
AN ABSTRACT OF THE THESIS OF

Matthew R. House for the degree of Master of Science in Forest Engineering

presented on June 1, 2001. Title: Countersunk Culvert Hydraulics for Upstream

Juvenile Fish Passage.

Abstract approved:

Marvin R. Pyles

Twenty-one countersunk culverts in Oregon were inventoried to establish
baseline information for the stream crossings so that subsequent resurveys can

assess the long-term stability and functionality of the culvert design. A subset of

the inventoried culverts was selected for detailed hydraulic measurements. The
detailed velocity measurements were used to help derive an empirical model, which

will calculate the proportion of a cross-section that is less than or equal to a

particular velocity. The model could be used in the design stages of countersunk

culvert installations to determine what proportion of the culvert cross-section will
be within a swimming velocity of a fish species and age class of interest at a

specific fish passage design discharge. Natural channel roughness equations were
examined for application to countersunk culverts, which is a stream simulation

design. A weighting factor to account for corrugation roughness along the sides of
the culvert is proposed. The roughness equations corresponded well with back-

calculated roughness values.



Countersunk Culvert Hydraulics for Upstream Juvenile Fish Passage

by

Matthew R. House

A THESIS

submitted to

Oregon State University

in partial fulfillment of
the requirements for the

degree of

Master of Science

Presented June 1, 2001
Commencement June 2002



Master of Science thesis of Matthew R. House presented on June 1, 2001

APPROVED:

v n

Major Professor, representing Forest E/n(gine g

I understand that my thesis will become part of the permanent collection of Oregon
State University libraries. My signature below authorizes release of my thesis to
any reader upon request.

Matthew R. House, Author



Table of Contents

Page

Introduction ................................................................................................................ 1

Literature Review....................................................................................................... 6

Migration................................................................................................................ 6
Barriers ................................................................................................................... 7
Swimming Abilities ............................................................................................... 7

Methods ...................................................................................................................... 9

Culvert Inventory ................................................................................................... 9
Velocity Study...................................................................................................... 11
Roughness Coefficients ........................................................................................ 14
Prediction Model .................................................................................................. 17

Results ...................................................................................................................... 22

Culvert Inventory ................................................................................................. 22
Velocity Study ...................................................................................................... 25
Roughness Coefficients ........................................................................................ 30
Prediction Model .................................................................................................. 38

Discussion ................................................................................................................ 52

Culvert Inventory ................................................................................................. 52
Velocity Study...................................................................................................... 55
Roughness Coefficients ........................................................................................ 55
Prediction Model .................................................................................................. 56

Conclusion ............................................................................................................... 62

Bibliography ............................................................................................................. 64

Appendices .............................................................................................................. 69

Appendix A Velocity Meter Comparison ........................................................... 70
Appendix B Culvert Inventory Summary ........................................................... 74
Appendix C Velocity Contour Plots ................................................................... 79
Appendix D Velocity Distribution Data ........................................................... 108



List of Figures

Figure Page

1. Diagram of a countersunk culvert. 2

2. Countersunk culverts. Top: Cattle Creek (round culvert); Bottom: Drury
Creek #2 (pipe arch) .......................................................................................... 3

3. Pipe locations .................................................................................................. 10
4. Cross-section measurement setup ................................................................... 13
5. Sample cross-section with a 0.25 fps velocity increment and the

corresponding percent total cross-sectional .................................................... 18

6. Low flow and upstream channel incident angles ............................................ 23
7. Culvert slope, culvert bed slope, and local streambed slope........................... 24
8. Substrate size ................................................................................................... 26
9. Inlet and outlet substrate depth measured at the thalweg................................ 27
10. Inlet and outlet substrate depth-to-culvert rise ratio ........................................ 28
11. Relation of friction factor to relative smoothness based on hydraulic radius

and hydraulic depth......................................................................................... 35
12. Relation of flow resistance to relative smoothness based on the ratio of

hydraulic depth (d) and compositeD84............................................................. 36
13. Relation of flow resistance to relative smoothness based on the ratio of

hydraulic radius (R) and compositeD84........................................................... 37
14. Relation of measured flow resistance to predicted flow resistance................. 39
15. Relation of back calculated Manning's n to predicted Manning's n ................ 40
16. Percent area cumulative frequency plot for the middle of Seeley Creek #I

on February 21, 1998 ...................................................................................... 41
17. Logit transformed percent area cumulative frequency plot for the middle

of Seeley Creek #1 on February 21, 1998....................................................... 43
18. Logit transformed percent area cumulative frequency plot for the middle

of Seeley Creek #1 on February 21, 1998, with centered velocity ................. 44
19. Relation of predicted percent area to measured percent area for the

prediction model derived with the logit transformation.................................. 49
20. Relation of predicted percent area (using the culvert design mode) to

measured percent area, for VSO" = 1 fps and VS`` = 2 fps from 19
countersunk culverts ....................................................................................... 51



List of Tables

Table page

1. Locations, dates and discharges from the detailed velocity measurements.... 29

2. Measured and calculated variables for each cross-section .............................. 31

3. Culvert and substrate roughness characteristics for each cross-section.......... 32
4. Friction coefficients and relative smoothness values for each cross-section.. 33

5. Statistical parameters from the logit transformed percent area and the
centered velocity regression equations (Equation 10)..................................... 45



List of Appendix Figures

Figure Page

Al. Velocity meter comparison from Riffle #1 ..................................................... 72

A2. Velocity meter comparison from Riffle #2 ..................................................... 72

A3. Velocity meter comparison from Riffle #3 ..................................................... 73

A4. Velocity meter comparison from Pool #1 ....................................................... 73

Cl. Velocity contour plot for the outlet cross-section of Drury Creek #1 on
11/22/97 (discharge = 0.97 cfs; average velocity = 0.35 fps) ......................... 80

C2. Velocity contour plot for the outlet cross-section of Drury Creek #1 on
11/02/97 (discharge = 1.33 cfs; average velocity = 0.37 fps) ......................... 81

C3. Velocity contour plot for the outlet cross-section of Drury Creek #1 on
12/16/97 (discharge = 3.78 cfs; average velocity = 0.66 fps) ......................... 82

C4. Velocity contour plot for the outlet cross-section of Drury Creek #1 on
01/18/98 (discharge = 11.14 cfs; average velocity = 1.11 fps) ....................... 83

C5. Velocity contour plot for the middle cross-section of Drury Creek #4 on
11/22/97 (discharge = 2.66 cfs; average velocity = 0.66 fps) ......................... 84

C6. Velocity contour plot for the middle cross-section of Drury Creek #4 on
12/16/97 (discharge = 8.49 cfs; average velocity = 1.32 fps) ......................... 85

C7. Velocity contour plot for the outlet cross-section of Drury Creek #4 on
11/22/97 (discharge = 3.16 cfs; average velocity = 0.83 fps) ......................... 86

C8. Velocity contour plot for the outlet cross-section of Drury Creek #4 on
12/16/97 (discharge = 7.69 cfs; average velocity = 1.25 fps) ......................... 87

C9. Velocity contour plot for the middle cross-section of Seeley Creek #1 on
11/22/97 (discharge = 0.98 cfs; average velocity = 0.73 fps) ......................... 88

C10. Velocity contour plot for the middle cross-section of Seeley Creek #1 on
11/02/97 (discharge = 1.08 cfs; average velocity = 0.71 fps) ......................... 89

Cl 1. Velocity contour plot for the middle cross-section of Seeley Creek #1 on
12/16/97 (discharge = 2.86 cfs; average velocity = 1.17 fps) ......................... 90

C12. Velocity contour plot for the middle cross-section of Seeley Creek #1 on
01/18/98 (discharge = 9.44 cfs; average velocity = 1.93 fps) ......................... 91

C13. Velocity contour plot for the middle cross-section of Seeley Creek #1 on
02/21/98 (discharge = 14.11 cfs; average velocity = 2.41 fps) ....................... 92

C 14. Velocity contour plot for the outlet cross-section of Seeley Creek #1 on
11/22/97 (discharge = 0.68 cfs; average velocity = 1.08 fps) ......................... 93

C15. Velocity contour plot for the outlet cross-section of Seeley Creek #I on
11/02/97 (discharge = 0.92 cfs; average velocity = 1.27 fps) ......................... 94



List of Appendix Figures (Continued)

Figure Page

C16. Velocity contour plot for the outlet cross-section of Seeley Creek #1 on
12/16/97 (discharge = 2.56 cfs; average velocity = 1.79 fps) ......................... 95

C17. Velocity contour plot for the outlet cross-section of Seeley Creek #1 on
01/18/98 (discharge = 8.20 cfs; average velocity = 2.40 fps) ......................... 96

C18. Velocity contour plot for the outlet cross-section of Seeley Creek #1 on
02/21/98 (discharge = 12.60 cfs; average velocity = 2.99 fps) ....................... 97

C19. Velocity contour plot for the middle cross-section of Seeley Creek #4 on
10/12/97 (discharge = 1.72 cfs; average velocity = 0.94 fps) ......................... 98

C20. Velocity contour plot for the middle cross-section of Seeley Creek #4 on
11/22/97 (discharge = 1.90 cfs; average velocity = 0.94 fps) ......................... 99

C2 1. Velocity contour plot for the middle cross-section of Seeley Creek #4on
11/02/97 (discharge = 2.50 cfs; average velocity = 1.14 fps) ....................... 100

C22. Velocity contour plot for the middle cross-section of Seeley Creek #4 on
12/16/97 (discharge = 6.82 cfs; average velocity = 1.80 fps) ....................... 101

C23. Velocity contour plot for the outlet cross-section of Seeley Creek #4 on
10/12/97 (discharge = 1.73 cfs; average velocity = 0.86 fps) ....................... 102

C24. Velocity contour plot for the outlet cross-section of Seeley Creek #4 on
11/22/97 (discharge = 1.97 cfs; average velocity = 0.78 fps) ....................... 103

C25. Velocity contour plot for the outlet cross-section of Seeley Creek #4 on
11/02/97 (discharge = 2.81 cfs; average velocity = 0.98 fps) ....................... 104

C26. Velocity contour plot for the outlet cross-section of Seeley Creek #4 on
12/16/97 (discharge = 6.38 cfs; average velocity = 1.19 fps) ....................... 105

C27. Velocity contour plot for the outlet cross-section of Seeley Creek #4 on
01/18/98 (discharge = 19.92 cfs; average velocity = 2.31 fps) ..................... 106

C28. Velocity contour plot for the outlet cross-section of Seeley Creek #4 on
02/21/98 (discharge = 29.32 cfs; average velocity = 2.59 fps) ..................... 107



List of Appendix Tables

Table Page

B 1. Culvert inventory summary information ......................................................... 75
D1. Velocity distribution data for 62 countersunk culverts ................................ 109



Countersunk Culvert Hydraulics for Upstream Juvenile Fish Passage

Introduction

Various land use and management activities in the Pacific Northwest have

resulted in an extensive road network across the landscape. These road networks

frequently intersect the stream network. Culverts are the most commonly used

stream crossing structures and were often designed with the goal of conveying

water as quickly and efficiently as possible from one side of the road to the other.

These goals generally were not compatible with the biological considerations of

fish and can pose a migration barrier for adult and juvenile fish species. Migration

is an integral part of the life history of salmonids, and provides access to upstream

habitats. When anadromous adults return to freshwater to spawn, they stop feeding

and therefore have a limited energy reserve to use in reaching their spawning

grounds. Delays or blockage in their migration due to barriers, may adversely

affect spawning success. Barriers to upstream movement of juvenile anadromous

fish, as well as resident fish species, have recently become topics of concern at

stream crossings. The most common problems associated with fish passage at road

crossings are excessive water velocities within the culvert and vertical jump

barriers at the pipe outlet. Road crossings that mimic natural stream cross-sections

including velocity, slope, and substrate are believed to be effective fish passage

designs. These include box culverts, countersunk round culverts, countersunk pipe

arch culverts, and bottomless arch culverts. Bridges usually satisfy fish passage

design criteria as well, however, they are often more expensive than culvert

crossings.

For this project, a countersunk culvert is defined as a pipe with the invert

placed below the natural streambed such that bed material occupies the bottom of

the culvert barrel (Figure 1 and 2). The bed material can be partially back-filled

during installation or allowed to accumulate naturally. Most design guidelines

suggest matching the gradation of the streambed with the addition of riprap or

natural streambed material if the pipe is back-filled during installation. The

countersunk culvert design is referred to as a stream simulation technique whereby

the streambed and flow conditions within the pipe closely resemble those of the
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Figure 1. Diagram of a countersunk culvert.
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natural stream. The countersunk culvert design reduces the hydraulic efficiency

and discharge capacity with respect to bare culverts; therefore, countersunk designs

use larger pipes to account for the presence of and greater flow resistance of natural

streambed material.

In 1994, the Oregon Department of Forestry acknowledged the importance

of juvenile fish movement, both upstream and downstream, by explicitly

incorporating juvenile passage as a criteria for the design and construction of

stream crossings under the Oregon Forest Practice rules. The rule states that road

crossings are to "allow migration of adult and juvenile fish upstream and

downstream during conditions when fish movement in that stream normally occurs"

(ODF, 1994) for all fish bearing streams. At a Federal level, the National Marine

Fisheries Service has also issued guidelines for road crossings to allow the passage

of both juvenile and adult salmonids (NMFS, 1996; NMFS 2000).

Oregon Department of Fish and Wildlife (1997) culvert design guidelines

have an upper limit average water velocity for juvenile salmonids of 2.0 fps for

culverts under 100 ft long (streambed simulation techniques are required for

culverts over 100 ft). ODFW (1997) also defines the fish passage high flow design

discharge as the flow that is not exceeded more than 10% (Q10 ) of the time during

the months of adult migration. The 10% exceedence discharge was established

originally for adult fish passage and it is unclear whether this criterion is

appropriate for juvenile fish. The countersunk design has long been recommended

for stream crossings when fish passage is desired (Evans and Johnston, 1972;

USDA, 1975). Culverts that utilize streambed simulation techniques have no upper

limit average water velocity for the fish passage high flow design discharge

(ODFW, 1997).

The fact that juvenile fish and adult fish have different swimming and

jumping abilities poses an interesting problem for road designers because a culvert

that may pass adult fish could be a barrier to juveniles. Commonly used hydraulic

computations utilize the average cross-sectional velocity in culvert design. This

implies utilizing a lower maximum average velocity design criterion for culverts

where juvenile fish passage is required. This approach may be overly conservative

if a countersunk culvert, with stream simulation, is providing sufficient low

velocity regions throughout the length of the pipe so that juvenile passage is not

impeded. If the quantity and quality of low velocity regions that will be provided
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with a given installation at a specified discharge for juvenile fish could be

quantified in the design stage of a road crossing, the need for a maximum average

velocity design criteria could be eliminated.

