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Chapter 2 Hydrology

2-1 General Hydrology

The Washington State Department of Transportation (WSDOT) Headquarters
(HQ) Hydraulics Office uses several methods for determining runoff rates
and/or volumes. Experience has shown these methods to be accurate,
convenient, and economical. The following methods will be discussed in
detail in subsequent sections of this chapter:

1. The Rational Method
2. The Santa Barbara Urban Hydrograph (SBUH) Method

3. Continuous Simulation Method (western Washington for stormwater
design)

4. Published Flow Records
5. United States Geological Survey (USGS) Regression Equations
6. Flood Reports

Two other methods, documented testimony and high water mark
observations, may be used as back-up material to confirm the results

of the above statistical and empirical methods. Where calculated results
vary from on-site observations, further investigation may be required.

7. Documented Testimony

Documented testimony of long-time residents should also be given
serious consideration by the designer. The engineer must be aware of any
bias that testifying residents may have. Independent calculations should
be made to verify this type of testimony. The information that may be
furnished by local residents of the area should include, but not be limited
to the following:

a. Dates of past floods.
b. High water marks.
c. Amount of drift.

d. Any changes in the river channel, which may be occurring
(i.e., stability of streambed, is channel widening or meandering).

e. Estimated velocity.
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f. Description of flooding characteristics between normal flow to
flood stage.

8. High Water Mark Observations

Sometimes the past flood stage from a drainage area may be determined
by observing ordinary high water marks (OHWM) on existing structures
or on the bank of a stream or ditch. The Region Biologist can assist in
determining the OHWM if needed. These marks along with other data
may be used to determine the discharge by methods discussed in the
Open Channel Flow chapter or the Culverts chapter of this manual.

Additional hydrologic procedures are available including complex computer
models, which can give the designer accurate flood predictions. However,
these methods, which require costly field data and large amounts of data
preparation and calculation time, can rarely be justified for a single hydraulic
structure. The HQ Hydraulics Office should be contacted before a procedure
not listed previously is used in a hydrologic analysis.

For the sake of simplicity and uniformity, the HQ Hydraulics Office will
normally require the use of one of the first six of the eight methods listed
previously. Exceptions will be permitted if adequate justification is provided
and approved by the State Hydraulic Engineer.

2-2 Selecting a Method

The first step in performing a hydrologic analysis is to determine which
method is most appropriate. The following briefly describes each method that
can be used to determine runoff rates and/or volumes. Figure 2-2.1 provides
a summary table for quick comparison._Subsequent sections in this chapter
provide a more detailed description of each method.

1. Rational Method — This method is used when peak discharges for small
basins must be determined. It is a fairly simple and accurate method
especially when the basin is primarily impervious. The rational method
is appropriate for culvert design, pavement drainage design, storm drain
design, and some stormwater facility designs in eastern Washington.

2. SBUH Method — This method is used when peak discharges and runoff
volumes for small basins must be determined. This method is not
complicated but requires a computer due to its computationally intensive
nature. The SBUH method can be used for many stormwater facility
designs in eastern Washington and can also be used for culvert design,
pavement drainage design, and storm drain design through the entire state.

Page 2-2
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Continuous Simulation Method — The Continuous Simulation method
captures the hydrologic effects of back to back storms more common in
western Washington. This method uses a HSPF routine for computing
runoff from western Washington extended precipitation time series or
precipitation stations on pervious and impervious land areas. WSDOT
continuous simulation hydrologic model MGSFlood is the recommended
software product to use for calculating runoff treatment rates and volumes
when designing WSDOT stormwater facilities. MGSFlood is not an
appropriate model for calculating flow in fish passage culvert design.
Consult Chapter 7 of this manual for a list of acceptable models.

Published Flow Records — This method is used when peak discharges
for large basins must be determined. This is more of a collection of data
rather than a predictive analysis like the other methods listed. Some
agencies (primarily the USGS) gather streamflow data on a regular basis.
This collected data can be used to predict flood flows for the river and is
typically more accurate than calculated flows. Published flow records are
most appropriate for culvert and bridge design.

USGS Regression Equations — This method is used when peak
discharges for medium to large basins must be determined. It is a set of
regression equations that were developed using data from streamflow
gaging stations. The regression equations are very simple to use but lack
the accuracy of published flow records. USGS regression equations are
appropriate for culvert and bridge design.

Flood Reports — This method is used when peak discharges for medium
to large basins must be determined. It is basically using results from an
analysis that has been conducted by another agency. Often these values
are very accurate since they were developed from an in-depth analysis.
Flood report data are appropriate for culvert and bridge design.
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Method Assumptions Data Needs
Rational » Small catchments (< 1000 acres) Time of concentration (min)
» Time of concentration < 1 hour Drainage area (acreage)
» Storm duration > or = concentration time | Runoff coefficient (C values)
+ Rainfall uniformly distributed in time Rainfall intensity (use m,n values in/hr)
and space
* Runoff is primarily overland flow
* Negligible channel storage
SBUH » Rainfall uniformly distributed in time Curve number (CN values)
and space Drainage area (acreage)
* Runoff is based on surface flow Precipitation values (Isopluvials)
» Small to medium basin (up to 1,000 acres) | Use software similar to StormSHED
» Urban type area (pavement usually
suffices)
Regional Storms (Eastern Washington)'
+ Short duration storm for stormwater
conveyance
» Long durations storm for stormwater
volume
Type 1A Storm (Western Washington)'
(stormwater conveyance)
Continuous * HSPF routine for stormwater best Use MGSFlood software
Model management practices including Drainage basin area (acreage)
(Western detention and infiltration ponds, Land cover (impervious, grass)

Washington)

vegetated filter strips, and bioswales
* Medium size basin (<320 acres)
« Elevations below 1500 feet

Soils (outwash, till, wetland)
Climatic region (MAP)

Published * Midsized and large catchments with 10 or more years of gaged flood
Flow Record stream gage data records (A list of gages are published

» Appropriate station and/or generalized in Hydraulics Manual.)

skew coefficient relationship applied

USGS  Appropriate for culvert and bridge design | Regional Equations 2001
Regional * Midsized and large catchments Annual precipitation (inches)
Regression » Simple but lack accuracy of flow records Drainage area (square miles)
2001 (National Flood Frequency (NFF) or

Stream Stats software can be used)

Flood Reports

» Appropriate for culvert and bridge design

» Midsized and large watershed

» Often very accurate, but check with
agency

Available from EEMA

Basin
Transfer of
Gage Data
With USGS
Equations

 Similar hydrologic characteristics
» Channel storage

Discharge and area for gaged watershed
Area for ungaged watershed

"Chapter 4 of the Highway Runoff Manual provides detailed guidance for design storms.

Summary of Methods for Estimating Runoff Rates and/or Volumes

Figure 2-2.1

Page 2-4
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2-3 Drainage Basin

The size of the drainage basin is one of the most important parameters
regardless of which method of hydrologic analysis is used. To determine the
basin area, select the best available topographic map or maps, which cover
the entire area contributing surface runoff to the point of interest. Outline
the area on the map or maps and determine the size in square meters, acres,
or square miles (as appropriate for the specific equations), either by scaling
or by using a planimeter. Sometimes drainage basins are small enough that
they fit entirely on the CADD drawings for the project. In these cases the
basin can be digitized on the CADD drawing and calculated by the computer.
Any areas within the basin that are known to be non-contributing to surface
runoff should be subtracted from the total drainage area.

The USGS has published two open-file reports titled, Drainage Area Data
for Western Washington and Drainage Area Data for Eastern Washington.
Copies of these reports can be obtained from the HQ Hydraulics Office

and the Region Hydraulics Engineer. These reports list drainage areas for

all streams in Washington where discharge measurements have been made.
Drainage areas are also given for many other sites such as highway crossings,
major stream confluences, and at the mouths of significant streams. These
publications list a total of over 5,000 drainage areas and are a valuable time
saver to the designer. The sites listed in these publications are usually medium
sized and larger drainage basin areas. Small local drainage areas need to be
determined from topographic maps as outlined above.

2-4 Cold Climate Considerations

Snowmelt and rain-on-snow is a complicated process and in some areas can
result in greater rates of runoff. There are two parts to this section: the first
part focuses on calculating the impacts of snowmelt and the second section
provides additional considerations for designers when evaluating the impacts
of snowmelt in a project location.

2-4.1 Calculating Snowmelt

The following general guidance was developed for urban areas; however,
it can be used in rural areas. This method should be added to the 100-year
24-hour precipitation when using the single event model to account for
snowmelt. No additional amounts need to be added to precipitation when
designing for conveyance and other hydraulic calculations.

When an area is evaluated for snow impacts the designer should: apply the
method described in this section; consult the Region Hydraulics Engineer,
the project maintenance office, the project engineer, and finally historical
data. Then in the hydraulics report, the designer should describe in detail
what value (if any) was determined to most accurately represent snowmelt
at a project location.
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June 2010



Hydrology

Chapter 2

The first question designers should consider is whether or not cold climate
effects will impact a project. In particular, designers should check the snow
record to determine the maximum monthly average snow depths for the
project. Snow depths can be found at the following website or through
contacting the Region Hydraulics Engineer or Headquarter Hydraulics
Office at ¥ www.wrcc.dri.edu/summary/climsmwa.html.

The following equation uses a factor of 5 developed from the energy budget
equation developed by the U.S. Army Corps of Engineers (USACE) and
available snow for eastern Washington cities to convert depth to snow water
equivalent. This amount should be added to the 100-year 24-hour precipitation
value when designing for flood conditions for rain-on-snow or snowmelt.

The equation below should only be applied when the average snow depth
within the month at a project location meets or exceeds 2 inches/day.

Average Snow Depth (max. month (in/day))
5

Snow Water Equivalent =

The snow water equivalent should not be greater than 1.5 in/day.

2-4.2 Additional Considerations

Regardless of whether or not snowmelt will impact a project site, designers
need to also consider the following important issues to provide adequate road
drainage and prevent flood damage to downstream properties.

1. Roadside Drainage — During the design phase, consideration should be
given to how roadside snow will accumulate and possibly block inlets
and other flow paths for water present during the thawing cycle. If it is
determined that inlets could be blocked by the accumulation of plowed
snow, consideration should be given to an alternate course of travel for
runoff. This will help to prevent the water ponding that sometimes occurs
in certain areas due to snowmelt and rain not having an open area in which
to drain.

2. Retention Ponds — When retention ponds are located near the roadway,
the emergency spillway should be located outside of any snow storage
areas that could block overflow passage or an alternative flow route should
be designated.

