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Chapter 1 Introduction

The U.S. Army Corps of Engineers (USACE) reissued nationwide stream

crossing permits in 2012, stopping short of requiring that culverts placed in streams must

maintain natural low flow conditions for those streams. However, the general nationwide

adequately designed, it 1’3%5 environmentally better alternative to traditional culverts and
short span bridges. However, such culverts may be less economical or less reliable if not
carefully sited and designed. Thus, it is a useful activity to determine relevant stream
characteristics at stream crossings for better assessment of concerns at potential

bottomless culvert sites. Such characteristics may include local stream morphology,




streambed material characteristics, hydrology, and hydraulics. The Nebraska Department
of Roads (NDOR) and the University of Nebraska-Lincoln are conducting research that
will provide an evaluation tool allowing the NDOR to evaluate conditions to determine

the feasibility of bottomless culverts at proposed stream crossing sites.

One goal of this literature review is to summarize past work that is relevant to the

analysis of bottomless culverts. This literature review fd9 s on the following; (a)
1

1
it
1

stream classification and channel stability, (b) Scoﬁi‘;’ 'roblef‘ﬁééagnd countermeasures, (c)

culvert design and stability and (d) aquati 1 afocus on fish

migration).




Chapter 2 Channel Stability

2.1 Introduction
Annually, a large number of bridges and culverts are installed to traverse streams,

most of which are alluvial streams. The functionality and stability of bridge and culvert

structures depends on the stability of the associated stré: system. A stable stream

channel is one whose bed slope and cross-section allows it toitransport water and
}

erosion. However, several factors can affect t

stability of a stream crossing. Thgs '

i
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nu%égr?us chagp@l characteristics such as bed forms, flow resistance, flow
ig% f??s.
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i . tye .
velocity, and depth can; y influence the stability of stream channels at highway
crossings. River classification can provide insight into potential instability problems
(Lagasse et al. 2012) . River classification, the effects of geomorphic and hydraulic

factors on stream stability, and recommended countermeasures are discussed in this

chapter.




2.2 Stream Classification

Many researchers working with rivers are keen to understand the processes that
influence the behavior and patterns of river systems. The vast differences (including
geomorphology and hydrology) that exist in various river systems under a wide variety of

conditions make this process complex to research (Rosgen,1994). In regards to river

i
more so upon further

systems, Rosgen says,"what initially appears complex i

been developed, but none has been universally'a
N

by Strahler in 1952.Strahler des

£

oggl? d the smallest h@a
i iy

streams. Where two first order stres

Figure 2.1 Stream Order Classification

The Stream Order Classification relates drainage area to stream size. Streams are
placed into classes starting from first order (smallest) up to 12 order(largest) streams.
First and second order streams are formed mostly on steep slopes, with high stream

velocities. First, second, and third order streams are also referred to as headwater streams

4



and are located in the upper reaches of a watershed. Fourth order to sixth order streams
are classified as medium streams. All streams larger than sixth order are classified as
rivers. A vast majority of the streams in the Midwestern region of the United States are
headwater streams (first to third order) that have been modified for agricultural purposes.

Figure 2.2 shows an example of a typical Midwestern stream.

H

%g*;

g

y
United States is the Rosg:
¥

The Rosgen Classification Method set up a river inventory hierarchy that allows

assessment of the river system at various levels. The system is shown in Figure 2.3 and

described in Table 2.1.
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According to (Rosgen 2001) initial assessment is done at all four levels until a
quantitative relationship is established by prediction. Level I and II assessments are done
to establish stratification of the reach by valley and stream type. Whereas Level III

(stream state or condition level), is used to predict the stream stability. Level IV on the

H

it

‘?¢ FLOODRPRONE AREA = we v =
A
Y, x
DOMINANT % BANKFULL STAGE
SLOPE A
RANGE Y Ton B c D oa B

QROSS -~ .
SECTION | -

s
.4".4.“1\ ; ]

-
R
g
BT

[ 7
ALy
IELYF]
. p< 2] ] i Y/ 4 ~ \
T | _,,,gé.(l d A
Figure 2.4 lofi : lcross-sectional and plan views of major stream types

Rosgen used longitudinal profiles inferred from topographic maps to differentiate
streams into slope categories that replicate stream morphology. These stream classes
range from Type Aa+ (very steep) to Type G (gullies) as shown in Figure 2.4 (also see

Figures 2.5-2.11) and as described in Table 2.2.
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The stream properties presented in Table 2.2 are the expected mean values for
each stream class. It is common for some streams not to meet the expected specified
value, especially in the mid-western regions. Ward et al. (2008) mentioned that this is
because few streams in the mid-west were used to develop the Rosgen method. He

further mentioned that the majority of streams in the mid-western region fall between

Types C and E. Type C streams are found in areas of flat plains that have a wide

?%{m
streams that are pl*é)f@ t

i
side channel modlﬁcatlon over time (Lagasse et al. 2012).These gradual or rapid
changes are a result of hydraulic forces exerted on the banks and bed. As a result,
these channels recurrently change shape and position. The geomorphic factors

affecting the stability of streams are given in Figure 2.5.
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STREAM SIZE Small Medium Wide
(Sect 2.3.2) [< 30 m (100 ft.) wide) [30-160 m (100-500 ft.)] [> 150 m (600 ft.)]
o par Ephemeral (Intermittant) Perennial but flashy Perennial
B TR AL Silt-Clay il Sand Gravel Cobble or Boulder
G Low relief vall M te relief
(Sect 23.5) No valley; alwisl s [<30m (100f0)  [30-500 (1061600 ft) Hi relict
deep] deep] [> 300 m (1ooo ft.) deep]
e S=EaD
FLOODPLAINS "‘ ._'\.J
(Sect 2.3.6)
Littl N Wide
(< 2x channel wadth) (2-10 x chanae] width) (> 102 channel width)
NATURAL A < =7 = T )
LEVEES Ll LY _‘-—‘{-_/
(Sect 2.3.7)
Little or none Mainly on concave Well developed on both banks
APPARENT
INCISION m \ﬁ“@‘
(Sect 2.3.8) [~ ] A=A
Not Incised Probably Incised
{Sect 2.3.9] U7 T ey
Alluvial Semi-alluvial Non-alluvial
TREE COVER
%bégébg(g < 50 percent of bankline 50:90 percent of bankline > 90 percent of bankline
(Sect 2.3.10) TN
. Straight Sinuous andering Highly Meandenng
Sinuosity {1-1.05) (1.06-1.25) (1 25-2.0) (>20
BRAIDED TN TSl ST
STREAMS T TN s 2=
(Sect 2.3.11) Not braided loczl!y braided Generally braided
(<3 percent) 35 percent). (> 35 pereent)
ANABRANCHED
STREAMS
VARIABILITY
OF WIDTH AND
DEVELOPMENT
OF BARS
{Sect 2.3.13) ﬂ :
Narrow point bars Wids point bars Irregular point and lateral bars

Figure 2.5 Geom\bi;l‘ﬁhzc Jactors affecting stream stability (adapted from FHWA
1978, (Lagasse et al. 2012))

The potential for scour and lateral erosion is strongly influenced by stream

depth and size. Scour increases with stream depth; whereas lateral erosion increases

with stream size. Stream depth also has a tendency to increase with size. Therefore

scour depth tends to increase with stream size. The width of a stream channel is

commonly measured from bank-to-bank. For equilibrium streams, in a situation

13




where one bank is indefinite, the line of permanent vegetation on the inside of the

bank isused as the best indicator of the bank line.