The countersunk design has been used for several years throughout Oregon

and its use is becoming more popular; however the efficacy of its design to provide

hydraulic conditions that will facilitate the migration of both juvenile and adult fish

has not been well documented. The overall goal of this study is to develop a fish

passage design approach at road crossings that will be compatible with upstream

movement of both juvenile and adult fish species. The primary objectives of this

study are to:

1) Expand the database of known countersunk culverts within the state of

Oregon.

2) Measure hydraulic parameters in countersunk culverts currently

installed in Oregon.

3) Derive an empirical model that will predict the proportion of a

countersunk culvert cross-section that is at or below a particular

velocity.

The culvert inventory is a continuation of a project by White (1996) to

identify countersunk culverts, document their current conditions, and provide

background information for future studies to assess their long-term performance

and stability. The empirical model will yield a method for predicting the quantity

of cross-sectional area for a countersunk culvert that is within a velocity range

suitable for upstream juvenile passage. The velocity range is intended to be species

and age-class general so it can be applied to any countersunk stream crossing.
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Literature Review

Migration

When anadromous salmonids return to freshwater to spawn, they rely upon

their stored energy to sustain them throughout their migration. Delays in their

migration due to temporal culvert barriers can deplete their energy reserves and

induce them to spawn in unfavorable locations, which can cause high egg mortality

(Dryden and Jessop, 1974). Complete culvert barriers reduce the available

spawning and rearing habitat of salmonids. Beechie et al. (1994) estimated a 13%

decrease in historical coho salmon (Oncorhynchus kisutch) summer rearing habitat

and a 6% decrease in winter rearing habitats due to impassable culverts in the

Skagit River basin.

Efforts have been made to address the issues of adult fish passage (Evans

and Johnston, 1972; Dane, 1978), however, more recently juvenile fish migration

barriers have become an important problem of concern at road crossings. Juvenile

salmonids have been documented moving both upstream and downstream in

response to various environmental factors. Skeesick (1970) was one of the first to

document the upstream movement of juvenile coho salmon. Skeesick (1970)

speculated that the movement was to escape the high-water turbid flow ofa

mainstem river that occur in the winter. Other studies also document fall and

winter upstream movements of juvenile fish into tributaries and riverine ponds

(Everest, 1973; Bustard and Narver, 1975; Cederholm and Scarlett, 1982; Peterson,

1982a; Tschaplinksi and Hartman, 1983). Fall and early winter upstream

movements coincide with increasing flow to relocate into sheltered habitat prior to

scouring freshets (Tschaplinski and Hartman, 1983; Giannico and Healey, 1998)

and spring movements seem to be a redistribution strategy in preparation for

summer (Cederholm and Scarlett, 1982) when the fish become more territorial.

Overwinter survival of juvenile coho salmon improves with increasing body

size (Cederholm and Scarlett, 1982; Holtby, 1988; Quinn and Peterson, 1996).

Juvenile salmonids have been reported to feed during the winter (Cunjak and Power

1987; Bustard and Narver, 1975) and continue to grow in riverine ponds (Peterson,

1982b) flood plain swamps, and ephemeral tributaries (Brown, 1985). Bilby et al.
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(1998) found an increase in the density of juveniles after adding carcasses and eggs

to a stream and an increase in condition of the fish while the carcasses were present.

This suggests there may be an important life history strategy whereby juvenile fish

follow spawning adults upstream. The juveniles feed on eggs dislodged during

adult spawning and feed on spawned out adult carcasses. This would provide an

opportunity for juvenile fish to increase their food supply during the spawning

season when other food supplies are scarce. Juveniles that continue to feed and

grow throughout the winter will tend to be larger at smoltification. Smolt-to-adult

survival is positively correlated with body size of smolts for coho salmon (Bilton et

al., 1982; Ward and Slaney, 1988; Holtby et al., 1990), chum salmon

(Oncorhynchus keta) (Healey, 1982), sockeye salmon (Oncorhynchus nerka)

(Koenings et al., 1993) cutthroat trout (Oncorhynchus clarki) (Tipping and

Blankenship, 1993), and steelhead trout (Oncorhynchus kisutch) (Ward and Slaney,
1988; Ward et al., 1989).

Barriers

Barriers to juvenile and adult salmonids include natural obstructions

(waterfalls, debris jams, and thermal barriers) and artificial obstructions (dams,

road crossings, log jams, and pollution) (Evans and Johnston, 1972). Barriers have

been characterized as 1) Total (impassable to all fish all of the time), 2) Partial

(impassable to some fish all of the time, and 3) Temporal (impassable to all fish

some of the time) (Dane, 1978). Conditions with culverts that can pose problems

with fish passage include 1) high velocities at the inlet, outlet, or within the culvert,

2) vertical jumps at the culvert inlet or outlet, 3) shallow water depths, or 4) lack of

resting pools at the inlet, outlet, or within the culvert.

Swimming Abilities

Swimming abilities of fish have been classified as burst, prolonged, and

sustained. Burst swimming can only be maintained for a very short period of time

(<15-20 seconds), prolonged swimming up to 200 minutes, sustained swimming
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can be maintained for extended periods of time (>200 minutes) (Beamish, 1978).

Migrating fish typically use prolonged swimming with occasional burst swimming

(Powers, 1996). Repeated burst swimming through a culvert would not be a

feasible means of passing through a culvert because of lactic acid build up in the

blood and a relatively long period of decline from the blood following the exertions

(Black, 1957). Black (1955) reported that Kamloops trout (Oncorhynchus mykiss)

might recover quickly to make another burst; however, the second effort will be a

very short duration with a greatly reduced swimming rate.

Most current culvert design specifications have a maximum average cross-

sectional velocity requirement. However, it has been shown that fish move

upstream through culverts by using lower velocities in the boundary layer (Kane

and Wellen, 1985; Morsel et al., 1981). Morsel et al. (1981) first proposed the

concept of an occupied zone that fish utilize for upstream passage through culverts.

Fish have been observed moving upstream through culverts within the occupied

zone close to the culvert sides (Bates and Powers, 1996; Kane et al., 1989; Belford

and Gould, 1989) or along the bottom of the culvert (Belford and Gould, 1989;

Travis and Tilsworth, 1986). Belford and Gould (1989) found that adult resident

trout were able to pass through culvert with higher average velocities than those

indicated in laboratory studies. They attributed the discrepancies to the fact that

fish were able to locate and utilize zones of lower velocities within the culverts.

Since fish have been observed utilizing the boundary layer in culverts, there

have been recent efforts to model velocity distributions in culverts. Mountjoy

(1986) developed an equation to predict a velocity profile at the centerline of a

culvert. The equation was developed using velocity profiles measured in circular

and pipe arch culverts with no substrate. One velocity profile, however, was

measured on top of 5 to 6 feet of ice. Barber and Downs (1996) examined two

equations, the Chiu et al. (1993) equation and the Mountjoy (1986) equation, for

use in predicting the centerline velocity distributions of a culvert. Barber and

Downs (1996) found that the Mountj oy (1986) equation provided a better overall fit

to their experimental data than the Chiu et al. (1993) equation. White (1996)

developed a procedure to predict the proportional cross-sectional area with velocity

less than or equal to 1 fps and 2 fps. The equations generally under-predicted the

amount of low velocity zones.
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Methods

Culvert Inventory

Countersunk culverts were located by contacting Oregon Department of

Forestry, Oregon Department of Fish and Wildlife, United States Forest Service,

Bureau of Land Management, Oregon Department of Transportation, private

individuals and timber companies. Telephone surveys and regional office visits

were made to identify potential countersunk installations followed by a site visit to

verify whether or not the culvert was countersunk. A detailed site survey was

conducted if the culvert was countersunk. Twenty-one countersunk culverts

located west of the Cascades in Oregon, were included in the study (Figure 3). This

expands the existing database of 28 countersunk culverts (White, 1996) to a total of

49 inventoried countersunk culverts in Oregon.

The site survey of the 21 culverts was conducted in the summer of 1997.

The pipe type (round culvert or pipe arch culvert), pipe dimensions (length and

diameter or rise and span), and corrugation size of each culvert were recorded. The

pipe alignment (incident angle) in relation to the upstream channel was measured

using a compass. Surface substrate material in the middle 50% of the length of the

pipe was sampled using the random walk technique described in Wolman (1954).

The substrate data was used to determine the D50 and D84 particle sizes using the

intermediate particle diameter. The active channel widthwas measured

approximately 4 pipe diameters upstream and downstream of the culvert to

characterize the degree of channel constriction [(culvert width)/(upstream active

channel width)] or expansion [(culvert width)/(downstream active channel width)]

caused by the culvert. A longitudinal profile survey following the channel thalweg

was conducted approximately 100 feet upstream and downstream of the culvert

using a hand level, leveling rods and a tripod. The survey was terminated at a

confluence with a larger stream if encountered within the survey distance. The

culvert crown slope, culvert bed slope, and local streambed slope were determined

from the longitudinal survey. A site sketch was drawn and photographs taken to

document the inlet and outlet configuration and any other important features.
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Drainage areas above each culvert installation were measured on 1:24000 USGS

topographic maps with a Topcon digital planimeter.

Velocity Study

A subset of 4 countersunk culverts from the 21 culverts inventoried was

chosen for measuring hydraulic parameters. The culverts selected were Seeley

Creek #1, Seeley Creek #4, Drury Creek #1, and Drury Creek #4. The pipes are

located approximately 24 miles northeast of Eugene, Oregon via Marcola Road on

Bureau of Land Management property. Seeley Creek #1 and Drury Creek #1 are

located approximately 1.4 miles upstream of Seeley Creek #4 and Drury Creek #4,

respectively. These pipes were selected for the detailed velocity measurements

based on their close proximity to each other, their close proximity to the Oregon

State University campus (1-hour driving distance), variation in DS4 sizes between

pipes, differences in pipe dimensions, upstream-downstream pipe configurations,

and differences in drainage areas. The selection method was intended to include a

wide range of hydraulic conditions that would be encountered in countersunk

culvert installations in the field.

Hydraulic cross-sectional stations were established at the outlet and middle

of each pipe with the exception of Drury Creek #1 where lack of vertical clearance

prevented access to the middle cross-section inside the pipe. Each cross-section

location was etched and painted on the inside of each culvert wall to serve as a

reference marker and datum elevation. All subsequent visits utilized the same

reference marks to maintain consistent cross-sections for comparison at different

discharges. The reference markers also made it possible to determine the slope of

the water surface for hydraulic computations when both the outlet and middle

cross-sections were measured.

Each pipe was visited on several occasions during fall 1997 and winter 1998

to measure detailed velocity profiles at each cross-section. Velocities were

measured using a Global Flow Probe Hand-held Flowmeter (model 101). The Flow

Probe is a ducted impeller designed for measuring velocities between 0 and 25 fps.

The probe displays both a true digital running average velocity once per second (±

0.1 fps accuracy) and an instantaneous velocity (± 0.5 fps accuracy). Point velocity
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measurements were taken at horizontal and vertical coordinates for each cross-

section. Strong magnets were placed over the reference markers on each side of the

culvert wall from which a tape measure was strung across the pipe to determine the

horizontal stations (Figure 4). The horizontal stations were recorded at 0.5 ft

intervals or less near the culvert wall and 1.0 ft intervals near the center of the

cross-section. The vertical coordinates were measured at intervals of 0.1, 0.2, 0.3,

0.4, 0.6, 0.8, 1.0, and 1.2 feet above the streambed and 0.1 feet below the water

surface at each horizontal station. A tape measure was attached to the Flow Probe

handle to determine the vertical distances above the streambed and below the water

surface. The average velocity was recorded at each coordinate when the average

velocity reading stabilized. On January 18, 1998, a Marsh McBirney Flowmate

Model 201 D Portable Water Current Meter was used to measure velocities when

the electrical connector on the Flow Probe broke and the new part was ordered.

The Flow Probe was used on all the other dates when velocities were measured.

The Flow Probe and Marsh McBirney were field tested against each other to

determine how comparable the velocity meters are to each other. Results from this

comparison are presented in Appendix A.

A total of 28 cross-sections were measured at the four countersunk culverts.

The velocity measurements were entered into a spreadsheet and imported into

Leica's LISCAD Plus Surveying and Engineering Environment software (Leica AG

and LlStech, Boronia, Vic., Australia). The software package uses triangulation

with linear interpolation to process the discrete velocity data points and generate

isovels (lines of equal velocity) for each cross-section. The software package was

used to calculate the discharge, cross-sectional area, wetted width, and wetted

perimeter for each cross-section. Average velocity was calculated as discharge

divided by cross-sectional area. Hydraulic radius was calculated as cross-sectional

area divided by wetted perimeter, and hydraulic depth was calculated as cross-

sectional area divided by wetted width.
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Roughness Coefficients

There are several methods for making hydraulic computations for open

channels. Manning's equation and the Darcy-Weisbach equation are two examples

that have been used by many engineers for designing road crossings. Manning's

equation can be expressed as:

V=i.49R/Sy
n

(1)

where V = Average velocity (fps); R = Hydraulic radius (ft); S = Slope of the

energy grade line (ft/ft); n = Manning's roughness coefficient (dimensionless). The

Darcy-Weisbach equation can be expressed as:

f= 8gRS
v2 (2)

where f = friction factor (dimensionless); g = acceleration of gravity (32.2 ft/sec2);

R = hydraulic radius (ft); S = slope of the energy grade line (ft/ft); and V = average

velocity (fps).

The greatest difficulty in applying any open channel flow equation is

determining a roughness coefficient or friction factor. Commonly a single

Manning's n value is obtained by matching channel conditions to photographs or to

tables of Manning's n values. The countersunk culvert design poses a unique

situation where the culvert walls and the substrate material on the bottom both

contribute to the channel roughness. Currently, there are no photographs or tables

that contain Manning's n values for use in hydraulic computations for countersunk

culverts. More importantly existing photographs or tables of n values generally

contain only minimum, maximum, and normal values and do not account for the

fact that the effect of channel roughness varies with different hydraulic conditions

and channel configurations. There are several empirical equations, developed for

natural channels, that allow for direct computation of roughness coefficients or

friction factors from measured bed roughness elements (Leopold et al., 1964;

Limerinos, 1970; Hey, 1979). If the countersunk culvert design functions like the
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natural stream (streambed simulation) then the natural channel equations for

calculating channel roughness or friction coefficients could be used in the design

stages for countersunk culvert installations.