3. Frozen Ground — Frozen ground coupled with snowmelt or rain-on-snow
can cause unusually adverse conditions. These combined sources of runoff
are generally reflected in the USGS regression equations as well as in
the historic gauge records. No corrections or adjustments typically need
to be made to these hydrology methods for frozen ground or snowmelt.
For smaller basins, the SBUH and Rational methods are typically used to
determine peak volume and peak runoff rates. The CN value for the SBUH

Page 2-6
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Chapter 2 Hydrology

method, and the runoff coefficient for the Rational method do not need
to be increased to account for frozen ground in snowy or frozen areas as
consideration has been given to this in the normal precipitation amounts
and in deriving the snowmelt equation.

2-5 The Rational Method
2-5.1 General

The Rational method is used to predict peak flows for small drainage areas,
which can be either natural or developed. The Rational method can be used
for culvert design, pavement drainage design, storm drain design, and some
eastern Washington stormwater facility design. The greatest accuracy is
obtained for areas smaller than 100 acres (40 hectares) and for developed
conditions with large areas of impervious surface (e.g., pavement, roof tops).
Basins up to 1,000 acres (400 hectares) may be evaluated using the rational
formula; however, results for large basins often do not properly account

for effects of infiltration and thus are less accurate. Designers should never
perform a Rational method analysis on a basin that is larger than the lower
limit specified for the USGS regression equations since the USGS regression
equations will yield a more accurate flow prediction for that size of basin.

The formula for the Rational method is:

_CIA

QKc

(2-1)

Where:

= runoff in cubic feet per second (cubic meters per second)
runoff coefficient in dimensionless units

rainfall intensity in inches per hour (millimeters per hour)
drainage area in acres (hectares)

< = conversion factor of 1 for English (360 for Metric units)

—00
[

X >
[

When several subareas within a drainage basin have different runoff
coefficients, the Rational formula can be modified as follows:

IXCA
_ 2-1
Q=" (2-1a)
Where:

SCA=CixA;+CoxAy+..C,xA,

Hydrologic information calculated by the Rational method should be
submitted on DOT Form 235-009 (see Figure 2-5.1). This format contains
all the required input information as well as the resulting discharge. The
description of each area should be identified by name or stationing so that
the reviewer may easily locate each area.
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2-5.2 Runoff Coefficients

The runoff coefficient “C” represents the percentage of rainfall that becomes
runoff. The Rational method implies that this ratio is fixed for a given
drainage basin. In reality, the coefficient may vary with respect to prior
wetting and seasonal conditions. The use of an average coefficient for various
surface types is quite common and it is assumed to stay constant through the
duration of the rainstorm.

When considering frozen ground, designers should review Section 2-4.2
number 3 of this manual.

In a high growth rate area, runoff factors should be projected that will be
characteristic of developed conditions 20 years after construction of the
project. Even though local stormwater practices (where they exist) may reduce
potential increases in runoff, prudent engineering should still make allowances
for predictable growth patterns.

The coefficients in Figure 2-5.2 are applicable for peak storms of 10-year
frequency. Less frequent, higher intensity storms will require the use of
higher coefficients because infiltration and other losses have a proportionally
smaller effect on runoff. Generally, when designing for a 25-year frequency,
the coefficient should be increased by 10 percent; when designing for a
50-year frequency, the coefficient should be increased by 20 percent; and
when designing for a 100-year frequency, the coefficient should be increased
by 25 percent. The runoff coefficient should not be increased above 0.95,
unless approved by the Regional Hydraulics Engineer. Higher values may be
appropriate for steeply sloped areas and/or longer return periods, because in
these cases infiltration and other losses have a proportionally smaller effect
on runoff.
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SR Project
Calculated By Date
EQUATIONS LEGEND
L 113 Q = Flow T, = Time of concentration
TC = = . . . .
K\/g K+~AH | L = Length of drainage basin m &n =  Rainfall coefficients
[= m S = Average slope K. = Conversion
(Tc) K = Ground cover coefficient C = Runoff coefficient
Q= % AH = Elevation change of basin A = Drainage area
K¢
Description Rainfall
Of Area MRI | L AH | S K | T. nf?oefil'l K. | C I Al Q

Hydrology by the Rational Method
Figure 2-5.1

Below is the web link for electronic spreadsheet (WSDOT Form 235-009):

Y8 www.wsdot.wa.gov/publications/fulltext/Hydraulics/programs/hydrology.
xls
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Rolling Hilly
Type of Cover Flat 2%-10% Over 10%
Pavement and roofs 0.90 0.90 0.90
Earth shoulders 0.50 0.50 0.50
Drives and walks 0.75 0.80 0.85
Gravel pavement 0.50 0.55 0.60
City business areas 0.80 0.85 0.85
Suburban residential 0.25 0.35 0.40
Single family residential 0.30 0.40 0.50
Multi units, detached 0.40 0.50 0.60
Multi units, attached 0.60 0.65 0.70
Lawns, very sandy soil 0.05 0.07 0.10
Lawns, sandy soll 0.10 0.15 0.20
Lawns, heavy soll 0.17 0.22 0.35
Grass shoulders 0.25 0.25 0.25
Side slopes, earth 0.60 0.60 0.60
Side slopes, turf 0.30 0.30 0.30
Median areas, turf 0.25 0.30 0.30
Cultivated land, clay and loam 0.50 0.55 0.60
Cultivated land, sand and gravel 0.25 0.30 0.35
Industrial areas, light 0.50 0.70 0.80
Industrial areas, heavy 0.60 0.80 0.90
Parks and cemeteries 0.10 0.15 0.25
Playgrounds 0.20 0.25 0.30
Woodland and forests 0.10 0.15 0.20
Meadows and pasture land 0.25 0.30 0.35
Pasture with frozen ground 0.40 0.45 0.50
Unimproved areas 0.10 0.20 0.30

Runoff Coefficients for the Rational Method — 10-Year Return Frequency

2-5.3 Time of Concentration

Figure 2-5.2

Time of concentration (T,) is defined as the time for runoft to travel from
the hydraulically most distant point of the watershed to a point of interest in
the watershed. Travel time (T)) is the time it takes water to travel from one
location to another in a watershed. Travel time (T,) is a component of time
of concentration (T,), which is computed by summing all the travel times for
consecutive components of the drainage flow path. This concept assumes
that rainfall is applied at a constant rate over a drainage basin which would
eventually produce a constant peak rate of runoff.

Page 2-10
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Actual precipitation does not fall at a constant rate. A precipitation event
will begin with small rainfall intensity then, sometimes very quickly, build
to peak intensity and eventually taper down to no rainfall. Because rainfall
intensity is variable, the time of concentration is included in the Rational
method so that the designer can determine the proper rainfall intensity to
apply across the basin. The intensity that should be used for design purposes
is the highest intensity that will occur with the entire basin contributing flow
to the location where the designer is interested in knowing the flow rate. It is
important to note that this may be a much lower intensity than the absolute
maximum intensity. The reason is that it often takes several minutes before
the entire basin is contributing flow but the absolute maximum intensity lasts
for a much shorter time so the rainfall intensity that creates the greatest runoff
is less than the maximum by the time the entire basin is contributing flow.

Most drainage basins will consist of different types of ground covers and
conveyance systems that flow must pass over or through. These are referred
to as flow segments. It is common for a basin to have flow segments that are
overland flow and flow segments that are open channel flow. Urban drainage
basins often have flow segments that flow through a storm drainpipe in
addition to the other two types. A travel time (the amount of time required
for flow to move through a flow segment) must be computed for each

flow segment. The time of concentration is equal to the sum of all the flow
segment travel times.

For a few drainage areas, a unique situation occurs where the time of
concentration that produces the largest amount of runoft is less than the

time of concentration for the entire basin. This can occur when two or more
subbasins have dramatically different types of cover (i.e., different runoff
coefficients). The most common case would be a large paved area together
with a long narrow strip of natural area. In this case, the designer should check
the runoff produced by the paved area alone to determine if this scenario
would cause a greater peak runoff rate than the peak runoff rate produced
when both land segments are contributing flow. The scenario that produces
the greatest runoff should be used, even if the entire basin is not contributing
flow to this runoff.

The procedure for determining the time of concentration for overland flow
was developed by the United States Natural Resources Conservation Service
(formerly known as the Soil Conservation Service) and is described below.
It is sensitive to slope, type of ground cover, and the size of channel. If the
total time of concentration is less than 5 minutes, a minimum of five minutes
should be used as the duration, see Section 2-5.4 for details. The time of
concentration can be calculated as in Equations 2-2 and 2-3:
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L L1-5
T %E = KA 2
Te=Tuy+To+ ... Tinz (2-3)
Where:
T; = travel time of flow segment in minutes
T, = time of concentration in minutes
L = length of segment in feet (meters)
AH = elevation change across segment in feet (meters)
K = ground cover coefficient in feet (meters)
S = slope of segment % in feet per feet (meter per meter)
Type of Cover K (English) K (Metric)
Forest with heavy ground cover 150 50
Minimum tillage cultivation 280 75
Short pasture grass or lawn 420 125
Nearly bare ground 600 200
Small roadside ditch w/grass 900 275
Paved area 1,200 375
Gutter flow 4 inch deep (100 mm) 1,500 450
6 inch deep (150 mm) 2,400 725
8 inch deep (200 mm) 3,100 950
Storm sewers 1 foot diam. (300 mm) 3,000 925
18 inch diam. (450 mm) 3,900 1,200
2 feet diam. (600 mm) 4,700 1,425
Open Channel Flow (n = .040) 1 foot deep (300 mm) 1,100 350
Narrow Channel (w/d = 1) 2 feet deep (600 mm) 1,800 550
4 feet deep (1.20 m) 2,800 850
Open Channel Flow (n =.040) 1 foot deep (300 mm) 2,000 600
Wide Channel (w/d = 9) 2 feet deep (600 mm) 3,100 950
4 feet deep (1.20 m) 5,000 1,525
Ground Cover Coefficients
Figure 2-5.3
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2-5.4 Rainfall Intensity

After the appropriate storm frequency for the design has been determined

(see Chapter 1) and the time of concentration has been calculated, the rainfall
intensity can be calculated. Designers should never use a time of concentration
that is less than 5 minutes for intensity calculations, even when the calculated
time of concentration is less than 5 minutes. The 5-minute limit is based on
two ideas:

1. Shorter times give unrealistic intensities. Many IDF curves are constructed
from curve smoothing equations and not based on actual data collected
at intervals shorter than 15 to 30 minutes. To make the curves shorter,
involves extrapolation, which is not reliable.

