








Open Channel Flow

selecting a filter material, the designer should first consult with the Project Engineer

and the Region Hydraulic Engineer to determine if there is a preference. In areas of

highly erodible soil (fine clay-like soils), HQ Hydraulics Office should be consulted

and an additional layer of sand may be required. For additional quidance selecting the

appropriate filter material see, Hydraulic Engineering Circular No. 11.

The thickness that riprap should be placed (shown as T in Figure 4-6.3.3 above)

depends on which type of riprap was selected; quarry spalls, light loose riprap, or

heavy loose riprap. Riprap thickness is 2 foot (0.6 m) for light loose riprap, 3 feet

(0.9 m) for heavy loose riprap, and 1 foot (0.3 m) for quarry spalls. Care should be

taken during construction to ensure that the range of riprap sizes, within each group,

is evenly distributed to keep the riprap stable. Riprap is usually extended to 1 foot

(0.30 m) above the 100-year flood depth of the water as shown in Figure 4-6.3.3,

however if severe wave action is anticipated it should extend further up the bank.

The designer and construction inspectors must recognize the importance of a proper
toe or key at the bottom of any riprap bank protection. The toe of the riprap is placed
below the channel bed to a depth equaling the toe scour depth. If the estimated scour
is minimal, the toe is placed at a depth equivalent to the thickness of the riprap and
helps to prevent undermining. Without this key, the riprap has no foundation and the
installation is certain to fail. Where a toe trench cannot be dug, the riprap should
terminate in a stone toe at the level of the streambed. A stone toe (a ridge of stone)
placed along steep, eroding channel banks is one of the most reliable, cost effective
bank stabilization structures available. The toe provides material, which will fall into
a scour hole and prevent the riprap from being undermined. Added care should be
taken on the outside of curves or sharp bends where scour is particularly severe. The
toe of the bank protection may need to be placed deeper than in straight reaches.

4-6.3.3 Scour Analysis for Bridges and Three Sided Culverts

Bridge scour is erosion around a bridge pier or abutment caused by the river or

stream. If this type of damage is not prevented or repaired, it could cause catastrophic
failure to the bridge. The typical repair for this type of damage is to place large rocks
around the pier. Projects such as these can be difficult to permit because they involve

placing equipment and materials in environmentally sensitive areas. Per section 1-2

of Chapter 1 of this manual, it is the responsibility of the HQ Hydraulics Office to

perform all bridge scour analysis, including three sided culverts. The purpose of this

section is to define scour as well as explain when an analysis maybe required and by
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what standards FHWA requires for a scour analysis. Also listed below is what

information HQ Hydraulics requires from PEQ’s in order to perform a scour analysis.

Since any bridge placement within a waterway is considered a potential scour hazard,
a scour analysis is required for all new bridges as well as culverts and other structures
under the roadway where the amount of fill is less than half the structure opening. As
conditions change at an existing site or are noted scour critical by the HQ Bridge or
Hydraulics office, scour conditions may need to be re-evaluated. Once it is
determined that a scour analysis is required, the region must provide the following

information to the HQ Hydraulics Office in order to complete the river backwater
analysis.

1. Contour information as described in item 1 in section 4-5.

2. Any proposed channel alterations including the placement of LWD
components.

3. Bridge or culvert information including: pictures, dimensions, elevations,

OHWM, direction of flow, and any fish passage issues.

4. Soil bearing information from the Geotech/Materials Lab.

5. Soil type and gradation of the stream (D50 and D90 values).

6. The amount of unstable material that will need to be removed and replaced.

7. Debris history from the region maintenance office to determine the vertical

clearance.

The minimum reqguirements for a scour analysis are set by the FHWA, which requires

that all bridges be designed to resist scour from a 100-year event and be checked
against a 500-year event. A complete scour evaluation includes all piers and
abutments in the channel migration zone. If a consultant completes the analysis; then
a report of the analysis must be sent to both HQ Hydraulics and Bridge Preservation
Office’s for review and approval. The consultant should contact the HQ Hydraulics

Office for scour report guidelines. The 100 and 500-year flows and water surface

elevations must be included on the bridge plan sheets. See the Hydraulic Report

Outline in Chapter 1 for further guidance on what should be on the plan sheets.