Due to the nature of the countersunk culvert design, a portion of the surface

roughness is attributable to the substrate within the culvert and a portion is

attributable to the culvert corrugation (primarily on the sides). A composite

roughness was derived to account for the different roughness components

contributed by the culvert wall and the substrate on the culvert invert. The

composite D84 was calculated by weighting each roughness component by the

corresponding wetted perimenter. The equation can be expressed as:

composite D84
(culvert * D84culvert) + (WPsubstrate * D84substrate)

WPtotal
(3)

where WPculvert = wetted perimeter length in contact with bare pipe (ft);
D84culvert = culvert corrugation height (ft); WPsubstrate wetted perimeter length
in contact with substrate (ft); D84substrate = D84 of the substrate in the culvert (ft);

and WPtotal = total wetted perimeter (ft).

The Darcy-Weisbach friction coefficient and the relative smoothness were

calculated for each cross-section. The relative smoothness was calculated using the
following equations:

Relative smoothness = R
4

( compositeDsa
( )

and

Relative smoothness = ( d 5( )

compositeD84

where R = hydraulic radius (ft); d = hydraulic depth (ft); and composite D84 =
defined above.
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The friction coefficient versus the relative smoothness was plotted, with the

friction coefficient as the response variable and relative smoothness as the

explanatory variable. To create a linear relationship, the response was inverse

square root transformed and the explanatory variable was log transformed. The

transformed data was plotted and fit with a straight line that had the form of the

Leopold et al. (1964) equation and the Limerinos (1970) equation. The Leopold et

al. (1964) equation can be expressed as:

= 1.0 + 2.03logl d I (6)
_V f D84

where d = hydraulic depth (ft); and D84 = intermediate diameter (ft) that is greater

than or equal to 84% of the bed particles. The Limerinos (1970) equation can be

expressed as:

=1.16 + 2.03 log( R
JD84

(7)

where R = hydraulic radius (ft); and D84 = intermediate diameter (ft) that is greater

than or equal to 84% of the bed particles.

Composite D84, which accounts for the culvert sides, instead of the D84 was

used to determine how the form of the equation compared to equation 6 and

equation 7. Leopold et al. (1964) and Limerinos (1970) both used the slope of the

water surface rather than the slope of the energy grade line when calculating the

friction coefficients. To maintain consistency between analyses any cross-sections

that did not contain reliable water surface slope measurements were removed from

the analysis when comparing them to the natural channel roughness equations.

These included all the cross-sections from the White (1996) study and any cross-

sections where the middle and outlet of the pipe were not measured concurrently on

the same date. Only the slope of the culvert was reported in the White (1996)

study. Only the outlet cross-section was measured for the Seeley Creek #4 pipe on

January 18, 1998 and February 21, 1998 and on the cross-sections for Drury Creek

#1 pipe so the slope of the water surface could not be accurately determined on

those dates. The slope of the water surface was estimated for those cross-sections
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but they were not used when determining the efficacy of using the culvert

corrugation and substrate roughness elements to determine a roughness coefficient

nor when comparing the back-calculated roughness coefficient.

The two equations were used to calculate the Darcy-Weisbach friction

factor, f, to compare with the friction factor that was derived from the measured

data. In addition, Manning's roughness coefficient, n, was back calculated using

the measured and calculated hydraulic parameters of each cross-section. Limerinos

(1970) and Leopold (1964) equations were used to calculate Manning's n to

compare with the roughness coefficients that were back calculated from the

measured data.

Prediction Model

The area between isovels in 0.25 fps intervals were calculated for each

cross-section using LISCAD. Each incremental area was expressed as a proportion

of the total cross-sectional area. Every data point represents a velocity increment of

0.25 fps with the corresponding percent of cross-sectional area less than or equal to

the incremental velocity. For example, 7.1 % of the total cross-sectional area for the

outlet cross-section of Seeley Creek #1 on February 21, 1998, was between 3.0 and

3.25 fps (Figure 5). Velocity distributions based on cross-sectional area were

constructed for each cross-section. Cumulative frequency plots were then

constructed for each cross-section. Also included in this study were 34 countersunk

culvert cross-sections from the White (1996) study. White (1996) used a Marsh

McBirney Flowmate 2000 velocity meter to measure the point velocities. All 62

cross-sections ranging in discharges from 0.7 to 91.3 cfs were included in the

velocity analysis.

Each cumulative frequency plot consisted of several discrete velocities with

corresponding % areas for a given cross-section. A two-step modeling approach

was used that first involved a variable reduction technique using simple linear

regression to represent the cumulative frequency plot for each cross-section as a

single variable (the slope term, (31). Secondly, explanatory variables were used to

model (3, from the variable reduction routine.



Figure 5. Sample cross-section with a 0.25 fps velocity increment and the corresponding percent total cross-sectional
area for the outlet of Seeley Creek #4 on February 21, 1998.
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For the first modeling step, the % area response variable was examined with

no transformation and also with the logit transformation. The logit transformation

produces rational results in application by not producing negative % areas or values

that are greater than 100% after backtransforming the data. With no

transformation, negative intercept terms that accompany the regression equation

produce negative % area values. Forcing the equation through zero eliminates the

negative % area values, but then produces values greater than 100%. On the other

hand, the logit transformation often works well for response variables that are

proportions between 0 and 1 (Ramsey and Schafer, 1997), which includes the %

area variable that ranges from 0 to 100 when expressed as a percentage of the total

cross-sectional area. The logit function produces realistic results by maintaining

values between 0 and 100% after backtransforming the data. For this reason, the

logit transformation was utilized in developing the prediction model.

The % area response variable from the cumulative frequency plots was logit

transformed:

In
(100 -

Y
(8)

where Y = the percent of the cross-section that is less than or equal to a particular

velocity. When Y equals 0% or 100%, the transformation fails. For this reason, all

the % areas that equaled 0% and 100% were removed from each cross-section for

the analysis. The removal of these variables would not affect the utility of the

prediction model because the zone of interest for juvenile fish passage would be at

relatively low velocities that occupy less than 100% of the cross-sectional area.

The equation also assumes that with no velocity, the % area equals 0.

Simple linear regression was used with the transformed % area as the

response variable and the velocity as the explanatory variable, grouped by cross-

section:

In % area = A, + A (velocity)
1(100- % area

(9)

This resulted in 62 individual (3,'s that correspond to each cross-section.
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The average velocity of each cross-section was subtracted from each

velocity interval. This centered the velocities on zero with the intent of having the

intercept term ((30) for each cross-section equal to zero. The response variable with

the logit transformation is automatically symmetrical with respect to zero; therefore

no further centering was required. Centering the velocity does not change the slope

of the equation but simply forces the mean response through (0,0) which eliminates

the need to model PO along with R, in the second modeling procedure. In the first

modeling step, the data within a given cross-section lack independence so statistical

significance was not assigned to the intercept and slope variables. Simple linear

regression was used with the transformed % area as the response variable and the

centered velocity as the explanatory variable, grouped by cross-section:

ln1(100-%area% area - 80 +,3, (centered velocity) (10)
1=

This resulted in 62 individual (3,'s that correspond to each cross-section.

The second modeling procedure involved using multiple linear regression

with backward elimination variable selection to model the 62 slope terms ((3,'s)

with various hydraulic parameters as explanatory variables. The explanatory

variables included were discharge, total cross-sectional area, hydraulic radius,

composite D84, Froude number, and relative roughness. Discharge, total cross-

sectional area, hydraulic radius, and composite D84 were defined above. Relative

roughness is defined as dividing the composite D84 by the hydraulic radius and the

Froude Number is obtained from the formula (Chow, 1959):

F= V
gd

where F = Froude number (dimensionless); V = average velocity (fps); g =

acceleration of gravity (32.2 ft/sec2); d = hydraulic depth (ft).

Wald's type three f-test was used to determine the significance of the

individual variables' contribution to the model and an extra-sum-of squares f-test

was used to determine the overall fit of the model. P-values <--0.05 were considered
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significant differences for the second modeling procedure. SAS (SAS Inst., 1989)

was used for the regression analyses.
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Results

Culvert Inventory

Twenty-one countersunk culverts, located west of the Cascades in Oregon,

were inventoried during the summer of 1997. A total of forty-nine countersunk

culverts have been inventoried throughout Oregon when combined with the twenty-

eight culverts inventoried in the White (1996) study. As of 1997, this database

most likely represented a large proportion of the countersunk culverts in Oregon

particularly west of the Cascades in Oregon. However, several of the individuals

contacted during the telephone surveys indicated that many more pipe installations

using the countersunk design were planned for construction during the summer of

1998. With the increasing awareness and popularity of this culvert design, it is

likely that the database will represent a small proportion of the total population in

Oregon in the near future. This database does, however, document current

conditions to serve as baseline data for subsequent studies examining the long-term

stability and effectiveness of providing fish passage. A summary of the culvert

database is presented in Appendix B.

All of the pipes surveyed were single-pipe installations. Seven of the pipes

were round and fourteen were pipe arch style. Two of the round pipes and eight of

the pipe arch culverts were of multiplate construction with the remaining of single

piece construction. Two of the round culverts and ten of the pipe arch culverts

were mitered at the inlet. The diameter of the round culverts ranged from 4 to 14 ft

in diameter. The pipe arch culverts ranged from a minimum span and rise of 4 ft

and 2.7 ft, respectively and a maximum span and rise of 12.5 ft and 8.3 ft,

respectively. Culvert lengths ranged from 20 to 82 ft long and the corrugation sizes

ranged from 2.5 x 0.5 to 9 x 2.75 inches.

The drainage areas above the culverts ranged from 0.18 to 3.7 mil. The

incident angle with respect to the upstream channel ranged from 0 to 40 degrees,

with an average of 15.5 degrees (Figure 6). Culvert gradients (culvert crown slope)

ranged from -1.5% to 2.5% and the channel gradients, obtained from the entire

longitudinal survey, ranged from 0.8 to 12.8% with an average of 3.0% (Figure 7).

The substrate slope within the culverts ranged from -3.5% to 4.1% (Figure 7). D50
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and D84 sizes within the culverts ranged from less than 1 mm (silt) to 65 mm and

less than 1 mm to 190 mm, respectively (Figure 8). All of the culverts, with the

exception of four, contained substrate the entire length of the invert. One of the
culverts with less than 100% substrate coverage had substrate extending 50% of the

way through the culvert invert from the inlet and the remaining three extended from

75 to 95% of the length. The inlet substrate depth measured at the thalweg ranged

from 0.0 ft to 3.4 ft and the outlet substrate depth measured at the thalweg ranged

from 0.0 ft to 2.9 ft (Figure 9). The inlet and outlet substrate depth to the culvert

rise ratio ranged from 0.0 to 0.38 and 0.0 to 0.5, respectively (Figure 10).

The upstream and downstream active channel widths ranged from 6 to 15 ft
and 5.7 to 19 ft, respectively. Channel constriction ratios for the inlet ranged from

0.44 to 1.18. Drury Creek #4 was the only culvert installation inventoried where

the culvert diameter exceeded the upstream active channel width. Channel

expansion ratios ranged from 0.29 to 1.07. Seeley Creek #1 and Seeley Creek #2

culvert diameters exceeded the downstream active channel width. The downstream

active channel width exceeded the widths of all the other inventoried culverts.

Velocity Study

Detailed velocity measurements were made on Seeley Creek #1, Seeley

Creek #4, Drury Creek #1, and Drury Creek #4 culverts on several occasions during
fall 1997 and winter 1998. Detailed descriptive information for these culverts can

be found in the Culvert Inventory Data section in Appendix B. The location of

each cross-section, dates of measurement and the associated discharge are presented

in Table 1. Measured discharges ranged from 0.7 to 29.3 cfs. Discharge was only

measured at the outlet for Drury Creek #1. On February 21, 1998 the water surface

elevation was measured at the inlet and outlet of Drury Creek #1 to determine the

water surface slope. The water surface slopes from the measurements where the

middle and outlet cross-sections were measured at different discharges on Seeley

Creek #1, Seeley Creek #4, and Drury Creek #4, did not reveal dramatic slope

changes. Therefore it was assumed that the water surface slope did not change

dramatically for Drury Creek #1 and the slope that was measured on February 21,

1998 was applied to all the discharges from previous dates for that site when
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Table 1. Locations, dates and discharges from the detailed
velocity measurements.

Culvert Name Location Date
Discharge

(cfs)

Outlet 11/2/1997 1.3

Drury Creek #1
Outlet 11/22/1997 1.0

Outlet 12/16/1997 3.8

Outlet

Middle 11/22/1997 2.7

Drury Creek #4
Outlet 11/22/1997 3.2

Middle 12/16/1997 8.5

Outlet 12/16/1997 7.7

Middle 11/2/1997 1.1

Outlet 11/2/1997 0.9

Middle 11/22/1997 1.0

Outlet 11/22/1997 0.7

Seeley Creek #1
Middle 12/16/1997 2.9

Outlet 12/16/1997 2.6

Middle 1/18/1998 9.4

Outlet 1/18/1998 8.2

Middle 2/21/1998 14.1

Outlet 2/21/1998 12.6

Middle 10/12/1997 1.7

Outlet 10/12/1997 1.7

Middle 11/2/1997 2.5

Outlet 11/2/1997 2.8

Seeley Creek #4
Middle 11/22/1997 1.9

Outlet 11/22/1997 2.0

Middle 12/16/1997 2.2

Outlet 12/16/1997 6.4

Outlet 1/18/1998 19.9

Outlet 2/21/1998 29.3

1/18/1998
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calculating Manning's n. A tabulation of the measured and calculated variables for

the cross-sections is presented in Table 2.

Velocity contour plots were created for all 28 cross-sections. Each cross-

section is presented in Appendix C. LISCAD was used to process the discrete

velocity points and create isovels for each cross-section. The isovels are displayed

in 1 fps increments. The figures are oriented looking upstream as an upstream

migrating fish would encounter the velocities. The figures are presented in order of

increasing discharge by culvert and location. The cross-sections are also placed in

perspective with the culvert size, shape, and countersunk substrate depth.

Roughness Coefficients

The corrugation height for the four study culverts was 0.167 ft (2 inches).

The D84 derived from the pebble counts ranged from 0.0394 ft to 0.351 ft (Table 3).

The computed composite D84 ranged from 0.051 ft to 0.345 ft (Table 3). After

computing the composite D84 values, the effective roughness (compared to the D84)

decreased for nineteen of the cross-sections and increased for nine of the cross-

sections. The cross-sections measured at the outlet of Seeley Creek #1 accounted

for five of the cases where the effective roughness increased. The outlet of the pipe

did not contain any substrate on the bottom of the pipe (except for a very small

amount that was being transported through the pipe on February 21, 1998), so the

corrugation height was the only factor contributing to the composite D84 value. The

corrugation height was larger than the substrate size for the four cross-sections

measured at the Drury Creek #1 culvert resulting in a larger effective roughness

value. All the other cross-sections had D84 values greater than the corrugation

height, which decreased the composite D84 value.