The stability of both perennial and ephemeral streams depends on the channel
boundaries and bed material. Streambeds are classified as silty-clay, sand, gravel,
cobble, or boulder depending on the dominant size of the bed material. Streambeds
having high sand or sand-silt contents are more susceptib}gggg scour. On the other

igenerally steep with coarse

hand, streams found in hilly or mountainous regions 4

and has the tendency o]

\t the overbanks, the flow

{%t;;,s eams with well-developed

Stability Rating Bank Height Ratio
Stable (low risk of degradation) 1.0-1.05
Moderately unstable 1.06-1.3
Unstable (high risk of degradation) 1.3-15
Highly unstable >15

Figure 2.6 Bank stability rating (Rosgen 2001)

Analysis of the bed and boundary material characteristics, the ability of the

stream flow to mobilize and transport sediment, and the bank and channel vegetation

14




distribution provides important insight about channel stability. The level of instability
is also controlled by the frequency and magnitude of flood events and the resulting
discharge from these flood events. Approximately 90 percent of changes in stream
channels are recorded when the flow equals or exceeds the dominant discharge

(Lagasse et al. 2012).Understanding the particle sizes of the banks and bed material

provide insight to the stability of these channels (the Vlslble appearance of the channel

15



50N are 4@ne to erosion. The rate

£

i

]
M
size, %ﬁk slope, magnitude and

%' £

%
e
5;? saturated and/or undercut conditions.

Composite or stratified banks are composed of materials of various
sizes, have variable permeability, or display variations in cohesion. In
composite banks, an adjacent layer of cohesive materials may protect
the non-cohesive banks. However, this type of bank is prone to erosion

and sliding,

16




The failure type of each of the above conditions are portrayed in Figure 2.8
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2.4 Hydraulic factors affecting stream stability
The geometry of a stream crossing is an important factor for consideration in
the design of a stream crossing structure and in the assessment of potential stream

instability. Consequently, assessments of the factors that differentiate stream flow and

17




channel geometry are important considerations in the design of culvert structures

against scour and stream instability.

As an introduction, hydraulic principles are based on the basic laws of
conservation of mass, energy, and momentum. The equations of continuity, energy,

and momentum are derived from these three laws, respectively. In addition, these

3
%

Q1 = Qy = AV, = 4,1, i 2.1

B

G>_—/
== 1.,
Somtsnad

g% Q= Q, -

AVi=AzV,

. Fighithi2.9 Defilii,

22
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Figure 2.10 Definition sketch forenergy in open channel flow
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3. The momentum equation

XF= ZouthV - Zin pQV 2.3

4. The Manning equation

V =4 R351/2 2.4

. . . . ih . .
where V in mean cross-sectional velocity, A is the area ééfgendlcular to velocity, Q

ggig%

is epth of flow at a cross-

§i is the ﬂgﬁi‘ §d nsity. In addition, R
i

331
k411

section, hy, is the energy head loss, F is forceég
i

i
is the hydraulic radius (area/wetted perlﬁ%§ §gfr), S is the channel sl(@%f% ?nd nis

R
i
Manning's coefficient of channel} roughness, Kggél 2 Ui

iy

»S:ééi%i 5%5 A V
for ST units and 1.486 for Engliih fnlt%fghe above &q atlons are the fundamental

]
ﬁé% %g:

,!'§
equations for estimating flow and d‘%@;h in

§§§§ %3

eﬂ;é; i
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Bed configurations have a significant effect on resistance to the flow, velocity,

depth, and sediment transport. Understanding the bed forms present in a stream
channel is important for estimating the Manning's roughness coefficient. The types of

bed roughness in a sand channel and the effect of bed forms on water surface

elevation are shown in Figure 2.12and Figure 2..
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Wi o gr surface and bed forms
' *ii}%[gh flows could Shlﬁ bed form

4 lffgnsition or plane bed, consequently decreasing

f to one-third. Decreasing flow resistance will result in

abutments and channel banks creating instability.

2.5 Assessment of stream channel stability
Some factors that affect stream channel stability that are of importance to
engineers involved with desi'gning road-stream crossing structures such as culverts

and bridges were discussed earlier. However, the primary task of the engineer is to
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use quantitative assessment methodologies that can differentiate between the various
stability states. Rosgen (2001) mentioned that the stability prediction and validation
method is based on a hierarchical framework developed using field measured
variables to assess:(1) stream state or channel condition variables,(2) vertical stability

( degradation/aggradation),(3) lateral stability, (4) channel patterns,(5) stream profile

and bed features,(6) channel dimension factor, (7) channel scour/deposmon ®)

d

altere @iage (channehzéf n levgge@%ggrai ghtening etc.).Rosgen (2001) mentioned that

1 gsg

these seven’ ci ‘fgxd insights about the characteristic of the stream being

:
£

assessed.

2.5.2 Vertical Stability (Aggradation/Degradation)

The vertical stability of the stream banks is determined from the bank height
and entrenchment ratio measured from the field see Figure 2.6. Bank height ratios
greater than 1.2 are an indication of significant stream bank erosion. In such cases,

the bank height is mostly below the depth of riparian vegetation roots. It is important
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to determine if the stream no longer inundates the adjacent floodplain because of
stream incision (degradation) by calculating the entrenchment ratio. According to
Rosgen (2001), the entrenchment ratio is calculated by determining the flood-prone
width of the channel when the depth is twice the bankfull depth. The entrenchment
ratio is then the ratio of the flood-prone width to the bankfull width. If the

entrenchment area is less than 1.4 the stream is entrenched The deposition of coarse

ik,

a 1§ 1cight and the
§:§§§ ,, Mé’%%‘
'f??‘;- ~§ 239
nel ,degrad tlon either
q g%%
{ffom the downstream' direction.

Al

each, the bank-

Ferenti 1e; sion rate
Uil

niiel|

L §

1irie }@Ee) The%creatlon and migration
T
stablhty of %1 ‘stream channel.