4-6.4 Engineered Log Jams and Large Woody Debris

Streambank erosion can be controlled by slowing down the water velocity and
reducing the hydraulic shear. This can be achieved by adding roughness to the
channel which in turn increases the friction in the channel. Such roughness can be
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introduced by installing Large Woody Debris (LWD) in the channel and along the
banks. Also used are, Engineered Log Jams (ELJ), a collection of LWD that redirect
flow and provide stability to a streambank.

Large Woody Debris (LWD) may be a single log or a small group of logs with the
root wads still attached. As previously mentioned, LWD is typically used as a
roughness feature however, when positioned properly, LWD can trap sediment which
enables vegetation to establish itself ultimately stabilizing actively eroding banks.
LWD can also be used to enhance wild life by; dissipating flow energy resulting in
improved fish migration, as well as providing over head cover for fish and
basking/perching sites for reptiles and birds. LWD can adversely affect the channel’s
hydraulic characteristics if placed properly; contact the HQ Hydraulics Office for
further design guidance.

Engineered Log Jams (ELJ) are in-stream structures composed mainly Large Woody
Debris (LWD) that direct flow and may provide stability to a streambank to protect it
from erosional forces. ELJ has become increasingly popular as bank protection
because they integrate fish-habitat restoration with bank protection. ELJ can either be
unanchored or anchored in-place using man-made materials. Prior to designing and
constructing an ELJ as a bank protection technique, it is important to understand the
existing physical characteristics and geomorphic processes present at a potential site.
ELJ are considered experimental and as such HQ Hydraulics is responsible for ELJ
design, see section 1-2 of this manual.

4-7 Downstream Analysis

A downstream analysis identifies and evaluates the impacts, if any, a project will
have on the hydraulic conveyance system downstream of the project site. All projects
that propose to discharge stormwater offsite and meet the requirements below are
required to submit a downstream analysis report as part of the Hydraulics Report, see
the Hydraulic Report Outline in Chapter 1.

e Projects that add 5,000 square feet or more of impervious surface area.

e Project sites where known problems indicate there may be impacts on the
downstream system.

e Projects that add less than 5,000 square feet of new impervious surface if the
stormwater discharges into, or is within 300 feet of, a class 1 or 2 stream.
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e Projects that add less than 5,000 square feet of new impervious surface, if the
stormwater discharges into or is within 300 feet of a class 3 or 4 stream or an
ephemeral stream.

Additionally, any outfall (either man-made or natural) where stormwater from
WSDOT highways is conveyed off the ROW must be entered into the WSDOT
Outfall Database. See Appendix 1-3 section 2.5 of this manual for further guidance.

4-7.1 Downstream Analysis Reports

At a minimum, the analysis must include the area of the project site to a point one-
guarter mile downstream of the site, and upstream to a point where any backwater
conditions cease. The results of the analysis must be documented in the project
Hydraulic Report. Potential impacts to be assessed in the report also include, but are
not limited to: changes in peak flow, changes in flood duration, bank erosion, channel
erosion, and nutrient loading changes from the project site. The analysis is divided
into three parts that follow sequentially:

1. Review of Resources.
2. Inspection of drainage conveyance systems in the site area.

3. Analysis of offsite effects.

4-7.2 Review of Resources

The designer reviews available resources to assess the existing conditions of the
drainage systems in the project vicinity. Resource data commonly includes aerial
photographs, area maps, floodplain maps, wetland inventories, stream surveys,
habitat surveys, engineering reports concerning the entire drainage basin, and any
previously completed downstream analyses. All of this information should
encompass an area one-quarter of a mile downstream of the project site discharge
point. The background information is used to review and establish the existing
conditions of the system. This base-line information is used to determine whether the
project will improve upon existing conditions, have no impact, or degrade existing
conditions if no mitigating measures are implemented. WSDOT Region hydraulic
and environmental staff will be able to provide most of this information. Other
sources of resource information include the Washington Department of Ecology, the
Washington Department of Fish and Wildlife, and local agencies.
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4-7.3 Inspection of Drainage Conveyance System