2. It takes time for rainfall to generate into runoff within a defined basin,
thus it would not be realistic to have less than 5 minutes for a time of
concentration.

It should be noted that the rainfall intensity at any given time is the average
of the most intense period enveloped by the time of concentration and is
not the instantaneous rainfall. Equation 2-4 is the equation for calculating
rainfall intensity.

m
| = (2-4)
(T
Where:
I = rainfall intensity in inches per hour (millimeters per hour)
T, = time of concentration in minutes
m & n = coefficients in dimensionless units (Figures 2-5.4A and 2-5.4B)

The coefficients (m and n) have been determined for all major cities for the
2-, 5-, 10-, 25-, 50-, and 100-year mean recurrence intervals (MRI). The
coefficients listed are accurate from 5-minute durations to 1,440-minute
durations (24 hours). These equations were developed from the /973 National
Oceanic and Atmospheric Administration Atlas 2, Precipitation-Frequency
Atlas of the Western United States, Volume IX-Washington.

With the Region Hydraulic Engineer’s assistance, the designer should
interpolate between the two or three nearest cities listed in the tables when
working on a project that is in a location not listed on the table. If the designer
must do an analysis with a T, greater than 1,440 minutes, the Rational method
should not be used.
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2-5.5 Rational Formula Example

Forested Residential \ Park
4.0 Acres 1.0 Acres 0.80 Acres

0.15 fU/ft 0.06 fu/ft 0.01 ft/ft

1,800 Feet 650 Feet 820 Feet

Compute the 25-year runoff for the Spokane watershed shown above. Three
types of flow conditions exist from the highest point in the watershed to the
outlet. The upper portion is 4.0 acres of forest cover with an average slope of
0.15 ft/ft. The middle portion is 1.0 acres of single family residential with a
slope of 0.06 ft/ft and primarily lawns. The lower portion is a 0.8 acres park
with 18-inch storm sewers with a general slope of 0.01 ft/ft.

L 1,800 650 820

T = =
©=2 7S ~ 150¥0.15 * 4200.06  3.90070.01

T, =31 min + 6 min + 2 min = 39 min

m 9.09 in
0.93

I= (Tc)n = (39)0.626 DR H

>CA=0.22 (4.0 acres) + 0.44 (1.0 acres) + 0.11 (0.8 acres) = 1.4 acres

_ I(ZCA) _ (0.93)(1.4) 131 ofs

QKC 1

2-6 Single-Event Hydrograph Method: Santa Barbara Urban
Hydrograph

Of the several commonly accepted hydrograph methods, the Santa Barbara
Urban Hydrograph (SBUH) method is the best suited for WSDOT projects
where conveyance systems are being designed and for some stormwater
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treatment facilities in eastern Washington. SBUH was developed to calculate
flow that will occur from surface runoft and is most accurate for drainage
basins smaller than 100 acres (40 hectares) although it can be used for
drainage basins up to 1,000 acres (400 hectares). SBUH should not be used
where groundwater flow can be a major contributor to the total flow. While
not all WSDOT projects are in urban basins, it is typically the paved surfaces
(similar to urban areas) that generate the majority of the total flow.

An SBUH analysis requires that the designer understand certain characteristics
of the project site, such as drainage patterns, predicted rainfall, soil type, area
to be covered with impervious surfaces, type of drainage conveyance, and

for eastern Washington the flow control BMP that will be used. The physical
characteristics of the site and the design storm determine the magnitude,
volume, and duration of the runoff hydrograph. Other factors, such as the
conveyance characteristics of channel or pipe, merging tributary flows, and
type of BMP used, will alter the shape and magnitude of the hydrograph.

The key elements of a single-event hydrograph analysis are listed below

(and described in more detail in this section):

* Design storm hyetograph.
* Runoff parameters.

* Hydrograph synthesis.

* Hydrograph routing.

* Hydrograph summation.

While the equations for the SBUH method are fairly simple, it is
computationally intensive and would take hours if done by hand. Because

of this, the only practical way to perform an analysis is to use a computer
application. There are several commercially available computer programs that
include the SBUH method, however the recommended software for WSDOT
project is StormShed. Other commercially available computer program may
also be used with prior approval from the State Hydraulic Engineer.

2-6.1 Design Storm Hyetograph

The SBUH method requires the input of a rainfall distribution or design storm
hyetograph. The design storm hyetograph is rainfall depth versus time for a
given design storm frequency and duration. For this application, it is presented
as a dimensionless table of unit rainfall depth (incremental rainfall depth for
each time interval divided by the total rainfall depth) versus time. The type of
design storm used depends on the project locations as noted below:

+ Eastern Washington — For projects in eastern Washington, the design
storms are the short duration storm for conveyance design and the
regional storm for volume based stormwater facilities. (Design storms
are discussed further in Appendix 4C of the Highway Runoff Manual.)
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* Western Washington — For projects in western Washington, the design
storm for conveyance design is the Type 1A storm. For designs other
than conveyance, see Section 2-7 for a description of the Continuous
Simulation method.

Along with the design storm, precipitation depths are needed and should be
selected for the city that is closest to the project site from the contours on an
isopluvial map. The National Weather Service publishes isopluvial maps for
different storm durations and recurrence intervals and links to these maps can
be found in Appendix 4A of the Highway Runoff Manual or can be obtained
from the HQ Hydraulics Office. ArcGIS has the isopluvial maps loaded into
the program and may be the most accurate method since precipitation depths
are given for the exact location of a project.

2-6.2 Runoff Parameters

The SBUH method requires input of parameters that describe physical
drainage basin characteristics. These parameters provide the basis from

which the runoff hydrograph is developed. This section describes the three
key parameters (contributing drainage basin areas; runoff curve number;

and runoff time of concentration) that, when combined with the rainfall
hyetograph in the SBUH method, develop the runoff hydrograph. The proper
selection and delineation of the contributing drainage basin areas to the BMP
or structure of interest is required in the hydrograph analysis. The contributing
basin area(s) used should be relatively homogeneous in land use and soil
type. If the entire contributing basin is similar in these aspects, the basin can
be analyzed as a single area. If significant differences exist within a given
contributing drainage basin, it must be divided into subbasin areas of similar
land use and soil characteristics. Hydrographs should then be computed for
each subbasin area and summed to form the total runoff hydrograph for the
basin. Contributing drainage basins larger than 100 acres should be divided
into subbasins. By dividing large basins into smaller subbasins and then
combining calculated flows, the timing aspect of the generated hydrograph is
typically more accurate. Basin delineation is not the same as TDA delineation.
For more details on delineation of TDAs, see Section 4-2.5.

Curve Numbers

The NRCS has conducted studies into the runoff characteristics of various
land types. After gathering and analyzing extensive data, the NRCS developed
relationships between land use, soil type, vegetation cover, interception,
infiltration, surface storage, and runoff. The relationships have been
characterized by a single runoff coefficient called a curve number (CN).

CNss are chosen to depict average conditions—neither dry, nor saturated.

The designer is referred to FHWA Ip-80-1 for more information on choosing
appropriate curve numbers. Appendix 4B of the Highway Runoff Manual
shows suggested CN values for various land covers and soil conditions.
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The factors that contribute to the CN value are known as the soil-cover
complex. The soilcover complexes have been assigned to one of four
hydrologic soil groups, according to their runoff characteristics. These soil
groups are labeled Types A, B, C, and D; with Type A generating the least
amount of runoff and Type D generating the greatest. Appendix 4B of the
Highway Runoff Manual shows the hydrologic soil groups of most soils in
Washington State. The different soil groups can be described as follows:

» Type A — Soils having high infiltration rates, even when thoroughly
wetted, and consisting chiefly of deep, well-drained to excessively drained
sands or gravels. These soils have a high rate of water transmission.

* Type B — Soils having moderate infiltration rates when thoroughly wetted
and consisting chiefly of moderately fine to moderately coarse textures.
These soils have a moderate rate of water transmission.

* Type C — Soils having slow infiltration rates when thoroughly wetted and
consisting chiefly of soils with a layer that impedes downward movement
of water or soils with moderately fine to fine textures. These soils have a
slow rate of water transmission.

* Type D — Soils having very slow infiltration rates when thoroughly
wetted and consisting chiefly of clay soils with a high swelling potential,
soils with a permanent high water table, soils with a hardpan or clay
layer at or near the surface, and shallow soils over bedrock or other
nearly impervious material. These soils have a very slow rate of water
transmission.

The NRCS (formerly the Soil Conservation Service, or SCS) has developed
maps for Washington State that show the specific soil classification for any
given location. These maps are compiled by county and are typically available
from the regional NRCS office. To determine which soil group to use for an
analysis, locate the project site on the SCS map and read the soil classification
listed. (See Appendix 4B of the Highway Runoff Manual for a web link to
data to convert from the specific soil classification to a hydrologic soil group.)
The WSDOT Materials Lab can also perform a soil analysis to determine the
soil group for the project site. This should be done only if an SCS soils map
cannot be located for the county in which the site is located; the available SCS
map does not characterize the soils at the site (many SCS maps show “urban
land” in highway right of ways and other heavily urbanized areas where the
soil properties are uncertain); or there is reason to doubt the accuracy of the
information on the SCS map for the particular site.

When performing an SBUH analysis for a basin, it is common to encounter
more than one soil type. If the soil types are fairly similar (within 20 CN
points), a weighted average can be used. If the soil types are significantly
different, the basin should be separated into smaller subbasins (previously
described for different land uses). Pervious ground cover and impervious
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ground cover should always be analyzed separately. If the computer program
StormShed is used for the analysis, pervious and impervious land segments
will automatically be separated, but the designer will have to combine and
manually weight similar pervious soil types for a basin.

Antecedent Moisture Condition

The moisture condition in a soil at the onset of a storm event, referred to as
the antecedent moisture condition (AMC), has a significant effect on both
the volume and rate of runoff. Recognizing this, the SCS developed three
antecedent soil moisture conditions: I, II, and III.

AMC I: Soils are dry, but not to the wilting point.
AMC II: Average conditions.

AMC III: Heavy rainfall, or light rainfall and low temperatures,
has occurred within the last 5 days, near saturated or saturated soil.

Table 2-6 gives seasonal rainfall limits for the three antecedent soil moisture
conditions.