The Darcy-Weisbach friction factor, f, for the 28 cross-sections ranged from

0.043 to 2.81 and the back-calculated Manning's n ranged from 0.0185 to 0.1274

(Table 4). The calculated relative smoothness values ranged from 0.72 to 12.17 and

0.73 to 14.40 when using equation 4 and equation 5, respectively. Both relative

smoothness calculations resulted in very similar values; however, the relative

smoothness values were consistently smaller when using equation 4
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Table 2. Measured and calculated variables for each cross-section.

Culvert Name Location Date
Cross-

sectional
Area (ft)

Discharge
s(ft /sec)

Ave. Max.
Velocity Width

(ft)

Wetted
Perimeter

(ft)

Outlet 11/2/1997 3.60 1.3 0.37 0.94 10.6 11.6

Drury Creek #1
Outlet 11/22/1997 2.80 1.0 0.35 0.86 9.4 9.9

Outlet 12/16/1997 5.72 3.8 0.66 1.13 10.6 11.7

Outlet 1/18/1998 10.06 11.11.11 1.65 10.4 12.3

Middle 11/22/1997 4.02 2.7 0.66 1.78 12.6 13.3

Drury Creek #4
Middle 12/16/1997 6.45 8.5 1.32 3.21 12.5 13.8

Outlet 11/22/1997 3.80 3.2 0.83 2.27 12.6 13.3

Outlet 12/16/1997 6.14 7.7 1.25 2.98 12.5 14.1

Middle 11/2/1997 1.51 1.1 0.71 1.88 7.7 7.8

Middle 11/22/1997 1.34 1.0 0.73 1.78 7.6 7.7

Middle 12/16/1997 2.44 2.9 1.17 2.66 8.2 8.3

Middle 1/18/1998 4.89 9.4 1.93 3.9 8.8 9.2

Seeley Creek #1
Middle 2/21/1998 5.86 14.12.41 4.75 8.9 9.3

Outlet 11/2/1997 0.72 0.9 1.27 2.15 4.4 4.4

Outlet 11/22/1997 0.63 0.7 1.08 1.98 4.2 4.2

Outlet 12/16/1997 1.43 2.6 1.79 2.93 5.6 5.6

Outlet 1/18/1998 3.42 8.2 2.40 4.65 7.6 7.7

Outlet 2/21/1998 4.21 12.6 2.99 4.95 7.8 7.9

Middle 10/12/1997 1.83 1.7 0.94 1.95 6.8 6.9

Middle 11/2/1997 2.19 2.5 1.14 2.08 7 7.1

Middle 11/22/1997 2.02 1.9 0.94 2.05 6.9 7.0

Middle 12/16/1997 3.78 6.8 1.80 3.21 8.4 8.6

Seeley Creek #4
Outlet 10/12/1997 2.01 1.7 0.86 1.87 9.5 9.9

Outlet 11/2/1997 2.86 2.8 0.98 2.12 9.6 10.1

Outlet 11/22/1997 2.53 2.0 0.78 1.98 9.7 10.0

Outlet 12/16/1997 5.35 6.4 1.19 2.14 10.15 10.8

Outlet 1/18/1998 8.64 19.9 2.31 3.95 10.2 11.4

Outlet 2/21/1998 11.34 29.32.59 4.35 10.1 11.7



Table 3. Culvert and substrate roughness characteristics for each cross-section.

Culvert Name Location Date
Total Wetted
Perimeter (ft)

Substrate

Wetted
Perimeter (ft)

Culvert Wetted
Perimeter (ft)

Corrugation
height (ft) (ft)

Composite
Dg4 (ft)

Outlet 1/18/1998 12.30 10.34 1.96 0.167 0.039 0.067

Drury Creek #1
Outlet 11/2/1997 11.63 10.66 0.97 0.167 0.039 0.055
Outlet 11/22/1997 9.94 9.35 0.59 0.667 0.039 0.051
Outlet 12/16/1997 11.67 10.47 1.20 0.167 0.039 0.058
Middle 11/22/1997 13.34 12.81 0.53 0.167 0.351 0.345

Drury Creek #4
Middle 12/16/1997 13.81 12.78 1.03 0.167 0.351 0.339
Outlet 11/22/1997 13.26 12.65 0.61 0.167 0.351 0.344
Outlet 12/16/1997 14.13 12.85 1.28 0.167 0.351 0.337
Middle 1/18/1998 9.15 6.25 2.90 0.167 0.249 0.225
Middle 2/21/1998 9.31 6.21 3.10 0.667 0.249 0.223
Middle 11/2/1997 7.78 6.75 1.03 0.167 0.249 0.239
Middle 11/22/1997 7.65 7.01 0.64 0.167 0.249 0.243

Seeley Creek #1
Middle 12/16/1997 8.31 6.80 1.51 0.167 0.249 0.235
Outlet 1/18/1998 7.72 0 7.72 0.167 0 0.167
Outlet 2/21/1998 7.94 0 7.94 0.167 0 0.167
Outlet 11/2/1997 4.43 0 4.43 0.167 0 0.167
Outlet 11/22/1997 4.21 0 4.21 0.167 0 0.167
Outlet 12/16/1997 5.64 0 5.64 0.167 0 0.167
Middle 10/12/1997 6.89 4.22 2.67 0.167 0.246 0.217
Middle 11/2/1997 7.08 2.57 4.51 0.167 0.246 0.197
Middle 11/22/1997 7.00 2.59 4.41 0.167 0.246 0.198
Middle 12/16/1997 8.56 3.34 5.22 0.167 0.246 0.200

Seeley Creek #4
Outlet 1/18/1998 11.36 9.22 2.14 0.167 0.246 0.232
Outlet 2/21/1998 11.69 9.29 2.40 0.167 0.246 0.231
Outlet 10/12/1997 9.87 9.09 0.78 0.167 0.246 0.240
Outlet 11/2/1997 10.07 9.39 0.68 0.167 0.246 0.241
Outlet 11/22/1997 10.03 9.18 0.85 0.167 0.246 0.240
Outlet 12/16/1997 10.77 9.34 1.43 0.167 .2460 0.236

D84



Table 4. Friction coefficients and relative smoothness values for each cross-section.

Ave. Hydraulic Hydraulic
Composite Water

Manning's DarcyCulvert Name Location Date Velocity Depth, D radius, R Surface
(ft/sec) (ft) (ft) De4 (ft) Slope (ft/ft)

n Weisbach, f

Relative Smoothness

RI D!
compositeD84 compositeD44

Outlet 1/1811998 1.11 0.968 0.818 0.067 0.0002;:,? 0.0185 0.043 12.17 14.40

Drury Creek #1
Outlet 11/2/1997 0.37 0.340 0.310 0.055 -6.000 0.0290 0.144 5.65 6.20
Outlet 11/22/1997 0.35 0.298 0.282 0.051 0.0002 0.0291 0.150 5.57 5.89
Outlet 12/16/1997 0.66 0.540 0.490 0.058 0.0002 0.0221 0.072 8.44 9.29
Middle 11/22/1997 0.66 0.319 0.301 0.345 0.0159 0.1274 2.808 0.87 0.93

Drury Creek #4
Middle 12/16/1997 1.32 0.516 0.467 0.339 0.0167 0.0879 1.156 1.38 1.52
Outlet 11/22/1997 0.83 0.302 0.287 0.344 0.0159 0.0981 1.693 0.83 0.88
Outlet 12/16/1997 1.25 0.491 0.435 0.337 0.0167 0.0882 1.191 1.29 1.46
Middle 1/18/1998 1.93 0.556 0.535 0.225 0.0221 0.0755 0.816 2.38 2.48
Middle 2/21/1998 2.41 0.658 0.629 0.223 0.0210 0.0658 0.586 2.82 2.95
Middle 11/2/1997 0.71 0.196 0.194 0.239 0.0210 0.1014 2.059 0.81 0.82
Middle 11/22/1997 0.73 0.176 0.175 0.243 0.0213 0.0929 1.789 0.72 0.73

Seeley Creek #1
Middle 12/16/1997 1.17 0.298 0.294 0.235 0.0210 0.0814 1.157 1.25 1.27
Outlet 1/18/1996 2.40

-
0.450 0.443 0.167 0.0221 0.0537 0.439 2.66 2.70

Outlet 2/21/19 8 2.99 0.539 0.530 0.167 0.0210 0.0472 0.320 3.18 3.24
Outlet 11/2/1997 1.27 0.165 0.164 0.167 0.0210 0.0508 0.547 0.98 0.99
Outlet 11/22/1997 1.08 0.151 0.150 0.167 0.0213 0.0570 0.710 0.90 0.90
Outlet 12/16/1997 1.79 0.255 0.253 0.167 0.0210 0.0482 0.427 1,52 1.53
Middle 10/12/1997 0.94 0.269 0.266 0.217 0.0046 0.0445 0.357 1.23 1.24
Middle 11/2/1997 1.14 0.313 0.310 0.197 0.0036 0.0358 0.219 1.57 1.59
Middle 11/22/1997 0.94 0.292 0.288 0.198 0.0036 0.0412 0.298 1.46 1.48
Middle 12/16/1997 1.80 0.450 0.441 0.200 0.0018 0.0204 0.063 2.21 2.26

Seeley Creek #4
Outlet 1/18/1998 2.31 0.847 0.761 0.232 0.0018 0.0229 0.067 3.28 3.65
Outlet 2/21/1998 2.59 1.123 0.970 0.231 0.0018 0.0240 0.068 4.20 4.86
Outlet 10/12/1997 0.86 0.211 0.203 0.240 0.0046 0.0404 0.322 0.85 0.88
Outlet 11/2/1997 0.98 0.297 0.283 0.241 0.0036 0.0390 0.269 1.18 1.23
Outlet 11/22/1997 0.78 0.261 0.253 0.240 0.0036 0.0456 0 382 1.05 1.09
Outlet 12/16/1997 1.19 0.527 0.497 0.236 0.0018 0.0334 0.163 210 2.23

Estimated values
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(Table 4; Figure 11). The straight line in the figure represents a 1:1 relationship.

Equation 5, which uses the hydraulic depth, averaged approximately a 5% higher

relative smoothness value than equation 4. The maximum difference in relative

smoothness between equations 4 and 5 for any given cross-section was 2.23
(18.3%).

The original source data that Leopold et al. (1964) used to develop equation

6 was Wolman (1955). Neither Wolman (1955) nor Leopold et al. (1964) reported
D84 values for their study sites (only D50 values were reported). In addition, neither

the hydraulic radius nor the wetted perimeter from which the hydraulic radius could

be calculated was reported. As a result, it was not possible to reproduce the Darcy-

Weisbach friction factor and relative smoothness values to plot and compare with
the Drury Creek #4, Seeley Creek #1, and Seeley Creek #4 cross-sections. Instead,

the function in equation 6 was plotted and overlaid on the relative smoothness

values that were derived using the hydraulic depth from the study sites (Figure 12).

The regression line for the data resulted in a higher intercept term and a lower slope

term than equation 6. There was not enough data presented in Leopold et al. (1964)

to calculate the friction factor. It was not possible to determine if the friction

factors from the study sites were within the scope of inference from which equation
6 was derived.

Limerinos (1970) provided all the data in the article that was necessary to
derive the relative smoothness values based on hydraulic radius and D84 to plot

them against the Darcy-Weisbach friction factor (Figure 13). From the data
provided in Limerinos (1970), the same function was derived as presented in

equation 7. The log transformed relative smoothness values from the Limerinos

(1970) study ranged from -0.046 to 1.836 and the inverse square root transformed

friction factor ranged from 0.996 to 5.788. The log transformed relative

smoothness values for the cross-sections included in this study ranged from -0.142

to 0.502 and the inverse square root transformed friction factor ranged from 0.597

to 3.978. A few of the data points from this study were below the range

encountered in Limerinos (1970); but they did fall within the range of scatter. The
regression line nearly coincided with the Limerinos (1970) equation, however, the

intercept is slightly higher and the slope term is slightly lower than equation 7
(Figure 13).
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The measured Darcy-Weisbach friction factor versus the predicted friction

factor that was calculated from equations 6 and 7 is presented in Figure 14. The

straight line in the figure represents a 1:1 relationship. When the data points fall

above the line, equation 6 or equation 7 over-estimated the flow resistance

compared to the computations from the field measurements of the hydraulic

parameters. Equation 6 or equation 7 under-estimated flow resistance for data

points that fall below the line. In general, at higher flow resistances, equation 6 and

7 tend to under-estimate flow resistance.

The back calculated Manning's n versus the predicted Manning's n derived

from equation 6 and equation 7 is presented in Figure 15. The straight line

represents a 1:1 relationship. Data points above the line were over-estimated by

equation 6 or equation 7 and data points below the line were under-estimated by the

equation compared to the back-calculated Manning's n. In general, at higher

Manning's n's, equation 6 and 7 tend to under-estimate Manning's n.

Prediction Model

A tabulation of the velocity distribution data for each cross-section is

presented in Appendix D. Each data point in the velocity distributions represents

the total cross-sectional area that falls completely within the 0.25 fps velocity

increments. The next highest 0.25 velocity increment was not listed if the

maximum velocity for the cross-section is less than the next velocity interval. This

was done to eliminate the assumption that the maximum velocity encountered for

any cross-section was the last incremental velocity shown. This procedure

generally results in the total cross-sectional area that is less than 100% when adding

up the velocity distributions; however the remaining percent area falls within the

maximum velocity for each cross-section (listed at the bottom of the table) and the

highest listed velocity increment. For example, the outlet cross-section for Seeley

Creek #1 on November 11, 1997, 80.52% of the total cross-sectional area was less

than or equal to 2.0 fps. The maximum velocity for the cross-section was 2.15 fps;

therefore the remaining 19.48% of the cross-section fell within 2.0 and 2.15 fps.

The percent area cumulative frequencies of each cross-section form the

foundation for the prediction model. Figure 16 is an example of a percent area
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Figure 16. Percent area cumulative frequency plot for the middle of Seeley Creek #1 on February 21, 1998.
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cumulative frequency plot of the middle cross-section for Seeley Creek #1 on

February 21, 1998. This figure shows the typical non-linear form of the cumulative

frequency plots. The logit transformation allowed each cumulative frequency plot

to be expressed as a single variable (after centering the velocity) and produced

realistic results by maintaining backtransformed values between 0 and 100%. The

logit transformation tended to extend the maximum transformed % area data point

above the fitted regression equation for most of the cross-sections. In a few cases

this produced a slightly lower r2 after transforming the data than without

transforming the data. However, for 51 of the 62 cross-sections, the logit

transformation improved the fit of the regression equation for the cumulative

frequency plots by producing smaller average % area differences between the

measured and predicted % areas. For all 62 cross-sections, the average % area

differences between the measured and predicted % area with no transformation and

the logit transformation were 7.24% and 4.11 %, respectively.