The designer must inspect the downstream conveyance system and identify any
existing problems that might relate to stormwater runoff. The designer will physically
inspect the drainage system at the project site and downstream for a distance of at
least one-quarter mile. The inspection should include any problems or areas of
concern that were noted during the resource review process or in conversations with
local residents and the WSDOT Maintenance Office. The designer should also
identify any existing or potential conveyance capacity problems in the drainage
system, any existing or potential areas where flooding may occur, any existing or
potential areas of extensive channel destruction erosion, and existing or potential
areas of significant destruction of aquatic habitat (runoff treatment or flow control)
that can be related to stormwater runoff. If areas of potential and existing impacts
related to project site runoff are established, actions must be taken to minimize
impacts to downstream resources.

4-7.4 Analysis of Off Site Affects

This final step analyzes information gathered in the first two steps of the downstream
analysis. It is necessary to determine if construction of the project will create any
problems downstream or make any existing problems worse. The designer must
analyze off-site effects to determine if corrective or preventive actions that may be
necessary. Designers should consult the HRM for further guidance on the design
flow. In some cases, analysis of off site effects may indicate that no corrective or
preventive actions are necessary. If corrective or preventive actions are necessary, the
following options must be considered:

Design the onsite treatment and/or flow control facilities to provide a greater level of
runoff control than stipulated in the minimum requirements in Chapter 2 of the HRM.

Take a protective action separate from meeting Minimum Requirements 5 and 6 for
runoff treatment and flow control. In some situations, a project will have negative
impacts even when the minimum requirements are met; for example, a site where the
project discharges runoff into a small closed basin wetland even though a detention
pond was installed to comply with Minimum Requirement 6. The total volume of
runoff draining into the wetland will change, possibly affecting habitat and plant
species in the area. If a situation is encountered where there will be downstream
impacts resulting from the project, the corrective action must be applied to the project
based on a practicability analysis.
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Apply the no action at 0 percent improvement option for runoff treatment or flow
control. The no action option treats less than 100 percent of the new impervious
surface area for runoff treatment and/or flow control. This option would be applied
only if the downstream system has been listed as an exempt system based on
Minimum Requirement 6, or an Explanation of Non-practicability has been
addressed. Under these circumstances, the designer should contact Region
Hydraulics or Environmental Staff to determine the best corrective action

4-8 Weirs

The weirs described in this section are primarily used for measuring flow rate in
irrigation channels. Designers should consult the Highway Runoff Manual, Chapter 5
for further guidance on weirs for other uses. Measurement of flow in channels can be
difficult because of the non-uniform channel dimensions and variations in velocities
across the channel. Weirs allow water to be routed through the structure of known
dimension, permitting flow rates to be measured as a function of depth of flow
through the structure.

The opening of a weir is called a notch; the bottom edge is the crest; and the depth of
flow over the crest is called the head. The overflowing sheet of water is known as the
nappe.

Sharp Crested Weir
Figure 4-8.1

Sharp crested weirs cause the water to spring clear of the crest providing an accurate
measurement for irrigation channels, see Figure 4-8.1. There are other types of weirs,
however sharp crested weirs are the focus of this section.

The common types of sharp crested weirs are rectangular, V-notch and compound.
These three weirs are the focus of this section. All three weirs require a stilling pool
or approach channel on the upstream side to smooth out any turbulence and ensure
that the water approaches the notch slowly and smoothly. For accurate measurements
the specification is that the width of the approach channel should be 8 times the width
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of the notch and it must extend upstream for 15 times the depth of flow over the

notch.