AMC Dormant Season Growing Season
I Less than 0.5 Less than 1.4
Il 0.5t0 1.1 1.4t0 2.1
1 Over 1.1 Over 2.1

Total 5-Day Antecedent Rainfall (Inches)
Table 2-6

The CN values generally listed are for AMC 11, if the AMC falls into either
group I or III, the CN value will need to be modified to actually represent
the project site conditions. Appendix 4C of the Highway Runoff Manual
provides further information regarding when the AMC should be considered
and Appendix 4B of the Highway Runoff Manual provides conversions for
the curve number for different antecedent moisture conditions for the case of

Ia=0.28S. For other conversions, see SCS National Engineering Handbook
No. 4, 1985.

Time of Concentration

Time of Concentration (T,) is defined as the time for runoff to travel from
the hydraulically most distant point of the watershed to a point of interest in
the watershed. Travel time (T)) is the time it takes water to travel from one
location to another in a watershed. Travel time (T,) is a component of time
of concentration (T.), which is computed by summing all the travel times
for consecutive components of the drainage flow path. While this section
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starts the same as Section 2-5.3, the analysis described in this section is more
detailed because how water travels through a basin is classified by flow type.
The different types of flow include: sheet flow, shallow concentrated flow,
open channel flow, or some combination of these. Classifying flow type is
best determined by field inspection and using the parameters described below:

* Sheet flow is flow over plane surfaces. It usually occurs in the headwater

areas of streams and also for short distances on evenly graded slopes. With
sheet flow, the friction value (ns, which is a modified Manning’s roughness
coefficient) is used. These ns values are for very shallow flow depths up

to about 0.1 foot (3 cm) and are used only for travel lengths up to 300 feet
(90 m) on paved surfaces and 150 feet on pervious surfaces. Appendix 4B
of the Highway Runoff Manual provides the Manning’s ns values for sheet
flow at various surface conditions.

For sheet flow of up to 300 feet, use Manning’s kinematic solution to
directly compute T:

Ty =(0.42 (nsL)*#)/((P2)*5%(s,)°%) (2-5)

travel time (minutes)

sheet flow Manning’s coefficient (dimensionless)
L = flow length (feet)

2-year, 24-hour rainfall (inches)

slope of hydraulic grade line (land slope, ft/ft)

Shallow Flow — After a maximum of 300 feet, sheet flow is assumed to
become shallow concentrated flow. The average velocity for this flow
can be calculated using the k values from Appendix 4B of the Highway
Runoff Manual. Average velocity is a function of watercourse slope and
type of channel. After computing the average velocity using the Velocity
Equation (Equation 4-2), the travel time (T,) for the shallow concentrated
flow segment can be computed by dividing the length of the segment by
the average velocity.

Open channels are assumed to begin where surveyed cross section
information has been obtained, where channels are visible on aerial
photographs, or where lines indicating streams appear on USGS
Quadrangle maps. For developed drainage systems, the travel time of
flow in a pipe is also represented as an open channel. The k, values
from Appendix 4B of the Highway Runoff Manual used in the Velocity
Equation can be used to estimate average flow velocity. Average flow
velocity is usually determined for bank full conditions. After average
velocity is computed, the travel time (T,) for the channel segment can
be computed by dividing the length of the channel segment by the
average velocity.
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A commonly used method of computing average velocity of flow, once it
has measurable depth, is the following Velocity Equation:

V = (k)(s00.5) (2-6)
Where:

V = velocity (ft/s)

k = time of concentration velocity factor (ft/s)

so = slope of flow path (ft/ft)

Regardless of how water moves through a watershed, when estimating travel
time (T,), the following limitations apply:

* Manning’s kinematic solution should not be used for sheet flow longer
than 300 feet.

» The equations given here to calculate velocity were developed by
empirical means; therefore, English Units (such as inches) must be used
for all input variables for the equation to yield a correct answer. Once
the velocity is calculated, it can be converted to metric units to finish
the travel time calculations in the case of shallow concentrated flow and
channel flow.

Appendix 4B of the Highway Runoff Manual shows suggested “n” and “k”
values for various land covers to be used in travel time calculations.

2-6.3 Hydrograph Synthesis

The SBUH method applies the selected CNs to SCS equations to compute soil
absorption and precipitation excess from the rainfall hyetograph. Each time
step of this process generates one increment of an instantaneous hydrograph
with the same duration. The instantaneous hydrograph is then routed

through an imaginary reservoir, with a time delay equal to the basin time of
concentration. The end product is the runoff hydrograph for that land segment.

Abstractions (including rainfall interception and storage in small depressions
in the ground surface) are also accounted for in the SBUH method. The
abstraction of runoff, S, is computed from the CN as follows:

S = (1000/CN) - 10 (2-7)

Using the abstraction value and precipitation for the given time step, the
runoff depth, D, per unit area is calculated as follows:

D(t) = ((p(t) — 0.2(S))*2)/(p(t) + 0.8(S)) (2-8)

Where:
p(t) = precipitation for the time increment (in)
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The total runoff, R(t), for the time increment is computed as follows:
R(t) = D(t) - D(t-1) (2-9)

The instantaneous hydrograph, /(z), in cubic feet per second (cfs) at each time
step, dt, is computed as follows:

I(t) = 60.5 R(t) A/dt (2-10)
Where:
A = area (acres)

dt

time interval (min)

Note: A time interval of 10 minutes can be used for the Type 1A storm or the
Regional Long-Duration Storm, however a 5 minute interval should always
be used for the Short-Duration Storm. The runoff hydrograph, QO(?), is then
obtained by routing the instantaneous hydrograph /(?) through an imaginary
reservoir with a time delay equal to the time of concentration of the drainage
basin. The following equation estimates the routed flow, Q():

Q(t+1) = Q(t) + wWl(t) + I(t+1) — 2Q(1)] (2-11)
Where:

w = dt/(2T; + dt)
T, = time of concentration for the contributing drainage basin area

2-6.4 Level Pool Routing

This section presents the methodology for routing a hydrograph through a
stormwater facility using hydrograph analysis. Level pool routing is done the
same way regardless of the method used to generate the hydrograph; therefore,
this part of the analysis is not unique to the SBUH method. The level pool
routing technique presented here is one of the simplest and most commonly
used hydrograph routing methods and is the method used by StormShed.

It is based on the following continuity equation:

Inflow — Outflow = Change in Storage (2-12)
(11 +12)/2) — ((O1 + 02)/2) =S2 - S1

Where:
11,12 = inflow at time 1 and time 2
01, 02 = outflow at time 1 and time 2
S1, S2 = storage at time 1 and time 2
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The time interval for the routing analysis must be consistent with the time
interval used in developing the inflow hydrograph. The time interval used
for a 24-hour storm is 10 minutes. The variables can be rearranged to obtain
the following equation:

1+12+28S1-01=02+ 282 (2-13)

If the time interval is in minutes, the unit of storage (S) is now cubic feet

per minute (cf/min), which can be converted to cfs by multiplying by

1 min/60 sec. The terms on the left-hand side of the equation are known

from the inflow hydrograph and from the storage and outflow values of the
previous time step. The unknowns O and S can be solved interactively from
the given stage-storage and stage-discharge curves. As with the synthesis of a
hydrograph, the computations are fairly simple, but very voluminous. The best
way to route a hydrograph through a stormwater facility is to use a computer
program. Many hydrologic analysis software programs include features that
make hydrograph routing an easy process including Storm Shed.

2-6.5 Hydrograph Summation

One of the key advantages of hydrograph analysis is the ability to accurately
describe the cumulative effect of runoff from several contributing drainage
basin areas having different runoff characteristics and travel times. This
cumulative effect is best characterized by a single hydrograph, which is
obtained by summing the individual hydrographs from tributary basins at a
particular discharge point of interest. The general procedure for performing

a hydrograph summation begins with selecting a discharge point of interest
where it is important to know the effects of the runoft generated on the project
site. Next, route each individual hydrograph through a conveyance system that
carries it to the point of interest. The final step is to sum the flow values for
each hydrograph for all of the time intervals. This will yield a single discharge
hydrograph.

2-7 Continuous Simulation Method (Western Washington Only for

Stormwater)

When designing stormwater facilities in western Washington, the designer
must use an approved continuous simulations model, to meet the requirements
of the most current version of the Highway Runoff Manual. A continuous
simulation model captures the back to back affects of storm events that are
more common in western Washington. These events are associated with

high volumes of flow from sequential winter storms rather than high peak
flow from short duration events as is characteristic in eastern Washington.
WSDOT’s approved continuous simulation hydrologic model is MGSFlood
(see Section 4-3.5.2 of the Highway Runoff Manual) which uses the HSPF
routines for computing runoff from rainfall on pervious and impervious

Page 2-24

WSDOT Hydraulics Manual M 23-03.03
June 2010



Chapter 2

Hydrology

land areas. In addition, MGSFlood has the BMP design criteria built into the
software and will alert the designer regarding whether the runoff treatment
flow rates and volumes meet the requirements of the Highway Runoff Manual.
See the HQ Hydraulics web page for a detailed example of this modeling
approach and for information on how to obtain a copy of the public domain
program at ¥ www.wsdot.wa.gov/Design/Hydraulics/Training.htm.

MGSFlood does have limitations that the designer should understand before
using the program, regarding the project location, conveyance design, and
the size of the basin. MGSFlood is for projects in western Washington only,
at elevations below 1500 feet, and for basins up to 320 acres (about one-

half square mile). The program does not include routines for simulating the
accumulation and melting of snow, and its use should be limited to areas
where snowmelt is typically not a major contributor to floods or to the annual
runoff volume. MGSFlood is generally not used for conveyance design unless
a conveyance system is downstream of a stormwater pond and the 15 minute
time step is used. For projects located in western Washington that fall outside
the modeling guidelines described in this paragraph, contact region or HQ
hydraulics staff for assistance.

2-7.1 Modeling Requirements

MGSFlood should be used once the designer has selected the BMP(s) for the
project site and has determined the input values for: precipitation, drainage
basin delineation, and soil characteristics. Each of these input values are
further described in the sections below.

2-7.1.2 Precipitation Input

There are two methods for transposing precipitation timeseries that are
available in the continuous simulation model: Extended Precipitation
Timeseries Selection and Precipitation Station Selection. The designer
will generally select the Extended Precipitation Timeseries unless it is not
available for a project site, then the Precipitation Station is selected. Both
methods are further described below.