Figure 17 is the same cross-section as in Figure 16, but with the logit

transformed percent area. The next modeling step would have required modeling

both the slope (P,) and intercept (R0) terms instead of just P,. To simplify the

modeling procedure, a centering technique was used whereby the average velocity

for each cross-section was subtracted from the incremental velocities. This was

designed to center the velocity on zero (Figure 18). After centering the velocities,

the intercept terms approached zero; ranging from -0.18 to 0.75 with an average of

0.10 (Table 5). The slope terms ((3,'s) do not change after centering the velocity.

The I3, values for the 62 cross-sections ranged from 0.93 to 5.66 (Table 5).

The second modeling procedure used hydraulic parameters including

discharge, total cross-sectional area, hydraulic radius, composite D84, Froude

number, and relative roughness to model the (3,'s. The backward elimination

variable reduction technique removed two variables from the full model:

compositeD84 (p-value >0.868) and hydraulic radius (p-value >0.477). The Drury

Creek #1 cross-sections were removed from the analysis. All four cross-sections

had outlier residuals that were highly influential in the analysis. The cause for the

high influence is probably due to the fact that the Drury Creek #1 culvert contained

a pool throughout the entire length of the pipe. The culvert bed slope is negative,

which created a back-flood pool effect. The culvert is outlet controlled and
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Table 5. Statistical parameters from the logit transformed
percent area and the centered velocity regression equations
(Equation 10).

Culvert Name Location Date Ro 11

Outlet 11/2/1997 0.10 5.66

Drury Creek #1
Outlet 11/22/1997 0.20 4.95

Outlet 12/16/1997 -0.08 4.61

Outlet 1/18/1998 0.09 3.52

Outlet 11/22/1997 0.11 3.68

Drury Creek #4
Outlet 12/16/1997 0.06 2.29

Middle 11/22/1997 0.21 2.70

Middle 12/16/1997 0.10 2.22

Outlet 11/2/1997 -0.12 1.96

Outlet 11/22/1997 -0.06 2.10

Outlet 12/16/1997 0.10 2.02

Outlet 1/18/1998 0.19 1.52

Seeley Creek #1
Outlet 2/21/1998 0.10 1.35

Middle 11/2/1997 0.12 3.14

Middle 11/22/1997 0.18 4.75

Middle 12/16/1997 0.05 2.42

Middle 1/18/1998 -0.01 1.55

Middle 2/21/1998 0.11 1.55

Outlet 1/18/1998 0.01 1.47

Outlet 2/21/1998 0.14 1.55

Outlet 12/12/1997 0.14 2.04

Outlet 11/2/1997 0.25 2.81

Seeley Creek #4
Outlet 11/22/1997 0.17 2.64

Outlet 12/16/1997 0.21 2.65

Middle 10/12/1997 0.13 3.00

Middle 11/2/1997 0.28 3.66

Middle 11/22/1997 0.16 3.84

Middle 12/16/1997 0.03 1.98

Outlet 7/10/1995 0.05 4.26

Outlet 10/26/1995 -0.01 2.70

Ritner Left Outlet 11/11/1995 0.16 1.43

Outlet 12/6/1995 0.14 1.59

Outlet 12/20/1995 -0.08 1.17
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Table 5. Continued.

Culvert Name Location Date Do R,

Middle 7/10/1995 0.10 3.45

Ritner Left
Middle 10/26/1995 0.15 2.29

Middle 12/6/1995 -0.18 1.84

Middle 12/20/1995 0.49 2.12

Outlet 11/11/1995 -0.14 1.45

Outlet 12/6/1995 0.12 2.17

Ritner Middle
Outlet 12/20/1995 -0.04 2.59

Middle 11/11/1995 0.30 1.53

Middle 12/6/1995 -0.01 2.15

Middle 12/20/1995 -0.05 2.14

Outlet 11/11/1995 0.05 1.12

Outlet 12/6/1995 0.24 1.42

Ritner Right
Outlet 12/20/1995 -0.11 1.72

Middle 11/11/1995 -0.04 1.13

Middle 12/6/1995 0.46 2.07

Middle 12/20/1995 0.00 1.46

Outlet 9/5/1995 0.10 3.40

Outlet 10/26/1995 0.04 1.70

Sheythe Left Outlet 11/11/1995 0.11 2.70

Outlet 12/6/1995 0.07 1.14

Outlet 12/20/1995 0.08 1.07

Sheythe Middle Outlet 11/11/1995 0.75 2.58

Sheythe Right Outlet 11/11/1995 -0.05 1.61

Outlet 1/4/1996 0.10 1.22

Outlet 1/15/1996 0.08 1.10

Clarence Creek
Outlet 1/21/1996 0.05 0.94

Middle 1/4/1996 -0.01 1.08

Middle 1/15/1996 0.14 1.22

Middle 1/21/1996 0.18 0.93



47

functions hydraulically different than the other culverts, which all contained riffles

throughout the length of the pipes. Because of the different hydraulic properties of

the Drury Creek #1 pipe and the high influence it had on the overall fit of the

model, it was not included in the analysis when modeling [31. Also removed from

the analysis were the five outlet cross-sections from Seeley Creek #1. The

measurement location for the outlet cross-section did not contain substrate and

therefore did not function like a countersunk culvert. The middle cross-sections

were retained in the analysis because the measurement location contained substrate

and functioned like a countersunk culvert.

The hydraulic parameters included in the final model were total cross-

sectional area, discharge, Froude number, and relative roughness. The following

equation is the reduced model used to calculate [3,:

f, = 4.30 - 0.15(total cross sectional area) + 0.03(discharge)

- 5.04(Froude number) + 0.70(relative roughness)
(12)

The reduced model explained 73.8% of the variation (residual SE = 0.48).

To apply the model, first calculate the hydraulic variables (cross-sectional

area, Froude number, relative roughness, and average velocity) that correspond to

the fish passage design discharge. Next, insert the appropriate hydraulic variables

into equation 12 to calculate I. Select a velocity (VS"'m) that is within the

swimming performance range of the species and age-class of interest and use the

following equation to calculate [32:

A =A * (Vswim -average velocity) (13)

The following equation back-transforms [32 to determine the predicted percent of

the total cross-sectional area that has a velocity less than or equal to the swimming

performance velocity of the species and age-class of interest:

Predicted % Area =
[exp(,Q2 ) * (100)]

(14)
1 + exp(l2 )
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The predicted percent area versus the measured percent area with a velocity

less than or equal to the 0.25 fps velocity increments is presented in Figure 19. The

line drawn on the plot is a 1:1 relationship where the model would perfectly predict

the percent area with a velocity less than or equal to the 0.25 fps velocity

increments. The model over predicted data points that are above the line and under

predicted data points below the line.

To determine how accurately the prediction model would calculate the

percent of a cross-section that is less than or equal to a swimming velocity, the

prediction model was tested, in a countersunk culvert design mode, with a standard

open channel hydraulic equation (Manning's equation). The following steps were

used to test the prediction model:

1) Determine the design discharge for fish passage. (The discharge

measured for each cross-section was used as the design discharge.)

2) Select a trial depth of flow that corresponds to the design discharge. (A

rectangular channel was utilized in this process since most countersunk

culverts take on a rectangular shape.)

- Calculate cross-sectional area

- Calculate the hydraulic radius

- Calculate Manning's n using Limerinos' equation (equation 7) with

the compositeD84.

3) Use Manning's equation to calculate discharge with the hydraulic

variables calculated from step 2. (The bed slope within the culvert was

used as the equivalent slope of the energy grade line.)

4) Compare the calculated discharge to the fish passage design discharge.

If the discharges are different, adjust the depth of flow so the calculated

discharge equals the design discharge.

5) Insert the hydraulic variables (discharge, total cross-sectional area,

average velocity, Froude number and relative roughness) into the

prediction model. (The culvert bed slopes were not available from

White (1996) so only the 19 cross-sections from this study (used in

developing the model) were used for testing of the model).

The test of the prediction model in a countersunk culvert design mode

revealed that the model underestimated the measured percent area that is less than
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or equal to a 1 fps Vs, m and a 2 fps Vs m for 10 and 16 cross-sections, respectively,

out of 19 cross-sections (Figure 20). The straight line in the figure represents a 1:1

relationship. Data points that fall above the line were over-estimated in the culvert

design mode with the prediction equation and data points that fall below the line

were under-estimated. In the countersunk culvert design mode, the prediction

model under-estimated the percent area by an average of 4.58% at VS" = 1 fps and
5.38%atVS`w" =2fps.
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Discussion

Culvert Inventory

The purpose of the culvert inventory was to locate and document the current

baseline conditions of countersunk culverts in Oregon. Many design guidelines

(ODFW, 1997; WDFW, 1999; NMFS, 2000) recommend or require stream

crossing structures that use a stream simulation approach often with reference to the

countersunk culvert. However, because the countersunk culvert is a relatively

"new" approach to facilitate fish passage, little is known about the long-term

stability and functionality of these crossings. The culvert inventory can be used as

the foundation for further studies in determining how the crossings change over

time and whether the countersunk feature persists through time given the

installation specification of the culvert.

The pipe arch culvert shape provides a wider channel configuration than a

round culvert at a given end area and also can be used where there is limited

headroom available. The pipe arch will pass higher discharges of water at a lower

depth of flow which should result in lower velocities than a round culvert for a

given end area. However, if a round culvert is countersunk approximately 40% of

its depth, the wetted width will approximate that of the pipe arch and should have

similar water velocities. A round pipe that is countersunk 40% would better ensure

the culvert would contain substrate if the streambed elevation lowered slightly than

a pipe arch that is countersunk 20%. Although the increased countersinking depth

would provide a more conservative design, the additional cost of over-sizing the

pipe to accommodate the loss of end area from the increased countersinking would

most likely make the pipe arch more economical to install at a shallower

countersunk depth and still achieve the same "functional" end area.

Large incident angles with respect to the upstream active channel can cause

a local scour of the pipe at the inlet. A pipe with the flow entering at an angle is

more susceptible to developing scour at the inlet of the pipe than if the pipe was in

direct alignment with the channel. The three culverts that had local scour at the

inlet of the pipe with exposed corrugations had channel incident angles that ranged

from 10° to 40°. However, another culvert had a channel incident angle of 40° but
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did not have local scour with exposed corrugations. This culvert had a pool that

extended throughout its entire length but had substrate that consisted of fine silt that

could easily flush out under higher flow and re-deposit during low flow. Bare pipe

conditions at the inlet of the pipe would create a local higher velocity region that

could preclude upstream passage of fish through the pipe. Minimizing the channel

incident angle would help prevent a local scour from occurring at the inlet of the
pipe.

In most instances it was not possible to determine if a culvert was backfilled

with either native stream substrate or imported course material at the time of

construction. Subsequent to installation the backfill material could have been

washed out and replaced with native material or native material could have filled in

over top of the backfill material. Two culvert installations were backfilled with

rock substrate at the time of construction. The backfilling process was photo

documented on Drury Creek #4. A Bobcat was used to place rock in the bottom of

the culvert. During the pebble count at Drury Creek #1, the leveling rod was

pushed through the silt substrate surface layer. Below the silt layer was large

angular substrate that was presumed to be place on the culvert invert at the time of

construction. The large angular substrate probably caused the local backwater

effect that created the negative bed slope and pool throughout the culvert.

Backfilling the culvert with substrate at the time of construction will speed

the process of achieving streambed simulation. If the culvert is allowed to recruit

substrate naturally, the rate of fill will depend on the bedload transport rate of the

stream. Larger backfill material in the culvert can help retain native substrate

material. Larger material can also withstand higher velocity and therefore keep

some functional substrate component (reducing velocities at the substrate interface)

even at higher flows as compared to a bare pipe. A countersunk culvert should be

sized to carry the design discharge with the presence of the substrate in the pipe.

The substrate reduces the end area of the culvert and as a result reduces the flow

capacity. A benefit in over-sizing the culvert is that when a flood event exceeds the

design discharge or if the culvert partially plugs, the substrate material in the

culvert may be hydraulically excavated out of the culvert and as a result, increase

the flow capacity through the culvert. A drawback to backfilling the culvert with

larger substrate than the native stream material is the bed in the pipe should be able

to respond to downstream bed fluctuations, which oversized backfill would resist.
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In addition, larger backfill material may be less likely to wash out of the culvert and

not increase the flow capacity of the culvert during flood events. Native stream

substrate would be more likely to flush out of the culvert and regain flow capacity

that was lost due to the presence of the substrate material.

The maximum countersunk culvert slope inventoried in this study was

2.5%. The culvert was installed on a stream that had a 12.9% slope. The culvert

was functioning on that steep of a stream because of a series of log weirs

downstream of the outlet to control the stream grade. Without the weirs, the outlet

most likely would have a perched outlet with no substrate retained in the pipe.

Stream grade does not necessarily predetermine the substrate slope in the pipe. One

culvert had a higher culvert bed slope than the culvert slope. Fifteen of the twenty-

one countersunk culverts that were inventoried had culvert slopes greater than 0%.

Four had 0% culvert slopes and two had negative culvert slopes. Installing a

countersunk culvert at a 0% grade does not guarantee that the culvert will be stable

and function as a countersunk culvert over time. A culvert installed with a 0%

slope on a steeper stream would most likely lead to a perched outlet over time even

though substrate may persist throughout the culvert. There may be lower velocity

regions in the pipe to facilitate upstream fish passage but the installation may lead

to an entrance jump barrier. Culverts can be installed effectively at the same grade

as the local streambed slope provided the culvert is wide enough and countersunk

sufficiently. If the culvert is large enough so flows are not constricted laterally and

the channel can aggrade and degrade within the culvert without coming in contact

with the invert, then the stream would essentially function like the culvert was not

there (like a full span bridge). By installing a culvert at a 0% slope compared to

near stream grade results in a possibly needlessly oversized pipe to create enough

inlet end area to convey the design discharge of the culvert. The most important

part of countersinking a culvert is getting the invert of the outlet below the point of

potential channel grade adjustment. The primary failure in countersunk culvert

functioning criteria is the loss of outlet control caused by channel degradation.
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Velocity Study

For any cross-section, the amount of a given low velocity region decreased

as discharge increased. At higher discharges, the lower velocity regions migrated

to the sides of the culverts and towards the bottom of the culvert invert. The

velocity distribution for most of the cross-sections was not symmetrical about the

centerline. The exceptions to this were the cross-sections measured at the outlet of

Seeley Creek #1. The outlet cross-section location did not contain substrate unlike

the middle cross-section location, which had an irregular shaped bottom with

substrate and had asymmetrical velocity distributions about the centerline.