4-8.1 Rectangular Weirs

Rectangular weirs are the oldest type of weirs in use. It is recommend for higher

discharge rates, above 10cfs and not recommended for low discharge rates (less than

10 cfs) or when there is a wide range of flow. The flow rate measurement in a

rectangular weir is based on the Bernoulli Equation principles and is expressed as:

Q=3.33H*?(L-0.2H)

Where: Q

L

H

{
"J }2}’(‘11 A
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(4-10)

the length of weir, in feet

upstream from the weir.

Point to Measure Depth (H)

Rectangular Weir
Figure 4-8.1.1

Discharge in cfs second neglecting velocity of approach

Head on the weir in feet measured at a point no less than 4 H
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4-8.2 VV-Notch Weirs

V-notch weirs measure low discharges, less than 10 cfs, more accurately than
rectangular weirs. The V-notch is most commonly 90° opening with the sides of the
notch inclined 45° with the vertical. Since the V-notch has no crest length, much
smaller flows are represented by a given head than for a rectangular weir.

The discharge equation used for VV-notch weirs is:
Q=2.52H*" (4-10)

Where: H = Vertical distance in feet between the elevation of the vortex
or lowest part of the notch and the elevation of the weir

pond.

Point to measure depth (H)
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V-notch Weir
Figure 4-8.1.2

4-8.3 Trapezoidal or Cipoletti Weirs

A trapezoidal weir is a combination rectangular weir with the sides sloped to

compensate for end contractions. This shape permits good measurements in streams

with a wide range of flows as the sloped section is sized for low flow conditions

while larger flows are measured with the rectangular weir. The discharge over a
trapezoidal weir is calculated by simply applying the standard discharge equation for
each segment of the weir to the head on that segment of the weir. The total discharge
is then the sum of the discharges of each of the two segments of the weir as shown
below:_Cipolletti weirs are trapezoidal with 1:4 slopes to compensate for end

contraction losses
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Q=3.367LH"" (4-11)

Where: Q = Discharge in cfs

L =width of the bottom section of the weir in feet

H =head above the horizontal crest in feet

Trapezoidal Weir

Figure 4-8.1.3
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Appendix 4-1 Manning’s Roughness Coefficients (n)

I. Closed Conduits

A. Concrete pipe 0.010-0.011

B. Corrugated steel or Aluminum circular pipe or pipe-arch:

Open Channel Flow

1. 22/3 x1/2 in. Annular Corrugations, treated or untreated 0.022-0.027

2. 22/3 x 1/2 in. Helical Corrugations

a. Plain or Protective Treatments 1

@)
)
©)
(4)
Q)
(6)

18 inch diameter and below 0.013
24 inch diameter 0.015
36 inch diameter 0.018
48 inch diameter 0.021
60 inch diameter 0.022

72 inch diameter and above 0.024

b. Protective Treatments 2 or 4*

@)
)
©)
(4)
()
(6)

18 inch diameter and below 0.012
24 inch diameter 0.014
36 inch diameter 0.017
48 inch diameter 0.020
60 inch diameter 0.021

72 inch diameter and above 0.023

c. Protective Treatments 5 or 6°

(1) All diameters 0.012

3. 3 x1in. Annular Corrugations, treated or untreated 0.027-0.028

1. Treatments 3, 4 and 6 are no longer available and appear only for reference.
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4. 3 x 1in. Helical Corrugations
a. Plain or Protective Treatments 1 or 3"
(1) 54 inch diameters and below 0.023
(2) 60 inch diameter 0.024
(3) 72 inch diameter 0.026
(4) 78 inch diameter and above 0.027
b. Protective Treatments 2 or 4*
(1) 54 inch diameters and below 0.020
(2) 60 inch diameter 0.021
(3) 72 inch diameter 0.023
(4) 78 inch diameter and above 0.024
c. Protective Treatments 5 or 6"
(1) All diameters 0.012
5. 5x 1in. Annular Corrugations, treated or untreated 0.025-0.026
6. 5 x 1in. Helical Corrugations
a. Plain or Protective Treatments 1 or 3
(1) 54 inch diameters and below 0.022
(2) 60 inch diameter 0.023
(3) 66 inch diameter 0.024
(4) 72 inch diameter and above 0.025
b. Protective Treatments 2 or 4"
(1) 54 inch diameters and below 0.019
(2) 60 inch diameter 0.020
(3) 66 inch diameter 0.021
(4) 72 inch diameter and above 0.022
c. Protective Treatments 5 or 6"
(1) All diameters 0.012