1. Extended Precipitation Timeseries Selection — Extended Precipitation
Timeseries uses a family of prescaled precipitation and evaporation
timeseries. These timeseries were developed by combining and scaling
precipitation records from widely separated stations, resulting in record
lengths in excess of 100 years. Extended hourly precipitation and
evaporation timeseries have been developed using this method for most
of the lowland areas of western Washington where WSDOT projects
are constructed. These timeseries should be used for stormwater facility
design for project sites with a mean annual precipitation ranging from
24 to 60 inches and located in the region shown in Figure 2-7.1.
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Extended Precipitation Timeseries Regions
Figure 2-7.1

2. Precipitation Station Selection — For project sites located outside the
extended timeseries region, a second precipitation scaling method is used.
A source gage is selected and a single scaling factor is applied to transpose
the hourly record from the source gage to the site of interest (target
site). The current approach for single factor scaling, as recommended in
Ecology’s SMMWW, is to compute the scaling factor as the ratio of the
25-year, 24-hour precipitation for the target and source sites. Contact
region or Headquarters Hydraulics staff if assistance is needed in selecting
the appropriate gage. Updating areas with the extended precipitation
timeseries will be done eventually for all of western Washington, based
on available funding.

2-7.1.3 TDAs and Drainage Basin Characteristics

To facilitate rainfall-runoff modeling the project site must be defined in terms
of Threshold Discharge Areas (TDAs) and drainage basins. The Highway
Runoff Manual Minimum Requirements for flow control and/or runoff
treatment might be triggered in some or all TDAs along the project. For
those TDAs that require a stormwater BMP, drainage basins should show the
areas of land that contribute flow to a point of interest; typically a stormwater
BMP. Since the continuous simulation model simulates the rainfall-runoff
for each land cover/soil type combination separately, determining both the
predeveloped and post developed land cover is critical. Additionally, any
areas that are reverted to pervious surfaces should be accounted for as well.
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Finally, if there are any existing wetlands within the TDA and stormwater is
proposed to discharge or detract from the natural wetland evaluation of the
hydroperiod maybe necessary.

The delineation and specifics of TDAs are part of the Highway Runoff Manual
requirements and designers should review the following sections of the
manual prior to using MGSFlood:

1. TDA Delineation — Section 4-2.5
2. Predeveloped Land Cover — Section 4-3.6
3. Reverision of an Existing Impervious Surface — Section 4-3.6
4. Separation of On-Site and Oft-Site Flow — Section 4-3.6
5. Wetland Hydroperiods — Section 4-6
2-7.1.4 Hydrologic Soil Groups

For each basin, land use is defined in units of acres for predeveloped and
developed conditions. Soils must be classified into one of three default
categories for use in the continuous simulation model: till, outwash, or
saturated soil (as defined by the USGS). Mapping of soil types by the Soil
Conservation Service (SCS), which is now the Natural Resource Conservation
Service (NRCS), is the most common source of soil/geologic information used
in hydrologic analyses for stormwater facility design. Each soil type defined
by the NRCS has been classified into one of four hydrologic soil groups: A, B,
C, and D. As is common in hydrologic modeling in western Washington, the
soil groups used in the continuous simulation model generally correspond to
the NRCS hydrologic soil groups shown in Table 2-7.2.

NRCS Group HSPF Group
A Outwash
B Till or Outwash
C Till
D Wetland

Relationship Between NRCS Hydrologic Soil Group
and HSPF Soil Group
Table 2-7.2

NRCS Type B soils can be classified as either glacial till or outwash,
depending on the type of soil under consideration. Type B soils underlain by
glacial till or bedrock, or that have a seasonally high water table, are classified
as till. Conversely, well-drained B-type soils should be classified as outwash.
It is very important to work with the WSDOT Materials Lab or a licensed
geotechnical engineer to make sure the soil properties and near-surface
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hydrogeology of the site are well understood, as they are significant factors
in the final modeling results. Appendix 4B of the Highway Runoff Manual
contains some soils classification information for preliminary work.

Wetland soils remain saturated throughout much of the year. The hydrologic
response from wetlands is variable, depending on the underlying geology, the
proximity of the wetland to the regional groundwater table, and the geometry
of the wetland. Generally, wetlands provide some base flow to streams in the
summer months and attenuate storm flows via temporary storage and slow
release in the winter. Special design consideration must be taken into account
when including wetlands in continuous simulation runoff modeling.

2-8 Published Flow Records

When available, published flow records provide the most accurate data for
designing culverts and bridge openings. This is because the values are based
on actual measured flows and not calculated flows. The streamflows are
measured at a gaging site for several years. A statistical analysis (typically
Log Pearson Type III) is then performed on the measured flows to predict the
recurrence intervals.

The USGS maintains a large majority of the gaging sites throughout
Washington State. A list of all of the USGS gages, with adequate data to
develop the recurrence intervals, is provided in Appendix 2-1 along with the
corresponding latitude, longitude, hydrologic unit, and drainage area. Flood
discharges for these gaging sites, at selected exceedance probabilities (based
on historical data up to 1996), can be found in Table 2 at the following Web
link: “® http://wa.water.usgs.gov/pubs/wrir/flood_freq/.

In addition to these values, the HQ Hydraulics Office maintains records of
daily flows and peak flows for all of the current USGS gages. Also, average
daily flow values for all current and discontinued USGS gages are available
through the Internet on the USGS homepage (note these are average daily
values and not peak values) at ¥ http://waterdata.usgs.gov/usa/nwis/
dvstat?referred module=sw.

Historical data for additional gaging sites is available through the Stream
Hydrology Unit (SHU) of Ecology’s Environmental Monitoring and Trends
Section. This flow information was recorded in support of the salmon
recovery efforts and water resource management. While discharge is measured
at these sites 6 to 8 times a year, the majority of the actual measurements are
of stream stage and a calculated stream discharge. The calculations are made
using information from stream gages operated by other governmental agencies
(primarily the USGS) and rating curves developed by SHU that relate river
stage to discharge (V0 www.ecy.wa.gov/programs/eap/flow/shu_main.html).
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Some local agencies also maintain streamflow gages. Typically, these are
on smaller streams than the USGS gages. While the data obtained from
these gages is usually of high enough quality to use for design purposes,
the data is not always readily available. If the designer thinks that there is
a possibility that a local agency has flow records for a particular stream
then the engineering department of the local agency should be contacted.
The HQ Hydraulics Office does not maintain a list of active local agency
streamflow gages.

2-9 USGS Regression Equations

While measured flows provide the best data for design purposes, it is not
practical to gage all rivers and streams in the state. A set of equations has been
developed by USGS to calculate flows for drainage basins in the absence of a
streamflow gage. The equations were developed by performing a regression
analysis on streamflow gage records to determine which drainage basin
parameters are most influential in determining peak runoff rates

The equations break the state up into nine unique hydrologic regions,

as shown on the map in Appendix 2-2. The various hydrologic regions
require different input variables, depending on the hydrologic region. Input
parameters that maybe required include: total area of the drainage basin,
percent of the drainage basin that is in forest cover, and percent of the
drainage basin that is in lakes, swamps, or ponds. These variables can be
determined by the designer through use of site maps, aerial photographs, and
site inspections.

For some hydrologic regions, the designer will need to determine the Mean
Annual Precipitation (MAP) which can be found through the Web links in
Appendix 2-3. It should be noted that the regression equations were developed
using the 1965 NOAA precipitation maps and the maps in Appendix 2-3 are
an update to these maps. The new maps are considered more accurate because
the values are based on more actual precipitation data and an improved
methodology for determining precipitation values is utilized. However, in
some areas of Washington there was a significant change in the precipitation
values from the 1965 maps and designers should verify that the new
precipitation value is within the MAP limits noted on the Regression Equation
worksheets. In addition to the MAP limits, each region has limits for the
drainage basin area size. The designer should be careful not to use data that

is outside of the limits specified for the equations since the accuracy of the
equations is unknown beyond these points.
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The designer must be aware of the limitations of these equations. They were
developed for natural rural basins, however the equations have been updated
with current flood events. The equations can be used in urban ungaged areas
with additional back-up data, i.e., comparing results to nearest gage data for
calibration and a sensitivity analysis, field inspection of highwater lines and
information from local maintenance. Designers should contact the Region
Hydraulics Engineer for further guidance. Also any river that has a dam

and reservoir in it should not be analyzed with these equations. Finally, the
designer must keep in mind that due to the simple nature of these equations
and the broad range of each hydrologic region, the results of the equations
contain a fairly wide confidence interval, represented as the standard error.

The standard error is a statistical representation of the accuracy of the
equations. Each equation is based on many rivers and the final result
represents the mean of all the flow values for the given set of basin
characteristics. The standard error shows how far out one standard deviation
is for the flow that was just calculated. For a bell- shaped curve in statistical
analysis, 68 percent of all the samples are contained within the limits set by
one standard deviation above the mean value and one standard deviation
below the mean value. It can also be viewed as indicating that 50 percent of
all the samples are equal to or less than the flow calculated with the equation
and 84 percent of all samples are equal to or less than one standard deviation
above the flow just calculated.

The designers shall use the mean value determined from the regression
equations with no standard error or confidence interval. If the flows are too
low or too high for that basin based on information that the designer has
collected, then the designer may apply the standard error specific to the
regression equation accordingly. The designer should consult the Region
Hydraulic Engineer for assistance.

The equations were updated as noted in Appendix 2-2 and are only presented
in English units. To obtain metric flow data, the designer should input the
necessary English units data into the appropriate regression equation and then
multiply the results by 0.02832 to convert the final answer to cubic meters
per second.

Estimates of the magnitude and frequency of flood-peak discharges and flood
hydrographs are used for a variety of purposes, such as the design of bridges,
culverts, and flood-control structures, and for the management and regulation
of flood plains.

Page 2-30

WSDOT Hydraulics Manual M 23-03.03
June 2010



Chapter 2 Hydrology

In addition to the worksheets at the end of this chapter, the USGS has
programs to improve the process of estimating peak flows. One program is
the National Flood Frequency (NFF) Program, which acts as a calculator
taking the manual input of the physical site and climate characteristics and
then using the regression equations to calculate the peak flow and the standard
error. The program is available for designers use at the following web site and
should be loaded by the Region IT: “¥ http://water.usgs.gov/software/nff.html.
Streamstats is another USGS tool that not only estimates peak flows, but can
also delineate the basin area and determine the MAP as well as other basin
characteristics. Streamstats can be found at the following web site:

D http://water.usgs.gov/osw/streamstats/Washington.html. It should be

noted that Streamstats uses the 1965 NOAA maps and may produce a

slightly different result than the map links on Appendix 2-3.

2-10 Flood Reports

Flood reports have been developed for many rivers in Washington State.
Most of these reports, and the ones that are most readily accessible, have
been developed by the Federal Emergency Management Agency (FEMA).
Other reports have been developed by the United States Army Corps of
Engineers and by some local agencies.