Many of the cross-sections exhibited multiple high velocity regions at

different discharges, which can again be attributed to the irregular shaped bottom of

the culverts due to the presence of substrate. Also at different discharges the

substrate elevations changed with localized fill and scour occurring along the cross-

sections. Bedload transport was observed at higher discharges. A few times during

the February 21, 1998 velocity measurements, small gravel sized bedload was

swept into the flow probe while measuring the 0.1 ft above the substrate point

location. Also during the February 21, 1998 velocity measurement at the outlet of

Seeley Creek #1, small gravel was present in the culvert corrugations at the cross-

section. This was the only date when bedload transport was observed and substrate

was present at this cross-section location; but the corrugations were still visible and

the material occupied less than one-quarter the depth of the corrugations.

Roughness Coefficients

The countersunk culvert design poses a very unique situation where both the

culvert corrugations and the substrate within the culvert provide channel roughness

elements that are not currently combined and quantified in the literature. In this

analysis two empirical equations developed for natural channels were used to

calculate the roughness coefficient or friction factor for a countersunk culvert. The

culvert corrugation height was incorporated into the natural channel equations by

using a weighted roughness calculation. Both Limerinos (1970) and Leopold

(1964) equations predicted the back-calculated friction factor reasonably well. The
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data from this study produced slightly different coefficients than Limerinos (1970)

or Leopold (1964), however the scatter from the data in this study fell within the

scatter of the natural channel equations. The sample size from this analysis was not

large enough to be able to produce a new roughness equation however the existing

equations both appear adequate for use in the design of countersunk culverts. By

modifying the D84 variable in the two equations, the culvert corrugations could be

encompassed as part of the cross-section's roughness elements via the composite

D84 variable.

Under low flows, the roughness contributed by the culvert corrugations

along the edge of the cross-section would be less than with a greater depth of flow.

Both natural channel roughness equations account for varying effects of bed

particle size on roughness by relating it to a relative roughness based on hydraulic

depth or hydraulic radius. As the depth of flow increases, the relative roughness

decreases and the resulting friction factor or roughness coefficient decreases. The

composite D84 functions similarly because the wetted perimeter is the weighting

factor which determines the overall contribution of the substrate D84 and the culvert

corrugation roughness elements. As the depth of flow increases, the proportion of

the wetted perimeter that is in contact with the culvert corrugations increases and

therefore begins to have a larger influence in determining the value of the

composite D84. However, at the same time, the overall contribution of the

roughness elements decreases relative to the increasing depth of flow and

discharge.

Prediction Model

As discharge increases, the low velocity regions for each cross-section tend

to migrate towards the bottom and sides of the culvert (Appendix Q. The percent

of the total cross-sectional area that encompasses low velocity regions also

decreases as those regions shift toward the bottom and sides of the culvert when

discharge increases (Appendix D). This observed pattern stimulated the

investigation into a model for the velocity distribution as a function of basic

hydraulic parameters.
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Because fish have swimming velocity limits, they will actively seek

velocity regions within their swimming ability as they move upstream (Kahler and

Quinn 1998). Provided the quality and quantity of low velocity regions are

adequate, fish passage criteria should be met. The distribution of these regions

within a cross-section and throughout the length of the culvert characterizes the

quality of the low velocity zones. The quality varies depending on whether the low

velocity regions are evenly distributed one inch thick along the bottom and sides of

the culvert (possibly the worst case scenario), or grouped along the sides of the

culvert, or bottom of the culvert in a larger contiguous area (possibly a better case

scenario). The quantity of low velocity regions is defined as the area of a cross-

section that is within a particular velocity range (i.e. the swimming performance

velocity of a fish). The prediction model in this study is intended to be used as a

method with which to determine the quantity of low velocity regions in a
countersunk culvert.

Six variables were selected for the full model when predicting the slope

term (3,: discharge, total cross-sectional area, hydraulic radius, composite D84,

Froude number, and relative roughness. These variables were chosen because they

each are hydraulic parameters that can be calculated or controlled during the

countersunk culvert design and installation stages. Discharge is a variable that is

required for any culvert design, which does not vary as part of the design process

but is a target value to ensure the culvert is properly designed for flow. Where fish

passage is not a concern the peak discharge capacity dictates the culvert design;

however when fish passage is necessary, the high fish passage design discharge and

low fish passage design discharge are the target discharge values. Cross-sectional

area is a direct design variable when sizing and countersinking the culvert.

Hydraulic radius is a channel shape factor that typically increases for countersunk

culverts as the depth of flow increases because a countersunk culvert approximates

a rectangular channel. The composite D84, as explained in the roughness coefficient

section, enables the culvert wall and substrate on the culvert invert to be included

when determining the culvert roughness. The D84 of the natural channel upstream

or downstream of the culvert crossing must be used and assumed to be the substrate

size distribution present in the culvert after installation even if the culvert is

backfilled with larger non-native material during construction. It is assumed that

native material will fill in over the top of the imported material and serve as
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dominant roughness component for the culvert invert. Froude number is the ratio

of kinetic energy to potential energy. The variable implicitly includes the channel

slope. Froude numbers greater than 1.0 define supercritical or shooting flow and

Froude numbers less than 1.0 describe sub-critical or tranquil flow. Relative

roughness is an iterative variable that changes during the design process as the

hydraulic depth changes. Relative roughness adjusts the influence of the roughness

elements on flow as water depth changes. As the depth of flow increases the

influence of the roughness elements on flow decreases and visa-versa.

The reduced model for predicting the slope term, (31, contained four of the

six original hydraulic variables: discharge, total cross-sectional area, Froude

number, and relative roughness. Discharge and relative roughness both have

positive coefficients whereas total cross-sectional area and Froude number have

negative coefficients. A cross-section with a high Froude number would result in a

lower 01, than a cross-section with a lower Froude number, all else held constant.

In general, as the average velocity of a cross-section increases, the Froude number

increases. A high relative roughness usually corresponds to a low average velocity

and a cross-section with a higher relative roughness would result in a higher (31. In

general, the average velocity of a cross-section increases when discharge increases.

The discharge coefficient is positive in equation 12, which is counter intuitive to

what would be expected given that a higher discharge generally corresponds to a

higher average velocity. A cross-section with a higher average velocity should

result in a lower I3, (consistent with the tendency of the other hydraulic parameters

in the model), but the positive discharge coefficient actually produces a higher P, as

the average velocity increases. The discharge coefficient is relatively small

compared to the other variable coefficients, but the range of discharges may be

large relative to the other hydraulic variables. The discharge coefficient only plays

a significant role with high discharges in adjusting P,. The discharge term is not a

driving factor in the (3, model, but it probably interacts with the other variables in

the model that have a greater influence on P,. Discharge was retained in the (3,

model despite the positive coefficient because it was statistically significant (p-

value <0.05) and discharge is a very important hydraulic parameter in the culvert

design process.

In general, as discharge increases, total cross-sectional area and Froude

number increases, whereas relative roughness decreases. An exception to this



59

generalization was a culvert from White (1995), where the outlet cross-section on

the left culvert of Sheyth Creek on November 11, 1995 had a lower Froude number

than all other measurement dates for this cross-section even though it had the

highest measured discharge for the culvert. Other measurement dates with lower

discharges had higher Froude numbers than the one calculated for November 11,

1995. The lower Froude number is a result of a lower average velocity and higher

cross-sectional area. The middle culvert on Sheyth Creek on the same date, had a

similar discharge but with 5.3 ft2 less cross-sectional area of flow. The middle

culvert had a higher average velocity and Froude number than the left culvert cross-

section despite similar discharge. The probable cause for the lower Froude number

(and associated lower average velocity) and a higher total cross-sectional area in the

left culvert was a local backwater affect. There may have been debris piled up just

downstream from the outlet that was creating a local backwater affect in the left

culvert. This would have increased the water surface elevation resulting in a higher

cross-sectional area and lower average velocity and Froude number. The Sheyth

Creek site is unique in that the crossing consists of three parallel culverts, each

installed at slightly different slopes. The different culvert slopes also could have

contributed to the local backwater effect and subsequent discrepancy in the Froude

number.

Despite the hydraulic deviation, the cross-section was retained in the

analysis. This localized backwater affect is probably not an uncommon occurrence

in countersunk culvert installations. The data included in the prediction model

came from 53 cross-sections from six crossing locations with 10 individual

countersunk culverts. Two of the crossings from White (1995) have triple culvert

installations. The included cross-sections were intended to capture a wide range of

countersunk culvert types and hydraulic conditions that may be encountered on any

countersunk culvert installation. For example, flow levels included in the model

range from summer low flow to modest winter flow (unit area discharges from 0.4

to 43.3 cfs/mi2). However, more hydraulic variability exists than was documented

in this analysis including discharges above 90 cfs, cross-sectional area above 22 ft2,

and culverts with supercritical flow (Froude number > 1.0). No measured cross-

sections included in the model have Froude numbers greater than 0.684. It could be

possible that when flow exceeds a supercritical state, the culvert may exhibit

different velocity distributions than when experienced with sub-critical flow
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conditions. Fish passage conditions within the culvert also may be entirely

different with supercritical flow.

A similar prediction model was tried that used width to depth ratio instead

of hydraulic radius when modeling (3,. The five other hydraulic parameters were

not changed in the second iteration of modeling P,. The width to depth ratio,

defined as wetted width divided by hydraulic depth, is a channel shape factor

similar to hydraulic radius. The two variables have opposite responses with

increasing flow; width to depth ratio decreases, whereas hydraulic radius increases

for a typical channel shape. Discharge and cross-sectional area were the two

variables that were statistically insignificant (p-value >0.05) in the reduced model

when using width to depth ratio in the place of hydraulic radius. This may be a

statistically significant model, however, the resulting equation does not contain two

fundamental hydraulic parameters (discharge and cross-sectional area) and is not a

practical model for predicting flow conditions during the design stages of a

countersunk culvert crossing. For this reason, hydraulic radius was the channel

shape factor that was utilized in the development of the final prediction model.

There is a fairly linear relationship to the data points plotted from the

prediction model for percent area versus the measured percent area. On average the

model slightly over predicted the percent area less than a particular velocity. The

average difference between the predicted percent cross-sectional area and measured

cross-sectional area was 0.64%. The average percent error between the predicted

percent cross-sectional area and measured percent cross-sectional area was -1.09%.

Overall, the model tended to under-predict the percent area at the lower percent

area range (0 to 10% range) and over-predict at the mid- to high percent area range

(50-80% range). The largest percent error in terms of over-predicting and under-

predicting the percent cross-sectional area occurred at very low velocities (i.e. VS"

= 0.25 fps), which generally constitutes a small proportion of the total cross-

sectional area. The velocity range most likely to be of interest for juvenile

salmonids is in the 1-2 fps range. The average difference between the predicted and

measured percent cross-sectional area below those velocities was 0.2%. This lower

area range is where the percent area for a given V""° would most likely occur under

a high fish passage design discharge. The higher percent area range likely would

be encountered during either low discharges or with larger V"'m values.
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The prediction model performed well when tested in a culvert design mode

with an open channel hydraulic equation. There are inherent errors associated with

using open channel hydraulic equations (such as Manning's equation) for

calculating flow for natural channels or culverts. Open channel flow equations

assume steady uniform flow, which is rarely ever encountered in natural streams

(Chow, 1959). This assumption is frequently violated but the results are assumed

to be approximate. In addition the equations require a roughness coefficient, which

can be difficult to determine. The errors depicted in Figure x represent a

combination of errors involved with the prediction model as well as errors

associated with Manning's equation. Overall, the percent area prediction process

should provide a better method to establish fish passage criteria rather than using

average velocity criteria.

Flow conditions within culverts and in natural channels can be extremely

variable. Even though the data from which the prediction model was derived

contain a wide variety of hydraulic conditions, the model may be sensitive to

conditions that were not represented in the data. Further exploration with more

cross-sections from countersunk culverts would be warranted to further test the

robustness of the prediction model.
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Conclusion

Current design guidelines may have oversimplified the criteria for adequate

fish passage. In some instances the criteria may be too conservative while in other

cases they may be too liberal. Velocity measurements in several countersunk

culverts from this study revealed that low velocity regions exist along the bottom

and sides of the culvert. This may guide new approaches to establish fish passage

criteria based on the prediction model from this study, rather than assume a specific

culvert design functions properly or base the criteria on a single average value

when sufficient hydraulic conditions may exist within a culvert. The new approach

can use a cross-sectional area criteria that is within a particular velocity, which in

turn could be used to evaluate the efficacy of the countersunk culvert design in

providing adequate fish passage.

The intent of this study was to develop a prediction model that would be

compatible with future swimming ability research. The majority of fish swimming

ability research to date has been performed on fish in laboratory flumes,

respirometers (swim chambers), or non-countersunk culverts. Swimming velocities

of fish from natural channels would be more suited for comparison with conditions

in countersunk culverts because of their stream simulation design. The model

provides countersunk culvert velocity distribution information that may be useful

for fish passage design criteria. The prediction model estimates the proportion of

the total cross-section that is less than or equal to a given velocity (i.e. VS""m).

Unfortunately, there is currently no information in the literature that specifies the

amount of cross-sectional area below a given velocity that would be adequate for

fish passage. Future research in this area would be valuable for revising fish

passage design criteria with the objective of providing a certain amount of cross-

sectional area within a particular velocity for a specific species. During the design

phase of a new culvert installation or a culvert replacement, the prediction model

then could be used to determine if the proposed installation would meet the criteria.

In addition, the two natural channel roughness equations from Limerinos

(1970) and Leopold et al. (1964) both performed equally well in estimating

roughness coefficients for the countersunk culverts when compared to the back-

calculated values. Either equation could be used to estimate the roughness
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coefficient during the design stage in conjunction with the percent area prediction
model.
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Appendix A

Velocity Meter Comparison



71

Vertical velocity profiles were measured with a Flow Probe velocity meter and

a Marsh McBirney Flowmate Model 201D at 4 different locations: at 3 riffles and 1

pool. The velocities measured by each velocity meter were very similar. The greatest

variation in velocity measured by the two meters was at the water surface (Figures A1-

4). This may be due to the different methods of measurement. The Flow Probe is a

ducted impeller with a defined area that the water passes through, whereas the Marsh

McBirney has a larger zone of influence that the water must flow around. Because of

the larger zone of influence, the presence of the water surface may affect the Marsh

McBimey velocity measurement at the point just below the water surface. The Marsh

McBirney consistently measured a lower velocity at this location compared to the

Flow Probe. The greatest measured velocity difference between the two velocity

meters was 0.27 fps; which occurred in a riffle that was only 0.35 ft deep. The two

velocity meters measured similar velocities at the measurement point just above the

stream bottom. This would probably be true of any similar low velocity region along

the stream bottom or edge boundaries. The slight discrepancy between the two meters

of the measured velocity at the water surface probably did not affect calculated

hydraulic variables dramatically or the overall prediction model because the lower

velocity regions were the primary focus in this study.
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Figure Al. Velocity meter comparison from Riffle #1.
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Figure A2. Velocity meter comparison from Riffle #2.
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Figure A3. Velocity meter comparison from Riffle #3.
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Figure A4. Velocity meter comparison from Pool #1.
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Appendix B

Culvert Inventory Summary



Table B 1. Culvert inventory summary information.