%“I}g, lead to bank failures and steepen

{
site in Mud/ (i %gé‘ eck Mills Cej ‘%rgty, Towa. Figure 2.21 shows bank failures that result
T i ?
from the passag§ et gavkngég )
i
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Figure 2.13 Knickpoint effect on stream stability (4) Steepening of side
slopes,(B) Bank failure, (C) Channel Widening (Courtesy of Clark K
Kephart)

1

,é?

f;z
i 7 ] i ig
Figure 2.22 shows one of a series of k ckpoints Hﬁt has passeci §r‘e gh the

or appearance o ffg ¢ joit grgqad -stream crossing (or a
{ 3 %
i gi;, ?. ; | i
potential site for d'sfiea eason for concern. In the case of fixed-

o

otentlally IRdercut ablitments and piers.
:gigi §F
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Figure 2.14 (A) Knickpoint , (B) Knickpoint mow;z,g; upstream towards
Elderberry bridge, Iowa
TR

2.5.3 Lateral Stability

ent and potential

%§ H
(2001) mentioned that parame érs;qgég;
1

EIINCHI T
. i x%é&i%
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wHi iy
3 th s (.-f;

|
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ﬂ
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w

ggé ion rate multiplied by the bank
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: ipge installation
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stream banlf% rosi

i
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iﬁﬁ o f
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2.5.4 Channel Patterns

Channel pattern analysis may include the calculation of dimensionless ratios
like the ratio of the curvature to bankfull width, sinuosity, arc length, arc angle, and
the meander to width ratio. It is important to use dimensionless ratios since reference

reach geometric data differ if the stream is of a different size, even if the valley and
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stream type of the reference reach is the same. Level IV analysis may also utilize

aerial photo trends and cross-sections showing channel meander migration.

2.5.5 River Profile and Bed Features
The longitudinal profile of the channel can be determined and used to identify
changes in the channel slope as compared to the valley slope (the results are sensitive

to sediment transport and the energy balance). Some pag@}ers that may be of
séini-fg'
S

maximum pool
H %%E%;
ofithe strear%nszdecreases in;

depth to mean channel depth ratio, widenin
Z *%e
3 1Y

increases in slope are all 1nd1cat(§f ofis

$lope and directly

gggi%
I
‘rexplamed that the complete

A change in the bankfull width to mean bankfull depth ratio is a very good

indicator of a departure from reference reach characteristics and also of instability.
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Table 2.3 Width to depth ratio and channel instability

Stability Rating Ratio of W/D Increase
Very stable 1.0
IStable 1.0-1.2
Moderately unstable 1.21-1.4
Unstable > 1.4

Large width to depth ratios are associated with accelerated streambank
erosion, excessive sediment deposition, changes in streamflow, shifts from one stream
type to another (because of channel widening), etc. On the other hand, a decrease in

the width to depth ratio is an indication of channel incisi Ifﬁﬂ“he Level IV analysis

i

32 &m :
the!rea fl The following equations can be

where: T; is the critic lrﬁensionless shear stress, dgq is the median diameter of bed
material, dss, is median diameter of a bar sample, d is mean bankfull depth, S is the
water surface slope at the bankfull stage, D;is the largest diameter of particle on the
bar and y,is the submerged specific weight of sediment. The effects of stream channel

scour on hydraulic structures such as culverts will be discussed in detail in the next

chapter.
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2.5.8 Stream Channel Stability Rating (modified Pfankuch

procedure)

A stability rating can be calculated to evaluate the stability of the upper and
lower banks and the streambed for evidence of aggradation or degradation. Pfankuch
proposed this system in 1975. The system ranks a channel based on the risk of

instability with a higher number meaning greater risk of instability. The Pfankuch

method of rating was modified to take stream type in |

as shown in Figure 2.15.

Stream Type At | A2 | A3 A4 A5 Ab B1 B2 B3 B4 BS B6
XGood (Stable) 38-4313843) 54-90 | 80-95 | 60-95 [50-80 3845 | 3845 | 40-60 | 40.64 | 48-68 | 4080
Fair (Mod.
Unstable) 4447 14447 191-12G]96-132{ 96-142 81-110; 46-58 | 46-58 | 61-78 | 65-84 | 60-88 | 61.78
Poor (Unstable} 48+ | 48+ | 130+ | 133+ | 143+ | 114+ 59+ | 59+« | 79+ | 85+ | 89+ | 79+
Stream Type cl1 ] c2 c3 C4 C5 | C6 D3 D4 D5 D6
IGood (Stable) 38-50138-50 60-85 | 70-90 | 70-90 |60.-85}85-10785-107| 85-107 | 67-98
Fair (Mod.
Unstsnble) 51-61{51-61|86-105|91-110] 91-110 |86-105{108-132/108-132108-132{ 99-125
Poor (Unstable) 62+ | 62+ | 106+ | 111+ | 111+ | 106+ | 133+ | 133+« | 133+ | 126+
Stream Type DA3 | DA4 | DA5 | DAs E3 E4 E5 E6 ]
Good (Stable) 40-63)40-63| 40-63 | 40.63 | 40-63 |50-75] 50-75 | 40-83
Fair (Mod.
Unstable) 64-86(64-86 | 64.86 | 64-86 | 64-86 | 76.96] 76-96 | 64-86
Poor (Unstable) 87+ | 87+ | 87+ | 87+ | 87+ | 97+
Stream Type F1 F2 F3 F4 F5 F6 G3 G4 G5 G6
good (Stable) 60-85160-85)|85-110{85-110|90-115{80-95] 40- -60 | 85-107 [85-107 |90-112{85-107
air {Mod.
Jnstglble) B6-10586-105(111-1251 11-125116-13006-110] 61- -78 {108-120108-120{113-125108-1241

106+ 131+ 111+ 121+ | 121+ | 126+ | 121+
T p i ..
agmg or'reach condition by stream type

%

Wi,
scenarios

mishape and form over a period (stream

i

evolution) angbe used to : imate channel instability. A typical example is shown in

i

gﬁ%sgen 2001).He explained that a C4 stream (a gravel-bed,

meandering channel witﬁ a floodplain)can undergo conversion to a G4 stream (an
incised gully channel type), which can further progress to an F4 stream (an
entrenched, meandering channel), which can undergo further widening to eventually
return to a C4 stream type. Understanding the evolution sequence of a stream is an

important factor in analyzing stream stability.
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g} désigning stream crossing structures to accommodate

geomorphic changes, reduce the potential of failure of stream crossing structures and
minimize effects of the stream crossing on the riparian environment (SHA 2007). A
table of general observations that are useful for understanding an existing or potential

site is provided by SHA (2007) in Table 2.4.
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Table 2.4 Culvert observation criteria (SHA 2007)

General
Feaiures Observafions Indications and Considerations
Aggradation Upstream sadiment Upstreans backwarer may bave causad a reduction in sedimens
upstream of deposition transpost capecity upstream of culvert. May indicate that the culvest
culvert size is inndaquate.
Supprassed Culvert inlet invert below  Culvert should be examined to determine whether the channsl has
culvert tnlag upstreaas chzonel invert.  sggreded within the calvert or whesher the culvert was inteationsily
constructad with its inlet invert below the upstream invest of the
channel,
Debriz on Debris and upstream Culven is incapable of trensporting e supplied debris load. If the
culvert inlet sediment deposits debris bleckage is chronic, then the upstream chamme] may have
responded by sgerading and migrating Iaterally becanse of passis-
tent backvvater effects. Debnis blockage may alse affect rosdway
overtopping fequency, which may canse embankment damage.
Skew of channel Baak srosion, stour holes  Culvert jnlets missligned with fhe flow may cavuse bank erosion,
to tudvert indet arthe inlet, snd scour hole formarion sround wing walls, and redaced fSow comvey-
misaligmmeant of the ance. Reduced conveyancs may lazd to sediment deposition ug-
chzone] and culvert sireany, upstream fooding, and increased frequency of roadway
overtoppiag.
Domnstream Erozioa of bends High velocity Jow exiting the culvest can £ause severe bank ero-
bank erosioa downstream of culvert sion in downstream bands.
outlet
Outlet scour Scour bole with tiffls High velocity flow exiting the culvert can form a Iatge scour hole
pool downsiream composad of  downstream that msy undeymine the culvert outlet.
gjected sediment
Perchad cutlet Step in the low-flow The calvert outlet is considered “perched™ if the putlat invert is ele-
water surfacs profile st vatad with respect 1o the low-flow channal water surface imemedi-
thre cuivert outlet ately downstreamt. Perched outlef conditions are a resuit of