1. Treatments 3, 4 and 6 are no longer available and appear only for reference.
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Open Channel Flow

Steel or Aluminum Spiral Rib Pipe 0.012-0.013
Structural Plate Pipe and Plate Pipe Arches 0.033-0.037
Thermoplastic Pipe 0.012

1. Corrugated Polyethylene, HDPE 0.018-0.025

2. Profile wall polyvinyl chloride, PVC 0.009-0.011
3. Solid wall polyvinyl chloride, PVC 0.009-0.015
Cast-iron pipe, uncoated 0.013

Steel pipe 0.009-0.011

Vitrified clay pipe 0.012-0.014

Brick 0.014-0.017

Monolithic concrete:

1. Wood forms, rough 0.015-0.017

2. Wood forms, smooth 0.012-0.014

3. Steel forms 0.012-0.013

Cemented rubble masonry walls:

1. Concrete floor and top 0.017-0.022

2. Natural floor 0.019-0.025

Laminated treated wood 0.015-0.017

M. Vitrified clay liner plates 0.015

Il. Open Channels, Lined (Straight Alignment)

A.

Concrete, with surfaces as indicated:

1. Formed, no finish 0.013-0.017

2. Trowel finish 0.012-0.014

3. Float finish 0.013-0.015

4. Float finish, some gravel on bottom 0.015-0.017
5. Gunite, good section 0.016-0.019

6. Gunite, wavy section 0.018-0.022
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B. Concrete, bottom float finished, sides as indicated:

1.

2.

3.

4.

5.

Dressed stone in mortar 0.015-0.017
Random stone in mortar 0.017-0.020
Cement rubble masonry 0.020-0.025
Cement rubble masonry, plastered 0.016-0.020

Dry rubble (riprap) 0.020-0.030

C. Gravel bottom, sides as indicated:

1.

2.

3.

Formed concrete 0.017-0.020
Random stone in mortar 0.020-0.023

Dry rubble (riprap) 0.023-0.033

D. Brick 0.014-0.017

E. Asphalt:

1.

2.

Smooth 0.013

Rough 0.016

F. Wood, planed, clean 0.011-0.013

G. Concrete-lined excavated rock:

1.

2.

Good section 0.017-0.020

Irregular section 0.022-0.027

I11. Open Channels, Excavated (Straight Alignment, Natural Lining)

A. Earth, uniform section:

1.

2.

3.

4,

Clean, recently completed 0.016-0.018
Clean, after weathering 0.018-0.020
With short grass, few weeds 0.022-0.027

In gravelly soil, uniform section, clean 0.022-0.025

B. Earth, fairly uniform section:

1.

2.

3.

No vegetation 0.022-0.025
Grass, some weeds 0.025-0.030

Dense weeds or aquatic plants in deep channels 0.030-0.035
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4.

5.

Sides clean, gravel bottom 0.025-0.030

Sides clean, cobble bottom 0.030-0.040

C. Dragline excavated or dredged:

1.

2.

No vegetation 0.028-0.033

Light brush on banks 0.035-0.050

D. Rock:

1.

2.

Based on design section (riprap) (see section 4-6) 0.035
Based on actual mean section:
a. Smooth and uniform 0.035-0.040

b. Jagged and irregular 0.040-0.045

E. Channels not maintained, weeds and brush uncut:

1.

2.

3.

4.