Culvert Location Township Range Section
Invert
Length

(ft)

Crown
Length

(ft)

Height
(ft)

Width
(ft)

Corrugation
(in)

1 Mile Creek Mill/Siletz 9S 9W 28 40 40 3.8 6 2.5 x .5
24s7w24 Umpqua 24S 7W 24 81 76 6 6 2.5 x .5
Buckner Creek trib. Molalla R. 4S 2E 2 35 35 3.6 5.1 2.5 x .5
Cattle Creek Cow Creek 31S 7W 17 63.5 63.5 8.1 7.7 9 x 2.75
Cerine Creek trib. Mill/Siletz 9S 9W 27 20 20 3.6 5.2 2.5 x .5
Chappell Creek Lake Creek 17S 8W 7 41 41 4 5.8
C-Line Siuslaw 19S 8W 35 70 66 2.7 4 2.5 x .5
Drury Creek #1 McKenzie R. 15S 1W 17 50 40.5 6.9 10.6 6x2
Drury Creek #2 McKenzie R. 15S I W 20 48.5 38 7.4 11.5 6x2
Drury Creek #4 McKenzie R. 15S 1W 20 63.5 51 8.3 12.5 6x2
Fish Creek Trib #1 Lake Creek 16S 7W 27 41 33 4 5.7 2.5 x.5
Fish Creek Trib #2 Lake Creek 16S 7W 29 71 61 6.4 9.5 6x2
Oat Creek (South) Siuslaw 18S 7W 35 66 60 3.2 4.5 2.5 x .5
Palmer Creek Siletz 9S 9W 18 70 70 4 4 2.5 x .5
S.F. Mill Creek trib. Mill/Siletz 9S 9W 26 40 40 5 5 2.5 x .5
Seeley Creek #I McKenzie R. 15S 1 W 18 60 48 6.6 9.3 6x2
Seeley Creek #2 McKenzie R. 15S 1 W 18 50 50 7.5 7.5 3 x 1
Seeley Creek #3 McKenzie R. 15S 1W 19 54 42 6.4 9.5 6x2
Seeley Creek #4 McKenzie R. 15S 1W 19 82 69 6.8 10.5 6x2
Showalter Creek McKenzie R. 16S I W 6 51 51 6.1 6.1 3 x 1
Yellow Creek Smith River 20S 7W 32 79 48 14 14 6x2



Table B 1. Continued.

Culvert
Substrate

(% of total
length)

Inlet Substrate
Depth at

Thalweg (ft)

Outlet Substrate
Depth at Thalweg

(ft)

Average Substrate
Depth at Thalweg

(ft)

Inlet Relative
Substrate Depth at

Thalweg

Outlet Relative
Substrate Depth at

Thalweg

Average Relative
Substrate Depth at

Thalweg

1 Mile Creek 100 0.8 0.4 0.6 0.21 0.11 0.16
24s7w24 50 0.6 0 0.3 0.10 0.00 0.05
Buckner Creek trib. 100 0.1 0.1 0.1 0.03 0.03 0.03
Cattle Creek 100 0.8 0.2 0.5 0.10 0.02 0.06
Cerine Creek trib. 100 0.1 0.5 0.3 0.03 0.14 0.08
Chappell Creek 100 0.2 0.2 0.2 0.05 0.05 0.05
C-Line 100 0.2 0.9 0.55 0.07 0.33 0.20
Drury Creek #1 100 1.5 1.8 1.65 0.22 0.26 0.24
Drury Creek 42 100 0.8 1.2 1 0.11 0.16 0.14
Drury Creek #4 100 2.3 2.8 2.55 0.28 0.34 0.31
Fish Creek Trib #1 100 0 0.4 0.2 0.00 0.10 0.05
Fish Creek Trib #2 100 0.2 0.3 0.25 0.03 0.05 0.04
Oat Creek (South) 100 0 0.1 0.05 0.00 0.03 0.02
Palmer Creek 100 0.8 0.8 0.8 0.20 0.20 0.20
S.F. Mill Creek trib. 100 1.9 2.5 2.2 0.38 0.50 0.44
Seeley Creek #1 95 0.9 0 0.45 0.14 0.00 0.07
Seeley Creek #2 78 1.2 0 0.6 0.16 0.00 0.08
Seeley Creek #3 100 0.8 1.4 1.1 0.13 0.22 0.17
Seeley Creek #4 100 0 0.6 0.3 0.00 0.09 0.04
Showalter Creek 85 0.6 0 0.3 0.10 0.00 0.05
Yellow Creek 100 3.4 2.9 3.15 0.24 0.21 0.23



Table B l. Continued.

Culvert Pipe Arch
1 = yes

Multiplate1
= yes

Inlet Mitered
1 = yes

Annular
1 = yes

Pipe
Single

1

= yes

Low Flow
Incident Angle

(degrees)

Channel Incident
Angle (degrees)

1 Mile Creek 1 0 0 0 1 10 15
24s7w24 0 0 1 0 1 40 10

Buckner Creek trib. 1 0 0 0 1 40 40
Cattle Creek 0 1 0 1 1 0 5

Cerine Creek trib. 1 1 0 0 1 0 25
Chappell Creek 1 0 0 0 1 10 0
C-Line 1 0 1 0 1 5 5

Drury Creek #1 1 1 1 1 1 25 25
Drury Creek #2 1 1 1 1 1 15 5

Drury Creek #4 1 1 1 1 1 5 5

Fish Creek Trib #1 1 0 1 1 1 40 40
Fish Creek Trib #2 1 1 1 1 1 20 10
Oat Creek (South) 1 0 1 0 1 5 15

Palmer Creek 0 0 0 0 1 0 0
S.F. Mill Creek trib. 0 0 0 0 1 30 30
Seeley Creek #1 1 1 1 1 1 0 0

Seeley Creek #2 0 0 0 0 1 10 10

Seeley Creek #3 1 1 1 1 1 15 15

Seeley Creek #4 1 1 1 1 1 45 20
Showalter Creek 0 0 0 0 1 0 10

Yellow Creek 0 1 1 1 1 10 10



Table B 1. Continued.

Culvert Culvert
Slope (%)

Culvert
Bed Slope

(/o)

Local
Streambed
Slope (%)

D50
(mm)

D
(mm)

Drainage
Area (mil)

Upstream Active
Width (ft)

Downstream
Active Width

(ft)

Constriction
at Inlet

Expansion
at Outlet

1 Mile Creek 0 0.5 1.4 25 46 0.35 8.0 10.00.75 0.60
24s7w24 0 2.0 4.2 42 97 12.5 12.00.48 0.50
Buckner Creek trib. 0.3 -0.3 1.6 2 2 1.09 11.0 11.00.46 0.46
Cattle Creek 0.5 1.4 1.8 46 72 3.70 9.0 8.0 0.86 0.96
Cerine Creek trib. -1.5 -3.5 0.8 2 2 0.33 6.0 10.00.87 0.52
Chappell Creek 0.5 1.0 5.2 31 72 0.60 12.0 11.00.48 0.53
C-Line 1.4 0.1 1.4 45 81 0.28 9.0 14.00.44 0.29
Drury Creek # 1 0.5 -0.8 1.4 5 12 1.09 9.0 11.01.18 0.96
Drury Creek #2 1.6 0 1.4 14 190 1.51 12.0 13.00.96 0.88
Drury Creek #4 1.8 4.1 2.5 59 107 2.27 15.0 17.00.83 0.74
Fish Creek Trib #1 -1.2 1.1 6.0 30 67 0.25 9.0 9.0 0.63 0.63
Fish Creek Trib #2 0 0.1 1.6 65 105 1.86 11.0 18.00.86 0.53
Oat Creek (South) 0.5 0.5 1.7 10 44 0.54 9.0 8.0 0.50 0.56
Palmer Creek 2.7 2.7 12.9 24 65 0.18 8.0 10.00.50 0.40
S.F. Mill Creek trib. 2.5 1.0 2.7 30 54 0.19 6.0 6.0 0.83 0.83
Seeley Creek #1 0.6 1.4 3.6 35 76 0.71 11.0 9.0 0.85 1.03

Seeley Creek #2 0 2.1 3.9 46 89 1.34 9.0 7.0 0.83 1.07
Seeley Creek #3 1.0 0.4 1.4 2 2 1.75 11.0 13.00.86 0.73
Seeley Creek #4 1.6 0.6 2.5 42 75 2.11 13.0 19.00.81 0.55
Showalter Creek 1.1 2.1 3.6 60 131 0.92 9.0 10.00.68 0.61
Yellow Creek 0.6 0.9 1.2 32 64 2.54 15.0 17.00.93 0.82
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Appendix C

Velocity Contour Plots
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Figure C9. Velocity contour plot for the middle cross-section of Seeley Creek #1 on 11/22/97 (discharge = 0.98 cfs; average
velocity = 0.73 fps).



Figure C10. Velocity contour plot for the middle cross-section of Seeley Creek #1 on 11/02/97 (discharge = 1.08 cfs; average
velocity = 0.71 fps).
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Figure C11. Velocity contour plot for the middle cross-section of Seeley Creek #1 on 12/16/97 (discharge = 2.86 cfs; average
velocity = 1.17 fps).



Figure C12. Velocity contour plot for the middle cross-section of Seeley Creek #1 on 01/18/98 (discharge = 9.44 cfs; average
velocity = 1.93 fps).



Figure C 13. Velocity contour plot for the middle cross-section of Seeley Creek #1 on 02/21/98 (discharge = 14.11 cfs; average
velocity = 2.41 fps).
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Figure C14. Velocity contour plot for the outlet cross-section of Seeley Creek #1 on 11/22/97 (discharge = 0.68 cfs; average
velocity = 1.08 fps).
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1ft
Figure C 15. Velocity contour plot for the outlet cross-section of Seeley Creek #1 on 11/02/97 (discharge = 0.92 cfs; average
velocity = 1.27 fps).
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Figure C16. Velocity contour plot for the outlet cross-section of Seeley Creek #1 on 12/16/97 (discharge = 2.56 cfs; average
velocity = 1.79 fps).
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Figure C 17. Velocity contour plot for the outlet cross-section of Seeley Creek #1 on 01/18/98 (discharge = 8.20 cfs; average
velocity = 2.40 fps).
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Figure C 18. Velocity contour plot for the outlet cross-section of Seeley Creek #1 on 02/21/98 (discharge = 12.60 cfs; average
velocity = 2.99 fps).



Figure C19. Velocity contour plot for the middle cross-section of Seeley Creek #4on 10/12/97 (discharge = 1.72 cfs; average
velocity = 0.94 fps).
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Figure C20. Velocity contour plot for the middle cross-section of Seeley Creek #4 on 11/22/97 (discharge = 1.90 cfs; average
velocity = 0.94 fps).
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Figure C21. Velocity contour plot for the middle cross-section of Seeley Creek #4 on 11/02/97 (discharge = 2.50 cfs; average
velocity = 1.14 fps).
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Figure C22. Velocity contour plot for the middle cross-section of Seeley Creek #4 on 12/16/97 (discharge = 6.82 cfs; average
velocity = 1.80 fps).
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Figure C23. Velocity contour plot for the outlet cross-section of Seeley Creek #4 on 10/12/97 (discharge = 1.73 cfs; average
velocity = 0.86 fps).
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Figure C24. Velocity contour plot for the outlet cross-section of Seeley Creek #4 on 11/22/97 (discharge = 1.97 cfs; average
velocity = 0.78 fps).
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Figure C25 Velocity contour plot for the outlet cross-section of Seeley Creek #4 on 11/02/97 (discharge = 2.81 cfs; average
velocity = 0.98 fps).
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Figure C26. Velocity contour plot for the outlet cross-section of Seeley Creek #4on 12/16/97 (discharge = 6.38 cfs; average
velocity = 1.19 fps).
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Figure C27. Velocity contour plot for the outlet cross-section of Seeley Creek #4 on 01/18/98 (discharge = 19.92 cfs; average
velocity = 2.31 fps).
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Figure C28. Velocity contour plot for the outlet cross-section of Seeley Creek #4 on 02/21/98 (discharge = 29.32 cfs; average
velocity = 2.59 fps).
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Appendix D

Velocity Distribution Data



Table D1. Velocity distribution data for 62 countersunk culverts.

Culvert Seeley Cr. #1 Seeley Cr. #1 Seeley Cr. #1 Seeley Cr. #1 Seeley Cr. #1 Seeley Cr. #1 Seeley Cr. #1 Seeley Cr. #1 Seeley Cr. #1 Seeley Cr. #1

Location Outlet Outlet Outlet Outlet Outlet Middle Middle Middle Middle Middle

Date 11/2/97 11/22/97 12/16/97 1/18/98 2/21/98 11/2/97 11/22/97 12/16/97 1/18/98 2/21/98

Discharge (cfs) 0.9 0.7 2.6 8.2 12.6 1.1 1 2.9 9.4 14.1

Reference ID s1o11027 slo11227 slo12167 s1o01188 slo02218 slmll027 slm11227 slm12167 s1m01188 slm02218

Velocity Interval % Area % Area % Area % Area % Area % Area % Area % Area % Area % Area
0 - 0.25 9.12 12.95 5.04 4.30 2.23 21.40 16.95 8.52 4.27 3.33

0.25-0.5 8.98 11.22 4.97 4.21 2.28 20.28 15.53 11.15 5.64 3.52
0.5-0.75 8.98 9.95 5.11 3.83 2.38 16.24 16.95 11.64 6.56 4.18
0.75-1.0 8.98 9.95 5.32 3.80 2.47 11.99 18.82 12.50 5.91 3.04
1.0-1.25 8.98 10.43 5.60 6.99 2.57 11.33 22.85 14.43 6.09 3.57
1.25-1.5 10.77 12.32 5.95 3.95 2.73 10.07 6.20 9.71 6.89 5.21
1.5-1.75 11.19 14.69 5.88 5.00 2.92 6.56 2.39 9.92 9.87 4.73
1.75-2.0 13.54 7.07 3.74 3.26 6.39 9.87 5.26
2.0-2.25 17.09 4.18 3.47 8.20 7.65 5.50
2.25-2.5 20.45 5.94 5.68 5.25 6.89 7.49
2.5-2.75 13.87 7.16 10.36 5.74 9.94
2.75-3.0 8.63 5.82 5.25 13.25
3.0-3.25 10.32 5.99 4.84 10.34
3.25-3.5 9.77 6.15 4.54 6.61
3.5-3.75 6.67 6.75 6.50 3.99
3.75-4.0 4.62 7.65 3.07
4.0-4.25 3.80 10.96 2.48
4.25-4.5 2.34 9.39 2.68
4.5-4.75 4.90
4.75-5.0
5.0-5.25
5.25-5.5
5.5-5.75
5.75-6.0
6.0-6.25
6.25-6.5
6.5-6.75
6.75-7.0
7.0-7.25
7.25-7.5
7.5 - 7.75

Maximum Velocity 2.15 1.98 2.93 4.65 4.95 1.88 1.78 2.66 3.9 4.75



Table DI. Continued.