(1) downsfream channe] degradation that has mdzrated upstream to
the culvert ontdet andfor {3} kigh outlet-velocity HSow that has
canzed outlet scour of 3 steeply sloping downstream chanmel. Often,
channat degradation and high outlet-velocity flow combine to cause
lzrge scour holzs and perched outlets. Degradation initisted by
channel dishurbances downstream of the culvent will be indicsted by
degradation of the chznnel well beyord the limits of e aulvest
outlet scour pool. Oa the other hand, scour causad solaly by high
outlet-velocity flow|discharging from the cudvert outlet tends o be
limited to the extent of the scowr hole and the deposited material
eroded from it. On sieep streams, lonz scour holes st outlets can
effecty = degin....

Fish passage may be impaded by a perched culvert outlet.

Suppressed Culvart ouflet invert Culvert mzy bave been constructed with its outlet below the down-
culvert outlet below downstream seam fovert of the chanael. Culvert should be examined to deter-
channel] invest. myine whether the channsl bas aggraded within the culvert or
whether the cuivert invert was intentionally placed below the up-
sream sreambed elsvation. (conrinued)
Table 2.4'(continued)Culvert observation criteria (SHA 2007)
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General

Features Obszervations Indications and Considerations

Sediment deposit  Aggradation downstream  Channel szemadation in the channe] downstresm of the cujvert

downsiream of end deep poal within may cause backwster into the culvert that can reducs ifs capacity

outlet pool culvert to convey Hood ow.

Wide and’or Sediment deposition in Chznnel may have been widened locally to transition inf & wids

multiple-barrel/ ozeof all cudvertbamrels  box or mudtiple-cellbarrel culvert. Expending the channe! width

cell cdvert oz calls m2y bave resulted in deposition in several bamals/cells, reducing
the design capacity of the culvert

Mopdification to Fish laddess, baffles, Varieus stracrures have been used to facilitsts fish passage in

culvert fo lowered inverts, Jow flow  culverts. Strucres and channel modifications may have been

facilitate fish weirs, and other culvert coastructed to raduce or elimfnate the perched condition zt the

passage modifications; cubvert outlet and to increase the low-flew channe! depths in the

constructed riffles, grade
confro] shuctures, and
other channel
mpdifications

culwest,

31




Chapter 3 Scour

3.1 Introduction

Scour is defined as the erosion or removal of stream bed or bank material from

bridge foundations and culvert inlet and outlets due to flowing water. It is the most

common cause of highway bridge and bottomless culverts failures in the United

are more susceptible to scour. Neverthe]ess; he ultimate,

i i

composite soils can be as deep;a§iscour in non- cé)ﬁégs%ﬁf

cf%ﬂ constructed on a spread footing foundation and as a
i
|

ery important to the design of these structures. According
to Kerenyi et al. (2007) ;nd Arneson et al.(2012) many state highway agencies prefer
bottomless culverts to be founded on solid rock formations. The consequences of
failure require that a rigorous method for estimating depth of scour be developed for
all types of soil formations. Scour problems associated with bottomless culverts are
comparable to abutment and contraction scour at bridges and as such can be analyzed

in a similar fashion. Note that stream stability is closely related to scour, and
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understanding both processes is paramount to the proper design and construction of
bottomless culverts. The basic concept and the effect of scour on road-stream crossing
structures and the countermeasures required to remedy issues associated with scour

are discussed in this section.

3.2 Types of scour

3.2.1 Long term degradation

I
eri’tjé" qpply relative

N

1t in upstream sedim

harg

e o
bbb 7

i, i

;,zggforeét tion, urbanization,
[EE! 31

i

3
!

Accordihg&f@Kg %ylet al. (2007),long-term assessment can be conducted
using qualitative andf q%‘aéirlltitative relations and by using computer models such as
HEC-RAS. In addition, the USGS maintains gaging stations at some crossing sites,
with historic records of stream discharge with respect to depth. According to Kerenyi
et al. (2007), a plot of stream depth over time for a particular discharge value can

provide insight into the changes in channel elevation over time. Figure 3.1 is an
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example plot of change in stream bed elevation due to long term degradation using

USGS gaging station data from 1900-1990.
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mbeci iggradation and degradation is incipient motion
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§
gent motion; it he condition established when the hydrodynamic forces

g&ié?%}

acting on a hypothetic

kf

analysis. In

ment particle on the bed of a channel is just enough to
move the particle. The sediment particle will begin to move when the flow induced
shear stress reaches or exceeds a specific critical value. The incipient motion of a
particle is often defined using a standard or modified form of the Shields parameter
(Buffington and Montgomery 1997). The Shields parameter is a dimensionless critical

shear stress defined by the equation:
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— Tci
fa = /(Ps —plgD; 3.1

where 7., is the critical shear stress of incipient motion for grain size D;,p; is the
density of the sediment, p is the fluid density, and g is the gravitational acceleration.
According to Buffington and Montgomery (1997)) the critical shear stress value of the

median grain size particle (., *) is most relevant for high boundary Reynolds number

i ‘varies with crihcal boundary
u;s } '

Thosg = XS0
50 owpi £ Dso

Re* = u*: Dsofv
Fzgu?{iz § 2 Slzteldggf;%tﬁ) curve (Buffington and Montgomery 1997)
siis
fHH ) .
The crltxcaié ou i ggéy'Reynolds number is defined by the equation;
M
Re.* =ulky/v 3.2
1/2
= (%/p)"” 33

where u; is the critical shear velocity, kg is the boundary roughness length scale

(height of roughness element,ks~Ds, ) and v is the kinematic viscosity.
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In addition Buffington and Montgomery (1997), mention that numerous
researchers have acknowledged that incipient motion of a particular grain size is
dependent on a probability function of the turbulent shear stress at the bed and inter-
granular geometry of bed material. It is also affected by grain shape, sorting and
packing of the bed material. Consequently, the resulting modified Shields parameter

was reported as approximately 0.046 for a 50% chance of a particle moving in a
i

(fi15E8

. 2%
turbulent regime flow. Recent research conducted by numerous researchers has

zfggarahan both reported a
; gd%s;
Hil,
critical Shields parameter of 0.045 (w1th0u’g%§c 31dermg itas é";