These reports are a good source of flow information since they were
developed to analyze the flows during flooding conditions of a particular
river or stream. The types of calculations used by the agency conducting

the analysis are more complex than the rational method or USGS regression
equations and because of this are more accurate. The increased time required
to perform these complex calculations is not justified for the typical structure
that WSDOT is designing; however, if the analysis has already been
performed by another agency, then it is in WSDOT’s best interest to use this
information. Flood study data should never be used in place of published
flow records.

The HQ Hydraulics Office maintains a complete set of FEMA reports and
also has several Corps of Engineers flood reports. Region Environmental
Offices should be contacted for local agency reports.
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2-11 Mean Annual Runoff

Sometimes it is necessary to determine the mean annual flow or runoff for

a given stream. When published flow records are available they are the best
source of information. Minor streams, which do not have any gaging records
available, can be estimated by the following procedure:

English Units:

(MAR)A
13.6

(2-14)

Where:
Q
MAR
A

mean annual runoff in cfs
mean annual runoff in inches taken from Appendix 2-3
area of the drainage basin in square miles

Metric Units:

Q- (MAR)A
1,241

Where:
Q = mean annual runoff in cms
MAR = mean annual runoff in inches taken from Appendix 2-2
A = area of the drainage basin in kilometers
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Appendix 2-2
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Hydrology Chapter 2

Washington State Hydrology
USGS Regression Equations
Region 1 — 61 stations

SR Date

Project

Made By

Equations:
Q2yr = 0.35 X A" X (MAP)'** (Standard Error = 32%)
Q 10yr = 0.502 X A*?' X (MAP)'*® (Standard Error = 33%)
Q 25yr = 0.59 X A"”' X (MAP)'* (Standard Error = 34%)
Q 50yr = 0.666 X A*”*' X (MAP)'*° (Standard Error = 36%)
Q 100yr = 0.745 X A** X (MAP)'** (Standard Error = 37%)
Legend Limits

Q = Flow (cfs)
A = Drainage Basin Area (miles %) (0.15 mile s> <A< 1,294 miles”

MAP = Mean Annual Precipitation (inches) (45.0 in < MAP <201 in)

Description of Area Return A MAP Q
Frequency

USGS Regression Equations — Region 1
Figure A2-2.2
(Updated March 2001)
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Chapter 2 Hydrology
Washington State Hydrology
USGS Regression Equations
Region 2 — 202 stations

SR Date

Project

Made By

Equations:
Q 2yr = 0.090 X A”*”7 X (MAP)"! (Standard Error = 56%)
Q 10yr = 0.129 X A*** X (MAP)"’ (Standard Error = 53%)
Q 25yr = 0.148 X A*** X (MAP)"” (Standard Error = 53%)
Q 50yr = 0.161 X A"** X (MAP)"*! (Standard Error = 53%)
Q 100yr = 0.174 X A”*' X (MAP)"** (Standard Error = 54%)
Legend Limits
Q = Flow (cfs)
A = Drainage Basin Area (miles ) (0.08 miles s* <A< 3,020 miles”
MAP ~ Mean Annual Precipitation (inches) (23 in < MAP < 170 in)
. Return
Description of Area A MAP Q
Frequency
USGS Regression Equations — Region 2
Figure A2-2.3
(Updated March 2001)
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Chapter 2

Washington State Hydrology
USGS Regression Equations
Region 3 — 63 stations

SR Date

Project

Made By

Equations:
Q 2yr = 0.817 X A**" X (MAP)"* (Standard Error = 57%)
Q 10yr = 0.845 X A”*” X (MAP)"" (Standard Error = 55%)
Q 25yr = 0.912 X A*** X (MAP)"" (Standard Error = 54%)
Q 50yr = 0.808 X A”*? X (MAP)'* (Standard Error = 54%)
Q 100yr = 0.801X A" X (MAP)"* (Standard Error = 55%)
Legend Limits

Q = Flow (cfs)
A = Drainage Basin Area (miles %) (0.36 mile s* <A< 2,198 miles”

MAP ~ Mean Annual Precipitation (inches) (42 in < MAP < 132 in)

Description of Area

Return

Frequency A MAP Q

USGS Regression Equations — Region 3

Figure A2-2.4
(Updated March 2001)
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Chapter 2 Hydrology
Washington State Hydrology
USGS Regression Equations
Region 4 — 60 stations

SR Date

Project

Made By

Equations:
Q2yr = 0.025 X A”* X (MAP)"" (Standard Error = 82%)
Q 10yr = 0.179 X A”*°X (MAP)"’ (Standard Error = 84%)
Q 25yr = 0.341 X A*® X (MAP)"** (Standard Error = 87%)
Q 50yr = 0.505 X A”** X (MAP)"** (Standard Error = 90%)
Q 100yr = 0.703X A**?X (MAP)"" (Standard Error = 92%)
Legend Limits
Q = Flow (cfs)
A = Drainage Basin Area (miles °) (0.66 mile s> < A< 2,220 miles”
MAP -~ Mean Annual Precipitation (inches) (12 in < MAP < 108 in)
Description of Area Return A MAP Q
Frequency
USGS Regression Equations — Region 4
Figure A2-2.5
(Updated March 2001)
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Hydrology Chapter 2
Washington State Hydrology
USGS Regression Equations
Region 5 — 19 stations

SR Date

Project

Made By

Equations:
Q 2yr = 14.7 X AP (Standard Error = 96%)
Q 10yr = 352 X A" (Standard Error = 63%)
Q 25yr = 482 X A" (Standard Error = 56%)
Q 50yr = 59.1 X A7 (Standard Error = 53%)
Q 100yr = 712 X A*" (Standard Error = 52%)
Legend Limits
Q = Flow(cfs)
A = Drainage Basin Area (miles °) (0.38 mile s* <A< 638 miles”
Description of Area Fr}::;uerl?cy A Q
USGS Regression Equations — Region 5
Figure A2-2.6
(Updated March 2001)
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Chapter 2 Hydrology
Washington State Hydrology
USGS Regression Equations
Region 6 — 23 stations

SR Date

Project

Made By

Equations:
Q 2yr = 2.24 X A*" X (MAP)*? (Standard Error = 63%)
Q 10yr = 17.8 X A*"'* X (MAP)** (Standard Error = 69%)
Q 25yr = 38.6 X A" X (MAP)"* (Standard Error = 72%)
Q 50yr = 63.6 X A"7" X (MAP)**" (Standard Error = 74%)
Q 100yr = 100 X A*"" X (MAP)**"! (Standard Error = 77%)
Legend Limits
Q = Flow (cfs)
A = Drainage Basin Area (miles *) (0.50 mile s> <A< 1,297 miles”
MAP ™~  Mean Annual Precipitation (inches) (10 in <MAP < 116 in)
.. Return
Description of Area A MAP Q
Frequency
USGS Regression Equations — Region 6
Figure A2-2.7
(Updated March 2001)
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Washington State Hydrology
USGS Regression Equations
Region 7 — 17 stations

SR Date
Project
Made By
Equations:
Q 2yr = 8.77 X A**¥ (Standard Error = 128%)
Q 10yr = 50.9 X A7 (Standard Error = 63%)
Q 25yr = 91.6 X A*™ (Standard Error = 54%)
Q 50yr = 131 X A% (Standard Error = 53%)
Q 100yr = 179 X A" (Standard Error = 56%)
Legend Limits
Q = Flow (cfs)
A = Drainage Basin Area (miles %) (0.21 mile s’< A< 2,228 miles”
Description of Area FrIe{:Eirr?cy A Q
USGS Regression Equations — Region 7
Figure A2-2.8
(Updated March 2001)
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Chapter 2 Hydrology
Washington State Hydrology
USGS Regression Equations
Region 8 — 23 stations
SR Date
Project
Made By
Equations:
Q 2yr = 12.0 X A*7! (Standard Error = 133%)
Q 10yr = 32.6 X A" (Standard Error = 111%)
Q 25yr = 46.2 X A™Y (Standard Error = 114%)
Q 50yr = 57.3 X A" (Standard Error = 119%)
Q 100yr = 69.4 X A% (Standard Error = 126%)
Legend Limits
Q = Flow (cfs)
A = Drainage Basin Area (miles %) (0.59 mile s> < A< 689 miles”
Description of Area Frfécilli:rr?cy A Q

USGS Regression Equations — Region 8

Figure A2-2.9

(Updated March 2001)
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Washington State Hydrology
USGS Regression Equations
Region 9 — 36 stations

SR Date

Project

Made By

Equations:
Q 2yr = 0.803 X A“?X (MAP)"'®  (Standard Error = 80%)
Q 10yr = 15.4 X A7X (MAP)***  (Standard Error = 57%)
Q 25yr = 41.1 X A»°X (MAP)*®  (Standard Error = 55%)
Q 50yr = 74.7 X A" X (MAP)***  (Standard Error = 55%)
Q 100yr = 126 X A*** X (MAP)** (Standard Error = 56%)
Legend Limits

Q = Flow (cfs)
A = Drainage Basin Area (miles *) (0.54 mile s* <A< 2,500 miles”

MAP = Mean Annual Precipitation (inches) (12.0 in < MAP <40.0)

Description of Area Return A MAP Q
Frequency

USGS Regression Equations — Region 9
Figure A2-2.10
(Updated March 2001)
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Isopluvial and MAP Web Links
Appendix 2-3 and Mean Annual Runoff Data

The 24-hour and 2-hour Isopluvial maps and the Mean Annual Precipitation
maps for Washington are available in pdf format through the links below or by
using ArcMap. Contact your local GIS group for how to extract precipitation
data using ArcMap.

Washington 2-hour Isopluvial Maps
Washington 24-hour Isopluvial Maps

Washington Mean Annual Precipitation Map
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Chapter 5 Drainage of Highway Pavements

5-1 Roadway and Structure Geometrics and Drainage

Roadway and structure pavement drainage should be considered early in

a project design, while the roadway geometry is still being developed since
the hydraulic capacity of gutters and inlets is determined by the longitudinal
slope and superelevation of the pavement. The imperviousness of the roadway
pavement will result in significant runoff from any rainfall event. To ensure
safety to the traveling public, careful consideration must be given to removing
the runoff from the roadway through structure pavement drainage facilities.

A roadway with a gutter section should normally be placed at a minimum
longitudinal slope of 0.3 percent to 0.5 percent to allow for reasonable
drainage. The flatter slopes may be used with wider shoulders and

the 0.5 percent should be used as a minimum for narrow shoulders.
Superelevation and/or widening transitions can create a gutter profile far
different from the centerline profile. The designer must carefully examine
the geometric profile of the gutter to eliminate the formation of sumps or
birdbaths created by these transitions. These areas should be identified and
eliminated. This generally requires geometric changes stressing the need for
early consideration of drainage.