Culvert Seeley Cr. #4 Seeley Cr. #4 Seeley Cr. #4 Seeley Cr. #4 Seeley Cr. #4 Seeley Cr. #4 Seeley Cr. #4 Seeley Cr. #4 Seeley Cr. #4

Location Outlet Outlet Outlet Outlet Outlet Middle Middle Middle Middle

Date 11/2/97 11/22/97 12/16/97 1/18/98 2/21/98 10/12/97 11/2/97 11/22/97 12/16/97

Discharge (cfs) 2.8 2 6.4 19.9 29.3 1.7 2.5 1.9 6.8

Reference ID s4o11027 s4o11227 s4o12167 s4o01188 s4o02218 s4m10127 s4m11027 s4m11227 s4m12167

Velocity Interval % Area % Area % Area % Area % Area % Area % Area % Area % Area
0 - 0.25 18.18 23.30 11.38 3.21 2.31 15.02 7.52 10.31 4.37

0.25-0.5 16.36 20.26 8.82 4.47 3.10 13.27 7.71 11.05 4.52
0.5-0.75 10.12 9.48 13.10 4.42 3.20 11.03 8.94 12.54 4.63
0.75-1.0 8.76 10.11 6.69 4.65 3.47 10.32 12.18 16.30 5.05
1.0-1.25 6.62 8.41 7.75 4.17 3.07 10.65 16.60 23.89 6.98
1.25-1.5 8.76 13.59 12.09 4.84 4.40 22.17 20.02 14.07 8.25
1.5-1.75 10.58 11.53 10.37 4.95 5.67 14.09 9.35 6.19 8.57
1.75-2.0 16.08 18.36 5.65 5.36 17.10 5.05 11.11
2.0-2.25 6.28 6.83 15.05
2.25-2.5 7.58 5.92 7.46
2.5-2.75 8.37 6.54 12.22
2.75-3.0 8.60 6.84 6.85
3.0-3.25 8.45 7.09
3.25-3.5 8.34 8.75
3.5-3.75 11.87 10.07
3.75-4,0 9.35
4.0-4.25 6.91
4.25-4.5
4.5-4.75
4.75-5.0
5.0-5.25
5.25-5.5
5.5-5.75
5.75-6.0
6.0-6.25
6.25-6.5
6.5-6.75
6.75-7.0
7.0-7.25
7.25-7.5
7.5-7.75

Maximum Velocity 2.12 1.98 2.14 3.95 4.35 1.95 2.08 2.05 3.21



Table DI. Continued.

Culvert Dnuy Cr. #1 Drury Cr. #1 Dnuy Cr. #1 Drury Cr. #4 Drury Cr. #4 Dairy Cr. #4 Drury Cr. #4

Location Outlet Outlet Outlet Outlet Outlet Middle Middle

Date 11/22/97 12/16/97 1/18/98 11/22/97 12/16/97 11/22/97 12/16/97

Discharge (cfs) 1 3.8 11.1 3.2 7.7 2.7 8.5

Reference ID d1o11227 dlo12167 d1o01188 d4o11227 d4o12167 d4m11227 d4m12167

Velocity Interval % Area % Area % Area % Area % Area % Area % Area
0 - 0.25 44.20 13.33 6.28 17.41 9.26 32.69 10.03

0.25-0.5 26.19 15.11 7.10 16.96 9.46 13.46 8.61
0.5-0.75 20.01 27.22 8.19 15.26 13.27 14.43 9.69
0.75-1.0 27.36 12.91 13.83 7.55 11.79 10.58
1.0-1.25 17.99 11.81 8.55 9.75 10.76
1.25-1.5 24.37 9.57 11.25 7.96 7.32
1.5-1.75 7.08 14.36 7.34 10.20
1.75-2.0 6.47 9.78 11.41
2.0-2.25 1.53 5.06 7.30
2.25-2.5 6.02 6.20
2.5-2.75 4.07 4.78
2.75-3.0 2.23
3.0-3.25
3.25-3.5
3.5-3.75
3.75-4.0
4.0-4.25
4.25-4.5
4.5-4.75
4.75-5.0
5.0-5.25
5.25-5.5
5.5-5.75
5.75-6.0
6.0-6.25
6.25-6.5
6.5-6.75
6.75-7.0
7.0-7.25
7.25-7.5
7.5-7.75

Maximum Velocity 0.86 1.13 1.65 2.27 2.98 1.78 3.21



Table DI. Continued.

Culvert Sheythe Left Sheythe Left Sheythe Left Sheythe Left Sheythe Middle Sheythe Right

Location Outlet Outlet Outlet Outlet Outlet Outlet

Date 10/26/95 11/11/95 12/6/95 12/20/95 11/11/95 11/11/95

Discharge (cfs) 4.3 27.5 17 22.3 28.5 14.3

Reference ID SLO10265 SLO11115 SLO12065 SLO12205 SMO11115 SROI 1115

Velocity Interval % Area % Area % Area % Area % Area % Area
0 - 0.25 12.05 3.14 10.98 9.19 1.47 7.37
0.25-0.5 9.85 3.01 4.48 3.45 1.54 4.14
0.5-0.75 12.05 3.97 4.21 3.05 1.70 5.30
0.75-1.0 4.48 4.63 4.21 3.93 2.01 6.48
1.0-1.25 5.40 9.53 4.85 4.63 2.32 5.83
1.25-1.5 6.97 10.71 4.61 3.74 3.00 5.87
1.5-1.75 7.77 14.15 4.69 3.35 6.32 6.13
1.75-2.0 9.05 22.04 4.73 3.39 7.08 7.13
2.0-2.25 11.38 13.87 4.77 3.65 9.92 10.01
2.25-2.5 14.77 10.84 4.94 4.12 10.04 11.22
2.5-2.75 4.83 4.91 11.15 21.48
2.75-3.0 8.38 5.40 9.68
3.0-3.25 5.25 8.16 13.03
3.25-3.5 8.04 7.29 12.69
3.5-3.75 3.40 6.71 5.87
3.75-4.0 15.02 4.61 1.71
4.0-4.25 6.94 0.45
4.25-4.5 4.35
4.5-4.75 3.50
4.75-5.0 2.66
5.0-5.25
5.25-5.5
5.5-5.75
5.75-6.0
6.0-6.25
6.25-6.5
6.5-6.75
6.75-7.0
7.0-7.25
7.25-7.5
7.5-7.75

Maximum Velocity 2.6 2.6 4 5.1 4.3 2.9



Table D1. Continued.

Culvert Clarence Clarence Clarence Clarence Clarence Ritner Left Ritner Left Ritner Left Ritner Left

Location Outlet Outlet Middle Middle Middle Outlet Outlet Outlet Outlet

Date 1/15/96 1/21/96 1/4/96 1/15/96 1/21/96 10/26/95 11/11/95 12/6/95 12/20/95

Discharge (cfs) 29.1 91.3 29.8 29 89.6 7.5 60.2 13.8 25.5

Reference ID c1o01156 clo01216 clm01046 c1m01156 c1m01216 r1o10265 r1ol1115 rlol2065 r1o12205

Velocity Interval % Area % Area % Area % Area % Area % Area % Area % Area % Area
0 - 0.25 4.52 1.85 4.94 4.81 2.92 5.00 1.81 2.37 1.86

0.25-0.5 4.43 1.29 3.95 4.54 2.09 4.67 1.31 2.54 1.74
0.5-0.75 4.89 1.27 4.65 5.20 1.97 5.85 1.36 2.73 1.53

0.75-1.0 4.45 1.39 5.06 4.05 1.89 9.17 1.44 2.87 1.51
1.0-1.25 4.02 1.51 4.02 3.54 1.56 10.74 1.53 2.92 1.53
1.25-1.5 3.79 1.65 4.42 3.84 1.46 13.71 1.61 3.17 1.59
1.5-1.75 3.89 1.91 6.65 5.99 1.52 16.59 1.68 3.93 1.64
1.75-2.0 3.57 2.20 4.92 4.44 1.52 25.15 2.23 5.83 1.94
2.0-2.25 4.08 3.42 5.09 4.34 1.87 2.08 6.38 2.46
2.25-2.5 5.51 4.31 5.86 4.74 1.86 2.54 6.84 3.49
2.5-2.75 6.04 3.81 4.87 5.09 1.81 4.79 6.42 4.60
2.75-3.0 8.04 4.66 4.30 7.05 1.95 4.82 7.37 7.35
3.0-3.25 5.17 4.00 4.27 5.37 2.16 8.11 9.53 6.92
3.25-3.5 4.64 3.92 4.55 5.48 2.37 8.74 9.80 6.14
3.5-3.75 4.56 4.62 4.62 4.48 3.31 14.33 16.99 5.71
3.75-4.0 4.99 5.11 5.51 4.30 3.56 14.79 8.62 7.04
4.0-4.25 4.78 3.94 6.55 5.07 5.13 12.06 8.45
4.25-4.5 4.61 4.40 6.69 3.80 6.47 7.55 12.48
4,5-4.75 4.81 4.68 3.41 4.96 6.22 4.94 15.57
4.75-5.0 2.33 5.36 4.92 8.29
5.0-5.25 0.97 3.98 2.20 6.58
5.25-5.5 1.00 3.24 1.35 7.90
5.5-5.75 1.03 4.49 7.62

5.75-6.0 0.98 3.76 5.98
6.0-6.25 1.24 3.87 3.46
6.25-6.5 1.21 3.12 2.33
6.5-6.75 2.40 2.43
6.75-7.0 1.99 2.22
7.0-7.25 3.21

7.25-7.5 2.54
7.5-7.75 1.20

Maximum Velocity 6.6 8 5 5.6 7.1 2.11 4.8 4.2 4.8



Table DI. Continued.

Culvert Ritner Left Rimer Left Rimer Left Ritner Middle Rimer Middle Rimer Middle Rimer Middle Rimer Middle Rimer Middle

Location Middle Middle Middle Outlet Outlet Outlet Middle Middle Middle

Date 10/26/95 12/6/95 12/20/95 11/11/95 12/6/95 12/20/95 11/11/95 12/6/95 12/20/95

Discharge (cfs) 7.9 13.6 24.1 38.8 7 5.5 37.1 7.3 6.2

Reference ID rlm10265 r1m12065 r1m12205 nno11115 rmol2065 rmo12205 nnm11115 nnm12065 nnm12205

Velocity Interval % Area % Area % Area % Area % Area % Area % Area % Area % Area
0 - 0.25 4.29 2.77 1.38 2.73 4.27 4.81 2.41 2.86 3.87

0.25-0.5 4.00 2.41 1.17 1.29 4.12 4.86 1.55 3.20 4.07
0.5-0.75 3.78 2.47 1.22 1.34 4.58 4.91 1.56 3.56 4.13
0.75-1.0 4.20 2.70 1.32 1.47 3.92 7.08 1.58 3.90 4.32
1.0-1.25 6.09 3.02 1.42 1.62 5.78 14.74 1.82 4.58 4.63
1.25-1.5 8.61 3.61 1.52 2.08 12.54 23.50 1.69 5.96 5.61
1.5-1.75 11.98 3.97 1.79 5.04 10.97 11.92 2.61 10.20 13.95
1.75-2.0 13.91 7.34 2.80 5.25 12.16 10.29 2.20 15.34 16.92
2.0-2.25 10.92 17.23 3.33 4.58 10.61 7.33 2.91 15.94 17.01
2.25-2.5 13.80 19.00 3.87 7.00 8.45 4.51 15.97 14.71
2.5-2.75 21.23 17.66 10.43 8.85 4.18 9.05
2.75-3.0 10.73 11.71 11.88 4.70
3.0-3.25 23.44 10.59 7.50
3.25-3.5 20.42 7.71 16.35
3.5-3.75 7.63 14.18 14.97
3.75-4.0 12.04
4.0-4.25 10.16
4.25-4.5 3.61
4.5-4.75 2.38
4.75-5.0
5.0-5.25
5.25-5.5
5.5-5.75
5.75-6.0
6.0-6.25
6.25-6.5
6.5-6.75
6.75-7.0
7.0-7.25
7.25-7.5
7.5-7.75

Maximum Velocity 3 3 3.8 4 3.1 2.4 5 3 2.7



Table DI. Continued.

Culvert Ritner Right Ritner Right Ritner Right Ritner Right Ritner Right

Location Outlet Outlet Middle Middle Middle

Date 12/6/95 12/20/95 11/11/95 12/6/95 12/20/95

Discharge (cfs) 13.5 12.5 39.1 13.6 11.2

Reference ID rro12065 rro12205 mrm11115 nm12065 rrm12205

Velocity Interval % Area % Area % Area % Area % Area
0 - 0.25 4.57 2.90 1.42 2.03 3.85

0.25-0.5 3.05 3.00 1.18 2.09 3.40
0.5-0.75 2.75 3.36 1.21 2.12 3.14
0.75-1.0 2.66 3.53 1.04 2.27 2.99

1.0-1.25 2.73 4.80 1.46 2.48 3.02
1.25-1.5 2.81 5.92 1.38 3.93 3.04
1.5-1.75 3.28 6.37 1.48 4.27 4.75
1.75-2.0 3.87 8.68 1.47 4.62 8.32
2.0-2.25 4.77 9.83 1.43 7.09 7.44
2.25-2.5 5.92 9.61 1.78 9.81 11.59
2.5-2.75 7.95 11.34 2.55 10.77 8.88
2.75-3.0 7.01 18.12 3.24 15.24 7.96
3.0-3.25 6.52 3.99 6.69 6.95
3.25-3.5 8.30 5.17 7.22 6.63
3.5-3.75 9.22 6.30 13.06 6.37
3.75-4.0 8.11 6.81 5.21 6.25
4.0-4.25 5.72 8.27 0.94
4.25-4.5 4.82 12.72
4.5-4.75 3.44 12.74
4.75-5.0 1.97 7.75
5.0-5.25 11.31

5.25-5.5
5.5-5.75
5.75-6.0
6.0-6.25
6.25-6.5
6.5-6.75
6.75-7.0
7.0-7.25
7.25-7.5
7.5-7.75

Maximum Velocity 5.1 3.2 5.5 4.4 4