Ty
Hin i
used. They report a gax%ge of critical’ Shlelds parém
*:ga i %§§ QEE*
! eg Vég’emphaﬁsi

'placed on choosing values based on the

donsideration boundary conditions
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( orm event. Contraction

i :
hanges th‘%g tesult from channel degradation or

, piers, a d foundations (Scholl and Thornton.

i “:e;?sulting fro
i

i }
channel or by tﬁée;‘%esenc of a bridge or culvert. In addition, it will occur where
i

overbank flow is forc di ack into the main channel by a road embankment in close

it

proximity to the bridge (Kerenyi et al. 2007).
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transported into the contracted cross section will be less than that transported out of

the cross-section. The area of the cross-section will increase until the sediment
transported into and out of the section are balanced (Scholl and Thornton, 2008).
Arneson et al. (2012)mentioned that the width of the contraction is normally

constrained, and as a result, the depth will increase until the sediment flow into and
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out of the section are balanced. Arneson et al. (2012)reported the following equation
(after Laursen, 1990) for estimating live-bed scour based on the transport of sediment

upstream and downstream of a long contraction (under uniform flow conditions):

6/7 ks
2 (QZ/ ) (Wl/ W2> (%) 3.4

iding oniin;ofde of bed material transport
Mode of Bed Material Transport
et =21 -066=--——Mestly-contactbed material-discharg e

Some suspended bed material discharge
Mostly suspended bed material discharge

velocity of the bed material based on Dsg (given in Figure 3.6), and S; is the slope of

the energy grade line of the main channel. Units are metric system units.
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the critical veloc&y (\/;9); §e bed material. Similar to live-bed scour, the widths of

stream crossings are uéua;lly constrained. Thus, for clear-water scour the depth will
increase until a limiting condition is met (Arneson et al. 2012). The equation for
estimating clear-water contraction scour is reported in HEC-18 (after Laursen, 1963)
with metric units. In the case of clear-water scour, at equilibrium the average bed
shear stress at the contracted section (7,) is equal to the critical bed shear stress for

incipient motion (z,) i.e;
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3.4

Tp = T¢

Assuming that the flow depth at the contraction is uniform and using the Manning

equation, it can be shown that the average bed shear is given by:

n?y?
£9 3.5

=YY ="

And for fully-developed clear-water contraction scour, the'Shields relation yields:

¢ = Ks(ps — p)gD

%

Finally, 3.7 and 3.8 can be used to solve f@gz ,,

;);v
4

nZQZ
Y= (Ks(ss—nmgv-’

Mig

for quartz), ry% the unit weigh
111y %;‘

N ‘
section and p; ancﬂg gre the

equations 3.6 throughz3.9 are based on several assumptions that limit the applica

of the equations. For example, the use of a constant Shields coefficient requires

the sediment be relatively large.

According to Arneson et al. (2012)experiments conducted in the lab and

with bed materials of sand, gravel, cobbles and boulders suggested that the K

3.6

st non-transportable

éilt of water, V is the average velocity in the contracted

d%n81ty of sediment and water, respectively. Note that

bility

that

field
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required to initiate motion ranges from 0.01 to 0.25 (and is a function of particle size
Froude number and size distribution).Substituting the suggested values of the

parameter into Equation 11 gives:
vz 3
(40D2/3) 3.8

Q2 3/7
y= (4opm2/3w2)

Ys =y — y,= (average scour depth;“
A.,%g\ B

y

i . HHE
té of contraction scour. Using

i
i
. . i
the equations to sequentially reprg

i

Sént mul tratified bed would likely

d to assess initiation of motion, the

ogrgi,bf the bed materials is given by the

LEE

3.11

+=2.65 and n= 0.041D"0 yields:

V. = 6.19y'/6p1/3 3.12
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3.2.3 Local Scour

Local Scour occurs because of obstruction and abrupt changes in the direction
of flow; it is caused mainly by acceleration of the flow and by vortices induced by
bridge piers, abutments, embankments, and other structures that obstruct the flow.
Furthermore, either live-bed or clear-water scour can occur downstream of culverts,

grade-control structures, drop structures, etc. The following factors affect the

pproach flow, (2) the depth of

on of bed material, (5)

gi

ow,(6) the angi ?if approach of the
§§ i%:

5

5;v
Lgratlon 9t éﬁhape of the
Hi

éfdmg to Scholl and Thornton

| ripaximum local abutment

xa“

§§¢
gt the upstreéig

55"
G

P

il
i «”>‘ %
nee condition

embankment skew angle, respectively (see Table 3.2 for values of K;). L' is the length
of active flow obstruction by the embankment.Fr is the Froude number of the

approaching stream. Equation 3.15 is applicable for clear-water local scour.
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Table 3.2 Values of K, for different abutment shapes

Table 7.1. Abutment Shape Coefficients.
Description K,
Vertical-wall abutment 1.00
Vertical-wall abutment with wing walls 0.82
Spill-through abutment . 0.55
i
..____..)
0
¥
4
Figure 3.7 Orientation of Embankmg;iftg ;ié 2.0, to the flow

The local scour at the culvert outlet is glven {éihe equatlon.« i
Vs

i (,1/3 8 ;~ i 3.16

'l
gviation, '

i

SH

T
usually t=3 6m1nutes except when
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Table 3.3 Coefficient for culvert scour equation

Table 5-1. Coefficients for Culver Outlet Scour - Cohesionless Materials

da B 8
Depth, hs 2.27 0.39 0.06
Width, W 6.94 0.53 008
Length, Ls 17.10 0.47 0.10
Volume, Vs 127.08 1.24 0.18

Table 5-3. Coefficients (Cx) for Qutlets above the Bed*”

*Ha Depth Width Length Volume
0 1.00 1.00 1.00 1.00
1 1.22 1.51 0.73 1.28
2 1.26 1.54 0.73 1.47
4 1.34 1.66 0.73 1.55

*Height above bed in pipe diameters ~Coefficient derived for sand bed matérials

Table 5-4. Coefficients (Cs) for Culvert Slope
Slope% | Depth Width Length Volume
1.00 1.00 1.00 1.00
1.03 1.28 117 1.30
1.08 1.28 1.17 1.30
7 1.12 1.28 117 1.30

s §i§\
ess culvertsiat stream crossings is that

ed are much more susceptible to

I§S greatest at the upstream entrance

h e )
parallel, the locaft?@s where the walls of each culvert meet will behave like bridge

piers and must be dgsr eci for total scour, including degradation. Two phases of
laboratory studies sponsored by FHWA ((Kerenyi et al. 2007; Kerenyi et al. 2003;
Kerenyi et al. 2003)concluded that scour in bottomless culverts is a combination of
contraction scour (due to the primary flow) and abutment scour caused by strong

turbulence and local vortices (due to secondary flow; the vortices occur in the

separation zone) as depicted in Figure 3.8.
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Figure 3.10 Definition sketch after scour (unsubmerged flow)
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theoretical bed for
contractlon scour
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i1 0.26
Ymax = Kqu'I28 (ﬁﬁ') 3.16

Vs = Ymax — Yo 3.17

Where ¥4 is the flow depth at culvert entrance corner including contraction and

local scour, Q is the discharge, Qp is the discharge blocked by the road embankment

48




on one side of culvert, W is culvert width, y,is scour at the culvert entrance, Yo is the

flow depth before scour, and K, = 0.84 (English) or K, = 1.16 (metric).