Improperly placed superelevation transitions can cause serious problems
especially on bridges. As discussed in Section 5-4, inlets or other means
must pick up gutter flow before the flow crosses over to the other side of
the pavement. The collection of crossover flow on bridges is very complex
as effective drain inlets are difficult to place within structure reinforcement.
Bridges over waterways and wetlands pose water quality issues as well

and drop drains may not be allowed. Also, bridge drain downspouts have a
history of plugging problems and are an objectionable aesthetic impact on
the structure.

Eliminating inlets on bridges can usually be accomplished by considering
drainage early in the design phase. Superelevation transitions, zero gradients,
and sag vertical curves should be avoided on bridges. Modern bridges
generally use watertight expansion joints so that all surface water can run
off of the structure and be collected in inlets placed at the bridge ends.

Drainage design at bridge ends requires a great deal of coordination between
the Region designer, Bridge designer, and the Headquarters (HQ) Hydraulics
Office. In many areas, the drainage plan may include the bridge. The designer
is responsible for drainage upstream and downstream of the bridge. HQ
Hydraulics is responsible for bridge drainage and coordination necessary at
the downstream end of the bridge.
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Multi-lane highways create unique drainage situations. The number of lanes
draining in one direction should be considered during the design phase.

The Geometric Cross Section chapter in the WSDOT Design Manual is

a good reference when designing drainage for multi-lane highways. The
Region Hydraulics Engineer and HQ Hydraulics Office is also available to
provide design guidance. See Section 5-6 for discussion on hydroplaning
and hydrodynamic drag and how to reduce its potential.

5-2 Hydrology

The Rational Method is the recommended procedure for determining peak
flow rates for pavement drainage. This method is easy to use for pavement
drainage design because the time of concentration is generally taken as

5 minutes. For more discussion on the Rational Method, see Chapter 2 of this
manual. The design frequency and spread width are also significant variables
in the design of pavement drainage. These two variables are dependant,
because it reflects public expectancy for finding water on a roadway, and is
linked to the classification of the highways as summarized in Figure 5-4.1.

5-3 Rural Highway Drainage

When rural highways are built on a fill, roadway drainage is usually allowed
to flow, uncollected, to the sides of the roadway and over the side of the fill
slope. Usually, this sheet flow of highway drainage does not present any
problem to adjacent property owners nor is it a threat to the highway fill.
This type of drainage is allowed for fills up to 25 ft (7.5 m). A curb should be
used in highly erosive soils when the fill is high enough to justify the use of
a guardrail.

Fill heights greater than 25 ft (7.5 m) may present an erosion threat to the
embankment especially where the roadway forms a sag vertical curve.

This problem is usually present immediately after construction and before
vegetation is established. In these situations, it may be prudent to construct
a curb and gutter to collect the sheet flow from the pavement and discharge
this flow through a runoff treatment or flow control Best Management
Practice (BMP). The treated and controlled runoff can then be discharged
into an established stream or a low spot in the surrounding terrain. Selection
of an appropriate BMP is dependent on the characteristics of the project
site. Designers should reference the Highway Runoff Manual for selection
and design criteria of BMP usage. Designers should place pipe outfalls

at the bottom of a slope when feasible. This will reduce the likelihood of
slope erosion due to concentrated flows at pipe outfalls. If designers chose
to use channels flowing down an embankment to carry away concentrated
stormwater, these channels should be lined with rock spalls, over filter
material or geotextile, to ensure good service for many years. Paved channels,
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on the other hand, are very vulnerable to damage. The edges of the pavement
have been found to break off easily, especially if the capacity of the channel
is frequently exceeded or seepage is able to get under the pavement. The HQ
Hydraulics Office does not recommend paved channels unless they have a
very short length and have adequate soils supporting the sides of the channel.

As noted above, curbs are often used before vegetation is established to
prevent erosion. Once sufficient vegetation is present to resist erosion

and treat runoff, consideration should be given to eliminating the curb in
future overlay contracts. However, since most approach slabs include curb,
consideration must be given to dispersing the concentrated flow at the bridge
ends before removing curb. Possible solutions include; discharging runoff to
an inlet, maintain curbing until runoff can be properly dispersed or utilizing a
fabric or filter blanket.

5-3.1 Downstream End of Bridge Drainage |

The downstream end of bridges need special attention, as further described

in this paragraph. If a storm drain inlet system is not provided, a channel
should be provided at the end of any significant barrier, which collects and
concentrates stormwater away from the bridge. Bridges with approach slabs
generally have an extruded curb beginning at the bridge end and terminating
just past the approach slab. The concentrated flow shall be directed into a
rock-lined ditch by creating a small depression and shaping an asphalt chute

in the edge of the shoulder apron. Inlets should be located a minimum of 10
feet downstream from an approach slab to avoid approach slab settlement, see
Standard Plan B-95.40-00. Bridges without approach slabs and curbing pose |
yet another set of problems. The concentrated flow runs off the bridge slab and
flows off the fill slope, or drains behind the wing walls. Care must be taken

to assure the flow is directed into the ditch, and not allowed to erode material
away from the bridge end.

A ditch running parallel to the roadway generally drains rural highways in

a cut section. These ditches are designed and sized in accordance with the
criteria shown in Chapter 4. If the ditch slopes are very steep, they may be
fitted with a series of check dams made of rock spalls and keyed into the sides
of the ditch. Check dams will reduce flow velocities, prevent erosion of the
soil, and may help to trap sediment from upstream sources. Check dams as
well as other erosion and sediment control BMP’s are covered in the Highway
Runoff Manual.

5-3.2 Slotted Drains and Trench Systems |

Historically, slotted drains have been used with varying degrees of success.
In fact the situations that warrant the use of slotted drain inlets can actually
hinder their performance. Slotted drain inlets are usually placed in areas of
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minimal horizontal slope and superelevation. Since the invert of the drain is
parallel to the pavement, siltation can occur due to low flow velocities. Slotted
drains should be capable of H-25 loading, for installation in heavy traffic
locations. Designers should contact Region or HQ Hydraulics for design
assistance.

A number of trench drain systems are available including pre-formed systems,
as well as slotted channels that may be attached to metal or polyethylene
pipe. The pre-formed systems are constructed of various materials and have a
cross section that minimizes siltation. These systems are usually encased in a
concrete-backfilled trench that provides the support of the frame. Grates vary
depending on application, are produced in a variety of load ratings and may
be constructed of ductile iron, stainless or galvanized steel, resin composites
or fiberglass.

Other systems consist of slotted channels, usually constructed of metal and
may have a minimal slope built in to help minimize the siltation problem.
The slotted channel is placed in the pavement, but with the built in slope,
the host pipe may be sloped slightly to improve flow. The channels can

be attached to metal or polyethylene pipe and come in various widths and
lengths. HQ Hydraulics has more information on all these systems and is
available to assist in their design.

| 5-3.3 Drop Inlets

The use of the drop inlet (Standard Plans B-45.20 thru B-50.20) is intended
for mountainous areas or portions of highways that have very long continuous
grades. Normal wheel loads can safely pass over the grate and it is not
classified as an obstruction. They have a high hydraulic capacity and are most
often used in medians. The outlet pipe usually controls the discharge rather
than the grate itself. They are also quite effective in passing debris that would
normally plug a standard grate.

When the inlet is located in the clear zone, the designer should place the inlet
as close to parallel in the direction of traffic as possible. Placing the inlet at an
angle may cause an errant vehicle to overturn.

5-4 Gutter Flow

When stormwater is collected and carried along the roadside in a gutter,
the allowable top width of the flow prism (Zd) is dependant on the Road
Classification as noted in Figure 5-4.1.
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Design
Road Classification Frequency Design Spread (Zd)

Interstate, Principal, < 45 mph (70 km/hr) 10-year Shoulder+2 ft (0.67 m)’
Minor Arterial > 45 mph (70 km/hr) 10-year Shoulder

or Divided Sag Pt. 50-year Shoulder+2 ft (0.67 m)’
Collector and < 45 mph (70 km/hr) 10-year Shoulder+", Driving Lane?
Local Streets > 45 mph (70 km/hr) 10-year Shoulder

Sag Pt. 50-year % Driving Lane?

The_travel way shall have at least 10 ft that is free of water.

2|n addition to the design spread requirement, the depth of flow shall not exceed 0.12 ft at the edge of shoulder.

Design Frequency and Spread
Figure 5-4.1

In urban situations, with much lower speeds than noted in Figure 5-4.1,

it may not be feasible to use the design spread recommended in this manual.
In this situation, designers should first consider innovative solutions such

as: increasing the slope of the gutter (from 2 to 5 percent for example),
depressing the inlet, or using a combination curb opening and grate inlet. If
it is still not possible to meet the design spread in Figure 5-4.1, the designer
should consider the safety of the intersection, how hydroplaning could affect
a driver at this location, and how quickly ponding from the rainfall event will
shed off the roadway. The designer and project engineer should work with
the Region Hydraulic Engineer and traffic engineer to develop a solution that
best suits the project location and keeps the roadway safe. If after considering
all possible scenarios, it is determined that the spread of runoff is not safe at
this location then more drastic measures such as revising the project scope or
seeking more funding may be necessary.

In addition to the requirements above, areas where a superelevation transition
causes a crossover of gutter flow, the amount of flow calculated at the point of
zero superelevation shall be limited to 0.10 cfs (0.003 m3/s). The designer will
find, by the time the roadway approaches the zero point, the Z; will become
very wide. The flow width criteria will be exceeded at the crossover point
even when the flow is less than 0.10 cfs (0.003 m?3/s).

The equation for calculating the gutter flow capacity is a modified version of
Manning’s Equation. It is based on a roughness value of 0.015, which assumes
a rough, concrete or asphalt pavement gutter. Equation 5-1 and 5-2 assumes

a uniform gutter section as shown in Figure 5-4.2. If the gutter section is
different, designers should consult the Region Hydraulic Engineer and the
Hydraulic Engineering Circular No. 22, Chapter 4, for further guidance

found at ¥8 www.thwa.dot.gov/bridge/hydpub.htm. Generally, the discharge,
longitudinal slope, and superelevation are known and used to determine the
depth of flow and the top width as shown in Equations 5-1 and 5-2.
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[— Zd —
a4
d — S
1
Typical Gutter Section
Figure 5-4.2
AOS, ]38 (5-1)
d= 37(S,)°°
d
7. - 5-2
d St ( )
Where:

d = depth of flow at the face of the curb (ft)
AO = gutter discharge (cfs)

S, = longitudinal slope of the gutter (ft/ft)

S, = transverse slope or superelevation (ft/ft)
Z, = top width of the flow prism (ft)

5-5 Grate Inlets and Catch Basins

There are many variables involved in determining the hydraulic capacity of
an inlet including; depth of flow, grade, superelevation, and placement. The
depth of flow next to the curb is a major factor in the interception capacity of
an inlet. Slight variations in grade or superelevation of the roadway can also
have a large effect on flow patterns. And the placement of an inlet can result
in dramatic changes in its hydraulic capacity. These variables can be found
by collecting the following information prior to starting an inlet design: plan
sheets, road profiles, cross sections, superelevations, and contour maps.