Dense weeds, high as flow depth 0.08-0.12
Clean bottom, brush on sides 0.05-0.08
Clean bottom, brush on sides, highest stage of flow 0.07-0.11

Dense brush, high stage 0.10-0.14

Open Channel Flow

IV. Highway Channels and Swales With Maintained Vegetation (values shown are for

velocities of 2 and 6 fps)

A. Depth of flow up to 0.7 foot:

1.

2.

3.

Bermudagrass, Kentucky bluegrass, buffalograss:
a. Mowed to 2 inches 0.07-0.045

b. Length 4 to 6 inches 0.09-0.05

Good stand, any grass:

a. Length about 12 inches 0.18-0.09

b. Length about 24 inches 0.30-0.15

Fair stand, any grass:

a. Length about 12 inches 0.14-0.08

b. Length about 24 inches 0.25-0.13
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B. Depth of flow 0.7-1.5 feet:
1. Bermudagrass, Kentucky bluegrass, buffalograss:
a. Mowed to 2 inches 0.05-0.035
b. Length 4 to 6 inches 0.06-0.04
2. Good stand, any grass:
a. Length about 12 inches 0.12-0.07
b. Length about 24 inches 0.20-0.10
3. Fair stand, any grass:
a. Length about 12 inches 0.10-0.06
b. Length about 24 inches 0.17-0.09
V. Street and Expressway Gutters
A. Concrete gutter, troweled finish 0.012
B. Asphalt pavement:
1. Smooth texture 0.013
2. Rough texture 0.016
C. Concrete gutter with asphalt pavement:
1. Smooth 0.013
2. Rough 0.015
D. Concrete pavement:
1. Float finish 0.014
2. Broom finish 0.016
3. Street gutters 0.015

E. For gutters with small slope, where sediment may accumulate, increase above values of
n by 0.002

VI. Natural Stream Channels
A. Minor streams (surface width at flood stage less than 100 ft):
1. Fairly regular section:

a. Some grass and weeds, little or no brush 0.030-0.035
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b. Dense growth of weeds, depth of flow materially greater than weed height

0.035-0.05

c. Some weeds, light brush on banks 0.035-0.05
d. Some weeds, heavy brush on banks 0.05-0.07

e. Some weeds, dense willows on banks 0.06-0.08

f. For trees within channel, with branches submerged at high stage, increase all

above values by 0.01-0.02

Irregular sections, with pools, slight channel meander; increase values given in la-e

above 0.01-0.02

Mountain streams, no vegetation in channel, banks usually steep, trees and brush

along banks submerged at high stage:

a. Bottom of gravel, cobbles, and few boulders 0.04-0.05

b. Bottom of cobbles, with large boulders 0.05-0.07

B. Flood plains (adjacent to natural streams):

1.

Pasture, no brush:

a. Short grass 0.030-0.035

b. High grass 0.035-0.05
Cultivated areas:

a. Nocrop 0.03-0.04

b. Mature row crops 0.035-0.045
c. Mature field crops 0.04-0.05
Heavy weeds, scattered brush 0.05-0.07
Light brush and trees:

a. Winter 0.05-0.06

b. Summer 0.06-0.08

Medium to dense brush:

a. Winter 0.07-0.11

b. Summer 0.10-0.16

Dense willows, summer, not bent over by current 0.15-0.20
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7. Cleared land with tree stumps, 100 to 150 per acre:
a. No sprouts 0.04-0.05
b. With heavy growth of sprouts 0.06-0.08
8. Heavy stand of timber, a few down trees, little under-growth:
a. Flood depth below branches 0.10-0.12
b. Flood depth reaches branches 0.12-0.16

C. Major streams (surface width at flood stage more than 100 ft): Roughness coefficient is
usually less than for minor streams of similar description on account of less effective
resistance offered by irregular banks or vegetation on banks. Values of n may be
somewhat reduced. Follow recommendation in publication cited if possible. The value
of n for larger streams of most regular section, with no boulders or brush, may be in the
range of 0.028-0.033

Reference: UT Chow “Open Channel Hydraulics” for complete tables and
photographs
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