When wing wells were not used at the entrance of the culvert, the maximum

scour depth was given by:

012 0 0.60
Ymax = By Upj ('VZDST((E) . 3.18

Ys = Ymax — Yo 3.19

RiH
i

across mostgé)%ﬁ %g of the c}f
‘%z:%

7
zﬁ

gé,

Japthe

] i
H

a channel instability problem Despite the fact that it possible to predict occurrence of

w
s
e

5‘”

scour at a given location, it is highly possible to be in error when estimating the
magnitude and exact location. As a result, Lagasse et al. (2001)suggest that it is often
advisable to "wait and see" until the magnitude and location is obvious before
implementing a counter measure, this being the best economic approach. Scholl and

Thornton (2008) reported that Lagasse together with other researchers (2007) further
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suggested using a factor of safety that was higher than the minimum of 1.5 (used at
design stage) around the abutments and piers to provide for the complex hydraulic

conditions associated with scour.

Wingwalls and riprap are traditional countermeasures that are widely used in
many culverts (including bottomless culverts) as countermeasures. However, other

options include: articulated concrete block (ACB), concreg > armor units, gabions,

Sored by FHWA tested several

laboratory conditions. They found that the eqﬁatlpn
ditllin, ) v
scour is valid for bottomless cﬁlzeﬁ T
i i V
wingwall conﬁguratlons on scour—hélg: depich found th “fby changing the angle of
mi i s '

3

ear on. sgcourw hole development
4 R

ult scour“‘dﬁéths could be minimized. An eight-degree
i

r}%

) Q;ld t&p@ wingwall configuration, was tested

i z?’?
%“ 'gémof e difficult to implement in the field.
R

Riprap is the most practical countermeasure technique and is widely used. The
FHWA study found that the equation given below is the most appropriate equation for

estimating appropriate riprap size.

Dso __ 0.38FF%% 038 (Vjc)o'33 314

Yo  SG-1  S6-1\g¥,
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Where y, is the water depth at the culvert entrance before scour occurs, SG is the

specific gravity of the riprap,Dso is the median sediment size, Vac is the average

velocity in the contracted zone prior to scour in the vicinity of the upstream corner of

a culvert, F, is the Froude number in the contraction zone. Validation of Equation

3.20 is shown in Figure 3.11.
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Chapter 4 Culvert Design

4.1 Introduction
Culverts are designed to convey stream flow through road-stream crossings
without causing destructive backwater, extreme flow constriction, or excessive outlet

velocities.

5 ,

zf%;}t shapes and geometries. They can be
il - -

d entirely enclosed, or they may be constructed

ica cross-sectional shapes for closed conduits and

i
i

bottomless culverts a own in Error! Reference source not found.. The selection
of a particular shape is cost dependent. Limitations are based on the roadway profile,
channel characteristics, allowable headwater elevation, flood event, and flood

frequency.
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Box Culvert
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Fi igu}‘e 4.3 Multiple barrel culverts

The most commonly used culvert type in the state of Nebraska is the closed

conduit type. Both circular culverts and box culverts are widely implemented. There
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is some concern about closed conduit culverts because they create a barrier to aquatic
organisms in some cases. The most widely used alternative in Nebraska is the use of
bridges; for small streams this alternative is generally not economical or appropriate
and is typically not hydraulically required (Schall et al. 2012). A second alternative is
the use of bottomless culverts or embedded culverts. The former necessarily has a

much larger opening than the closed conduit and can conduct flow at lower velocities,

and the natural invert solves the problem of passage of’; Ju

Reference source not found. through 4.6). Theili

gnr%und to about

TN B
1 g%f;%é
253

Height

Channel Bottom i

vertical wall supporte a spread footing foundation. Scour around these

foundations is a major cause of failure of this type of culvert structure. The embedded

culvert on the other hand can provide some protection against excessive scour

(WSDOT 2010).
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It is important to note that in order to validate the use of bottomless culverts;
one must understand the design of culverts, the effects of channel characteristics and

stability, and effects of scour and possible countermeasures.

v
W

Culvert @@w analyi 1S is a complex process, as it is common for non-uniform

%;f i

flow to occur, and tﬁg efiz“ f)of flow can change either gradually or rapidly throughout
a reach (Schall et al. 2012). According to Schall et al. (2012), accurate analysis
would include backwater and drawdown calculations, an energy and momentum
balance, and analysis of results derived from modeling. They also mention that

FHWA analyzed culvert designs based on flow control and location of the point of

control. A control is a location where there is a unique relationship between stage and
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discharge — it is generally a location where the flow passes through critical depth.
There are two types of controls - inlet and outlet controls. A common method of
culvert design is based on the use of design charts and nomographs. The following
design criteria are important considerations for culvert design: (a) velocity limitations
—both minimum and maximum, (b) length and slope — which should be similar to site

conditions, (¢) buoyancy protection — the culvert can be anchored using the headwall,

the 100-year flood is used,

, (f) headwater

£ 'i?i §:
limitations, (g) tail water depth, and (h) ﬂ irol inlet an d fg)ﬁtlet

xz;

condition is callegl cor%t s;de th% “culvert barrel is

l &L i |
subcritical the flo control (é ; JS at the outlet of the culvert, this is called

SN R
i i
control is typigz 1] on steep slopes, and the culvert barrel is able to convey

.g %§:gé
Hi
more flow tha %hg inlet cégigpass Inlet control in a culvert can be unsubmerged (

) ji

Figure 4.7B and D). The flow passes

through critical just downstream of the inlet and is supercritical in the culvert barrel.
In case B and D where the outlet is submerged the flow in the barrel will undergo a
hydraulic jump to subcritical. This ensures that inlet control is maintained. Schall et
al. (2012) further explained that submergence of the inlet and outlet will result in

development of sub-atmospheric pressures that might create an unstable condition that
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will cause the barrel to alternate between full flow and partially full flow. In addition,
they mentioned that submergence of the inlet would cause the inlet to behave as an

orifice. The inlet control design can be done using nomographs or using appropriate

equations and design figures.

_ UNSUBMERGED INLET ' SUBMERGED INLET

rances, square edge head wall entrances, groove

beveled entrances (see Figure 4.8 and Figure 4.9).

iances
gg i Hin
Culvert capacity is n i %ffycted by the hydraulic condition downstream of the inlet

TR

control — more specifically, culvert roughness, slope and length of the barrel, and

outlet conditions do not affect capacity because inlet conditions limit the flow (Grand

Junction Municipal Code 2012).
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A) Thin Edge Projecting -- The culvert barret  |(B} Mitered entrance — The culvert barrel is cut so &
W e o e i flush with the embankment siope.

= R

{C} Square edge n headwall - The end of the {D) Groave edge projecting ~ A concrete pipe
cufvert bamel S flush with the culvert section extends beyond the fill of headwall.

