only for those activities that fully comply with all terms and conditions of this
general permil.

Y.S.A, Title 10: Conservation and Development
Chapter 151. State and Land Use Development Plans (Act 250}

(Applicable Structures, Projects under Act 250 jurisdiction)

Act 250 Criteria that may address siream-crossing proposais:

{D) Floodways. A permit will be granted whenever it is demonsirated by the applicant
that, in addition o ail other appilicable criteria:

(i} the development or subdivision of lands within a floodway will not restrict or
divert the flow of flood waters, and endanger the health, safety and welfare of the
public or of riparian owners during flooding; and

(i) the development or subdivision of lands within a floodway fringe will not
significantly increase the peak discharge of the river or stream within or
downstream from the area of development and endanger the health, safely, or
welfare of the public or riparian owners during flooding.

(E) Streams. A permit will be granted whenever it is demonstrated by the applicant that,
in addition to all other applicable criteria, the development or subdivision of lands on or
adiacent to the banks of a stream will, whenever feasible, maintain the natural condition
of the siream, and will not endanger the health, safety, or welfare of the public or of
adjoining landowners.

(F) Shorelines. A permit will be granted whenever it is demonstrated by the appiicant
that, in addition to all other criteria, the development or subdivision of shorelines must of
necessity be located on a shoreline in order to fulfiil the purpose of the development or
subdivision, and the development or subdivision will, insofar as possible and reasonable
in Hght of s purpose:

(i) retain the shoreline and the waters in thelr natural condition,

Guidelinas for the Design of Stream/Road Crossings for Passage of Aguatic Organisms in Vermont
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{ii} aliow continued access to the waters and the recreational opportunities
provided by the waters,

{iify retain or provide vegetation which will screen the development or subdivision
from the walers, and

(iv) stabilize the bank from erosion, as necessary, with vegetation cover.

8 (A} Necessary wildlife habitat and endangered species. A permit will not be granted i
is demonstrated by any party opposing the applicant that a development or subdivision
will destroy or significantly imperil necessary wildlife habitat or any endangered species,
and

(i} the economic, social, culiural, recreational, or ather benefit to the public from
the development or subdivision will not outweigh the economic, environmenial, or
recreational loss to the public from the destruction or imperilment of the habitat or
species, of

(i} all feasible and reasonable means of preventing or lessening the destruction,
diminuticn, or imperilment of the habitat or species have not been or will not
continue to be applied, or

(i)} a reasonably acceptable alternative site is owned or controlled by the
applicant which would allow the development or subdivision to fulfill its infended

purpose.

9 {K) Development affecting public investmenis. A permit will be granted for the
development or subdivision of lands adjacent to governmenial and public utility facilities,
services, and lands, including, but not limited to, highways, airports, waste disposal
faciiities, office and maintenance buildings, fire and police stations, universities, schools,
hospitals, prisons, jails, electric generating and transmission facilities, oil and gas pipe
lines, parks, hiking trails and forest and game lands, when it is demonstrated that, in
addition to all other applicable criteria, the development or subdivision will not
unnecessarily or unreasonably endanger the public or quasi-public invesiment in the
facility, service, or lands, or materially jeopardize or interfere with the function, efficiency,
or safety of, or the public's use or enjoyment of or access to the facility, service, or lands.

Guidelines for the Design of Stream/Ruad Crossings for Passage of Acustic Organisms in Vermont
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Recommended Practices:

Natural Resources Conservation Service - Conservation Practice
Standards

Fish Passage Code 396

{Applicable Structures: Projects designed or funded through NRCS)

CRITERIA
Planning and Evailuation

Evaluate sites for variations in stage and discharge, tidal influence, hydraulics, geomorphic
impacts, sediment transport and continuity, and organic debris movement. Dasign passage
features to account for the known range of variation resulting from this evaluation.

Minimize any foreseeable channel plan or profile shifts resulting from the modification or
removal of a passage barrisr.

Plan and locate passage for compatibility with local site conditions and stream geomorphalogy,
o the extent possibie.

Avoid locating fishway entrances and exits in areas that will obstruct function, increase
harassment or predation, or result in excessive operation and maintenance requirements.

Design Reguirements

Design passage to accommodate present and reasonably anticipated changes in watershed
conditions.

Design passage structures according fo known swimming and leaping capabililies of target
species or a similar species with comparable swimming abilities. Utilize hydraulic computations
1o document how designs satisfy the physiological requirements of target organisms.

Design and evaluate passage structures for hydraulic performance and structura! integrity at the
bankfull and 25-year peak flow events {af a minimumy}.

Design passage features to minimize or avoid snergy deficits, physical stress, and harm io
migratory organisms.

Design passage features fo minimize or avoid excessive delays during migration periods.

Provide adequate atiraction flow into a passage faciiity across the full range of discharge during
which target species will move.

Use trashracks on culverts only if required or necessary. Ensure that trashracks are self-
cleaning and/or sasily mainiained.

Select construction materials and methods that are non-toxic, minimize adverse conseguences
t0 aguatic organisms, and are resistant to degradstion.

CONSIDERATIONS

Deveiop or adopt 2 quantitative method to identify and evaluate passage barriers (see
References). information derived from this method can assist planning and budgsting activities.

Guidelines for the Design of Stream/Road Crossings for Passage of Aquatic Organisms in Vermont
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Consgider removing s passage barrier before installing or retrofitting a new facliity or structure.
Complete or partial barrier removal usually provides better passage conditions, and is more
aconomical than designing, constructing, operating, and mainiaining many passage structures.

Culverts or botiomless arches that incorporaie natural streambed substrates throughout thelr
length are preferred over other culvert configurations for passage purposss. Natural
streambeds provide numerous passage and habital bengfils o many life slage requirements for
fish and other aguatic organisms comparad to man-made surfaces.

Design and locate features to improve or provide passage for as many different aguatic species
and age ciasses as possible.

Replacing or removing an existing instream struciure may frigger channel adjustments {e.g.,
aggradation and/or degradation) upsiream and/or downstream of the work site. Install grade
controls or other slope modifications to mitigate adverse physical or ecoiogical consegquences
{see Channel Siabllization - Code 584 and Grade Stabilization Structure — Code 410).

Analyze any potentially negalive interactions, including hybridization, disease, competition, or
predation, between target and aguatic nuisance species when passage is provided above a
barrier. If serious consequences are likely, take sleps o minimize adverse effects.

Where possible, consider the habliat requiremenis of other agualic or terrestrial species that
may be affected by a passage project. Some passage faciliies may improve survival for
terrestrial veriebrates by providing safe migration routes under roadways.

Consider the amount of habitat upstream and downsiream of a barrier o evaluate inio project
feasibility, cost effectiveness, and/or potential for connecling fragmenied habitats. Using a
watershed approach whenever possible provides a framework for project planning.

Guidelines for the Design of Stream/Road Crossings for Passags of Aguatic Organisms in Vermont
March, 2009 F.8



:
3 ot

o