Figure 4.8 Typical inlet confi, gura(i?)‘r% (Schill et al. 2012)

of Barrel :
0.083
Hoight \! Z : of Barret |
: Width

i H
1.5: 1 Top Bevel 1.5 : 1 Side Bevel
33.7° Angle , 33.7° Angle

T:1Top Bevel
45° Angle

i

culverts and it is dependent on the inlet conditions. Improving the inlet conditions
can greatly increase the hydraulic efficiency of a culvert. Consequently, good
headwall design can greatly improve the efficiency of the inlet, provide embankment

stability, protect embankments against erosion, and protect the culvert from buoyancy

58




failures. In addition, a good head wall can be used to shorten the length of the

required structure.

Wingwalls are commonly used where the adjacent channel side slopes at the

inlet are unstable, or when the culvert is placed at an angle to the stream alignment

(City of Lincoln 2004). Aprons on the other hand are used at the toe of the headwall

Conraction of Flow _  Minimum Flow

CURVED EDGE
ENTRANCE

SQUARE EDGE
ENTRANCE

_SECTION

nd inlet geometry effects.

n the barrel is either subcritical or pressurized flow and
the critical section is Just downstream of the outlet. In the case of outlet control, the
capacity of the culvert barrel is influenced by the same factors that influence inlet
control but roughness, slope and culvert length, culvert size and shape, and depth at
the outlet also have an influence. Additionally, the culvert can be partially full or full,
and the inlet can be unsubmerged or submerged as shown in Figure 4.11. Barrel

roughness is a measure of the hydraulic resistance provided by the culvert barrel and
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is a function of culvert material type. It is represented by the Manning roughness (n).
When a bottomless culvert is used the composite Manning roughness (n.) given by the

following equation can be used in place of n;

o= e ()

Where G is the number of different materials in the wetted !perlmeter (p;) of the

bottomless culvert system. The wetted perimeter is m ced by each material that

erim and n; is the Manning

X713

?§ .
|
g ntributes to the ~@ boundary In the

OUTLET GONTROL
UNSUBMERGEDINLET SUBMERGEDINLET

Figure 4.11 Outlet Contfol

For outlet control, the full barrel flow condition is analyzed using the energy

balance equation as depicted by Figure 4.12 and given below as:
HW, =TW + H, - LS 4.2

Where
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Hy = H, + Hy + H, + H, 4.15

HW, is the headwater depth above the entrance invert, TW is the depth above the
outlet invert, LS is the drop in elevation of the bed through the culvert, H, is the total
energy required to pass flow through the culvert barrel, H, is the entrance loss, Hy is
the friction losses through the barrel , and H,, is the exit loss. Hy consists of losses

due to the presence of a gate and must be included only wﬁ%g; appropriate. The

§i1
%

éguatlons are applicable only to the

F igur:e 4.12 Full flow ener;éy and I:;d)'at;lfc grade lines (Schall et al. 2012)

4.18

y, K,, is a factor equal
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When the culvert is flowing partly full (Figure 4.11A and C) a backwater
calculation is required. Schall et al. (2012)explain that the backwater calculation can
be avoided using some conditions founded by FHWA. Upon performing a series of
backwater calculations they found that it is possible to start the hydraulic grade line at
a depth of (d; + D)/2 or at the depth of tail water (whichever is greater) above the

outlet invert and then extend a straight HGL line upstream to the culvert inlet using

the friction slope (Sy =

"} Friction Loss
i Exit Loss

Figure 4.13 Outlet control energy and hydraulic grade line
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Chapter 5 Aquatic Organism Passage (AOP)

5.1 Introduction
The survival of aquatic organisms (and other wildlife) and the preservation of
their populations is sometimes dependent on ease of movement of the species along

river and stream corridors. Long, linear ecosystems and undisturbed river and streams

iiz i
:
g%

construction of culverts at road-stream crossmgs caﬁ*%av :

or aggradation, disrupting the continu y,gogfirlvers and i
Him

hH

, iy ~

in stream oritiver fra
’2» s

003), the S y (2001) méﬁtioned that over half of

' and the Bureau of Land Management

mgton wer
“”’?%g
ég}e The moveﬁ}%nt of tﬁi‘ef g orgamsms within rivers and stream corridors is
{
very 1mp01“fé {to the surv1v

M,

populations. Kllgef

sﬁ;

-.m

1(2010) used the simple diagrammatic presentation shown

in Figure 5.1, to explalril'the effect of stream and river fragmentation on aquatic
organism passage and survival. The figure presents the negative effects of culvert
installation sequentially: (a) undisturbed habitat is shown first, with filled in area
representing available salmonid habitat, (b) habitat with ineffective culvert causing
habitat fragmentation is shown by different fill colors, (c) the fragmented system after

a few years is shown with no fill areas representing areas that are inaccessible to the
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salmonids, and (d) finally the fragmented system is shown after a long period of time,

with only a small fraction of the original watershed still available to the salmonids.

© (d) U,
7 §

B

It &it
Wilsezg% e %?&é%@
§ wi through (“5?

o

in fi sh habitats oveér it' e afté 'roadway fragmelggatton

*?f‘u

g‘lgth and preséfx e

sediment traﬁ??(} in the cuiéf
i gg

on fish and othe

LR

of phy‘ 1c§ql barriers such as baffles, debris and large

3
ert barrel. The severity of the effects of culvert conditions

i

2 'E»;i gganism passage has mandated the need for more careful
H i i

culvert design in some states. In order to modify existing culvert designs to

accommodate aquatic organism passage, this chapter identifies flow parameters that

are of importance and the physical capabilities of organisms to overcome barriers of

particular sizes.

64




5.2 Fish Physiology

Extensive knowledge of the capabilities of aquatic organisms has not been
historically required for culvert design. Nevertheless understanding fish physiology
and their ability to swim is useful in the design of culverts for imitation of natural
systems. Kilgore et al. (2010) mentioned after Webb (1975) that fish utilize two

muscle systems for movement : a red muscle system (aer: bic) for low-intensity

actions and a white muscle system (anaerobic) for shpﬁ ut high-intensity actions.

(Kilgore et al. 2010).

The survival of fish speg ié
fé i, g
access to suitable habitat conditios i

(e
adverse condltlon§§§ Thi éﬁ

many Interconneéjtédgmlles oésﬁream corr d

3

1Q§

”E i R,
condltloﬁs such as tempéi{égtyre, flow é éelomty or depth. These movements can be
ki v

i
daily or seas@g;%l, and are &a

i,
movement has beiéfigggq
]

g
EH
r1§5§

§%

nutrients to be carried downstream with the flow and consequently the movement of

organisms upstream can restore balance to upstream reaches.

The survival of many aquatic species is dependent on a balanced ecosystem,

and survival concerns are not limited only to fish species. For example, mussel larvae
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known as glochida can attach to the gills or fins of fish. Fish carry the larvae
throughout watersheds, a process necessary for proper development and spreading of
the species. The inability of fish to reach some parts of a watershed will greatly affect

the viability of these types of organisms (Jackson 2003).

The Nebraska Department of Environmental Quality (1997-2001) conducted a

study including measuring the status of biological integrity; of the state’s streams and

dh

which watersheds have the gre‘%q

5.2.1 Movement
T

Capability 1},
mi?é%z‘
i

o
i

g
prolonged and bursé %%gg;eds.
Rify
' R

Fish moys

é%;jent are given in Table 5.1(Kilgore et

H
oV

§;§
3
i

,~a§§¥7 g;: H ;j;;
Table 5.}551}?{ygcle type argéigg lation to muscle system utilization (adapted from Bell,

HiN 1986 and Powers and Orsborn, 1985)
Mo;_t;g;ent Description Muscle System Period

Sustained Used for long periods of travel at  |Red (purely aerobic) Hours or
low speeds. Normal functions days
without fatigue,

Prolonged Short periods of travel at high Red and White 0.25 to 200
speeds resulting in fatigue minutes

Burst Maximum swimming speed or White (purely anaerobic) [0to 15
jumping, inducing fatigue. seconds

To reach burst speed the fish utilizes the white muscle tissue, which will
require a significant rest period. Persistent use of white muscle will cause extreme

fatigue in fish. Regions of high velocity may exceed the burst swimming capability
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of a particular fish species, preventing passage. On the other hand, long continuous
culverts flowing with moderate velocities may require long swimming durations that

could also be beyond the capabilities of a particular species (Kilgore et al. 2010).

High velocity zones, long culverts and changes in channel level with respect to

culvert geometry may all act as barriers to fish movement. According to Kilgore et al.

capabilities of different fish species, and relative swi

H
§2

and young fishes are given in Figure 5.2 and
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RELATIVE SWIMMING SPEEDS OF ADULT FISH
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Figure 5.2 Relative swimming abilities of adult fish
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depth of 0.8 ft for Adult Trout, Pink and Chum Salmon, and 1.0 ft for Adult Chinook,
Coho, Sockeye or Steelhead, and (c) the Maine Department of Transportation (2004)

suggested a depth of 1.5 times the fish body height.
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Figure 5.4 Proposed minimum water depths for fish passage in Alaska

Table 5.2 adapted from the Washington fish passage manual (Bates et al,

2003) demonstrates the relation between allowable culv gth, flow velocity and

water depth for different fish species using exhaustion and swimming criteria (Kilgore

Kilgore mentioned that Washington State utilizes,
i )

design threshold.
L
i '
Table 5.2 Fish passage design critéria for cil
Rt AR passage mapual) |l
Adult Trout Adult Chinook,
> 6in (150 Aduit Pink or Coho, Sockeye or
mm) Chum Salmon Steelhead
L;ng\e ?ﬂ) Le?\g‘t\éegn) Maximum velocity, ft/s (m/s)
10~ 60 3-18 40(1.2) 5.0(1.5) 6.0 (1.8)
60 - 100 18-30 40(1.2) 4.0(1.2) 5.0 (1.5)
100-200 | 30-61 : 3.0(0:8) e 3.0(0.9) - - 4.0-(1.2)
>200 > 61 2.0(0.8) 2.0(0.6) 3.0(0.9)
Minimum water depth, ft (m)
0.8(0.24) | 0.8 (0.24) l 1.0 (0.30)
Maximum hydrautic drop in fishway, ft (m)
0.8 (0.24) | 0.8 (0.24) I 1.0 (0.30)

5.3 Passage Barrier
Fish passage barriers are conditions in a stream that exceed the capabilities of
the fish to navigate the stream. The barriers that are of greatest concern in the present
research include: high in-stream velocities, excessive turbulence, perched culverts,
debris clogging the culvert barrel, and low flow depths. Any of these barriers may

limit or prevent fish passage or may result in extreme exhaustion in fish before they
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successfully pass the barriers (Kilgore et al. 2010). Table 5.3 provides a template for
categorizing barriers and their potential impacts, while Table 5.4 contains extreme

culvert and stream conditions and the possible barriers that they pose.

Table 5.3 Fish barrier categories and their potential impacts (Kilgore et al. 2010)

Banier Category Definition Potenttial Impacls

Temporal Impassable fo all fish at certain fiow | Delay in movement beyond the
conditions (hased on run tinting and | barder for some period of time
flow conditions)

Partial impassable to some fish species, Exclusion of ceriain species
during part or all ife stages at all during therr life stages from
flows. portions of a watershed

Total impassable to all fish at all flows Exciusion of all species from

mons of a watershed.

Culvert Characleristic . Possible Barrer

Qutlet drop and outlef perch Jump hartier

Culvert slope Velocity barrier

Culvert slope fimes length Exhaustion barrer
Presence of natural stream Depth bamier

subslrale

Relationship of taitwater Depth and velocity barrier
control elevation to culvert

inlet elevation

fonne
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boundary layer is important mg?‘é’

e preseﬁé of a disturbance within the

ass age, and (d) the inlet transition

i sage. However high inlet transition velocities can
i %1

potentlaf iti 7 smg 1mproved inlet designs (e.g., wingwalls, aprons,

etc.).

5.3.2 Excessive ng;'i)ulence

Turbulence in culverts is often generated by measures provided to reduce
culvert velocity. Such measures include increasing roughness. Kilgore et al. (2010)
discuss how Washington and Maine Departments of Transportation use an Energy

Dissipation Factor (EDF) to estimate turbulence for allowing fish passage as follows;
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EDF = yQS/A 5.1

where Q is the flow rate, S is the slope of culvert, A is the flow cross-sectional
area and y is the unit weight of water. They further explain that Washington State
suggested that maintaining EDF to a value less than 7.5 ft-1b/ft> for a rough channel is

deemed appropriate for fish passage.

5.3.3 Perched Culverts

species to have jumping capabilities. This ¢ quirement is probfé‘matlc for small and

321

‘i %%;

I35
gssive scour and qéQ,SIOII

¥

Fi igr 5.6 Exampl of a perched culvert

5.3.4 Debris and sediment accumulation

Debris accumulation is most common at undersized culverts, in the presence

of large roughness elements, or at the connection between multiple barrel culverts
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(see Figure 5.4). Roughness elements and/or the presence of trapped debris within a

culvert barrel can facilitate deposition of sediment within the barrel, thereby

increasing clogging of the culvert.

}
[EEEL]
Ez%§

3};%

:ossings during low flow

i1
b
SN

FER S
i3

Figure 5.5 Inadequate depth conditions in a culvert (Connecticut Department of
Environmental Protection 2008)
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5.3.6 Bottomless culverts

The use of wide span bridges or bottomless culverts (Figure 5.9) has the
potential to minimize the conflict between aquatic species passage and stream-
crossings, primarily because the constraints necessary to guarantee safe culvert design
are the same constraints that are necessary to guarantee good aquatic species passage.

These constraints include, lower velocities (and consequen ly larger depths), a stable

mgz

sectlons and, afety

costs because such structures will require %er flow crog

Figure 5.6 idges and bottomless culverts as alternatives to traditional
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