Drainage structures should never be placed directly in the wheel path. While
many are traffic rated and have lock down grates, the constant pounding of
traffic causes unnecessary stress and wear on the structure, frame, and grate.
Care should be taken to place the inlets next to the face of curb and at the
proper elevation relative to the pavement. The structure offset shown in the
plans should be to the center of grate, not to the center of structure, to ensure
the grate is located along the face of curb.
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Generally, median barrier scuppers are not recommended for passing runoft
from one side of the barrier to a drainage structure on the other side. Instead
inlets placed on each side of the median barrier should be installed as shown
in Standard Plan B-95.20-00, allowing runoff to pass between the structures
via a drainpipe.

Debris floating in the gutter has a tendency to collect at the inlets, plugging

part or all of the grate opening. Inlets locations on a continuous grade are |
calculated using the full width of the grate with no allowance needed for

debris. Inlets located in a sump are analyzed with an allowance for debris and |
are further discussed in Section 5-5.4. Areas with deciduous trees and large
pedestrian populations are more prone to debris plugging. Bark from logging
operations and agricultural areas are also known to cause debris problems.

This section has been divided into three areas: inlets on a continuous grade, I
side flow interception and sag analysis. Properties of grate inlets available

in the WSDOT Standard Plans are summarized in Figure 5-5.7 and further |
discussed below.

5-5.1 Inlet Types

The characteristics of the most commonly used inlets at WSDOT are
summarized below. For inlet additional specifications including dimensions,
see Standard Plans, Section B, Drainage Structures and Hydraulics.

Herringbone Pattern or Standard Plan B-30.50

The HQ Hydraulics Office no longer recommends using herringbone grates.
Historically, use of the vaned grate was limited due to cost considerations.
The cost difference now is minimal, the vaned grate is bicycle safe, and

as described further in this section is hydraulically superior under most
conditions. Installation of the vaned grate is critical as the grate is directional.
If installed backwards the interception capacity is severely limited.

Figure 5-5.1 includes the herringbone information for existing conditions
only, it is not intended for new construction.
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THIS SIDE TOWARD CURB =>

Herringbone Pattern
Figure 5-5.1

Vaned Grate or Standard Plan B-30.30 or 30.40

At low velocities the vaned grate and herringbone grate are equally efficient.
At higher velocities, greater than 5 ft/s (1.5 m/s), a portion of the flow tends
to skip over the herringbone whereas the vaned grate will capture a greater
portion of this flow. The vaned grate also has a higher capacity for passing
debris and should be used for high debris areas.
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Vaned Grate
Figure 5-5.2

Combination Inlets or Standard Plan B-25.20

The combination inlet is a vaned grate on a catch basin with a hooded
curb cut area. Its vaned grate is very debris efficient, and if the grate does
become clogged, the overflow goes into the hooded opening. These inlets
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are extremely useful for sag condition installations, although they can also be
effective on continuous grades. The interception capacity of a combination
inlet is only slightly greater than with a grate alone. Therefore the capacity is
computed neglecting the curb opening and designers should follow the same
analysis as for a vaned grate alone. See Section 5-5.4 for design guidance in
a sag condition.

Section and Isometric View
Combination Inlet
Frame, Hood, and Vaned Grate
Figure 5-5.3

Grate Inlets Type 1 or 2 or Standard Plans B-35.20, B-35.40, and B-40.20

Both Types 1 or 2 grate inlets have large openings that can compensate for
debris problems, however, there are limitations in their usage. A Type 1 grate
inlet is a non-reinforced, cast-in-place concrete inlet, which cannot support
traffic loads. Type 2 grate inlets are pre-cast and can withstand traffic loading.
These inlets are installed with a Grate A, Grate B (see Figure 5-5.4) or a frame
and vaned grate (see the next paragraph and Figure 5-5.5 for more information
on frame and vaned grates). Due to structural failure of both Grates A or B,
neither of these grates can be installed in heavy traffic areas where wheel
loads will pass directly over. Grate B has very large openings and is useful in
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ditches or non-paved median locations, in areas where there is no pedestrian
or bicycle traffic. Grate A can be used anywhere Grate B is used as well as at
the curb line of a wide interstate shoulder. Grate A may occasionally be hit
by low-speed traffic or parked on but it can not withstand repeated interstate
loading or turning vehicles.

ELEVEN EQUAL SPACES

TEN EQUAL SPACES

GRATE "A"

ELEVEN EQUAL SPACES

I I EEEREERNI]
IR EEERERRNI]
IR RENI
IHEEEEERERRNI]
EENEEEEEEEN

GRATE "B"

FIVE EQUAL SPACES

Grate Aand B
Figure 5-5.4

Frame and Vaned Grates or Standard Plan B-40.40

Standard Plan B-40.40 has been tested in H-25 loading and was determined
compatible with heavy traffic installations. This frame and double vaned grate
should be installed in a Unit H on top of a grate inlet Type 2. The frame and
vaned grates may be used in either new construction or retrofit situations.
When used in areas of highway speeds, lock down grates should be specified.

ROTATED INSTALLATION

NORMAL INSTALLATION

Frame and Vaned Grates for Installation on Grate Inlet
Figure 5-5.5
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Circular Grate or Standard Plan B-30.80

Circular grates are intended for use with drywells, see Standard Plans B-20.20
and B-20.60 for details. Install with circular frames (rings) as detailed in

Standard Plan B-30.70.

Circular Grate
Figure 5-5.6

Quarry Spall Placement Around Inlets

Quarry spalls shall not be placed around inlets. This creates a safety hazard
for the maintenance personnel who need good footing to lift the heavy lids.
If quarry spall check dams are desired for erosion control, locate them a
minimum of 10 feet away from the grate inlet.
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Sump Condition?
Continuous Grade' Perimeter Flows as Weir
Grate Grate
Standard Plan Description Width Length Width Length
B-30.503 Rectangular 1.67 ft 2.0ft 0.69 ft 0.78 ft
Herringbone Grate (0.50 m) 0.61m (0.21 m) (0.24 m)
B-30.30 or Vaned Grate for 1.67 ft 2.0ft 1.31 ft 1.25ft
30.408 Catch Basin and Inlet (0.50 m 0.61m (0.40 m) (0.38 m)
B-25.202 Combination Inlet 1.67 ft 2.0ft 1.31 ft 1.25 ft
(0.50m 0.61m (0.40 m) (0.38 m)
B-40.20 Grate Inlet Type 1 2.01 ft 3.89 ft 1.67 ft 3.52 ft
(Grate A or B%) (0.62 m) 0.62 m (0.50 m) (1.07 m)
3.89 ft7 2.01 ft” 3.52 ft 1.67 ft
(1.20 m) 1.20m (1.07 m) (0.50 m)
B-30.80 Circular Grate® 1.52 ft 2.55 ft10
(0.47 m) (0.79 m)
B-40.40 Frame and Vaned Grates 1.75 ftd 3.52 ft5 1.29 ft 2.58 ft
for Grate Inlet Type 2 (0.52 m) 1.05m (0.40 m) (0.50 m)
3.52 ft6 1.75 ft6 2.58 ft6 1.29 ft6
(1.05 m) 0.52 m (0.80 m) (0.26 m)

"Inlet widths on a continuous grade are not reduced for bar area or for debris accumulation.
2The perimeters and areas in this portion of the table have already been reduced for bar area. These values should
be cut in half when used in a sag location as described in Section 5-5.4, except for the Combination Inlet B-25.20.

3Shown for informational purposes only. See Section 5-5.1.

4Type B grate shall not to be used in areas of pedestrian or vehicular traffic. See Section 5-5.1 for further

discussion.

5Normal Installation, see Figure 5-5.5 or Standard Plans.
6Rotated Installation see Figure 5-5.5 or Standard Plans.
"Rotated installation, see Figure 5-5.5 or Standard Plans.

8For sag conditions, combinations inlets should use a Bi-Directional Vaned grate as shown in Standard Plan

B-30.40.

9Circular Grates are only intended for use with dry wells.

00nly the perimeter value has been provided for use with weir equations.

Properties of Grate Inlets
Figure 5-5.7

5-5.2 Capacity of Inlets on a Continuous Grade

The interception capacity of an inlet on a continuous grade depends on the
amount of water flowing over the grate, the size and configuration of the
grate, the velocity of the flow in the gutter, and the longitudinal slope of the
roadway. For longitudinal slopes between 2 to 3 percent and for velocities in
the range of 3 to 5 ft/s the interception capacity of an inlet is based mainly
on frontal flow. Frontal flow is water that travels through the gutter and
enters through the front side (width) of the inlet. For longitudinal slopes less
than 2 percent and velocities less than 3 ft/s side flow interception should
also be considered as described in Section 5-5.3. An inlet will intercept
essentially all frontal flow passing over the width of the inlet as long as the
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velocity is less than 5 ft/s. When velocities exceed 5 ft/s water will “splash-
over” the inlets reducing the portion of the flow that will be intercepted
and increase the bypass flow. The Region Hydraulics Engineer or HQ
Hydraulics Office is available to provide direction when velocities exceed
5 ft/s and additional guidance can be found in the FHWA HEC No. 22,
Section 4-3 at YO www.fhwa.dot.gov/engineering/hydraulics/library arc.
cfm?pub_number=22&id=47.

Section at Inlet
Figure 5-5.7

The flow that is not intercepted by the first grate inlet is considered bypass
flow and should be added to the flow traveling toward the next grate located
downstream. This carry-over process continues to the bottom of the grade or
the end of the inlet system. The last inlet on a highway system is permitted

to bypass 0.10 cfs (0.003 m3/s) for the 10-year MRI storm without making
any further provisions. That is because 0.1 cfs will not usually cause erosion
or hydroplaning problems. However the designer should still consider the
cumulative affects of the final bypass flow and the area between the bypass
flow and the next inlet or outfall. In areas of lower speeds such as local streets
or intersections, a bypass of 0.1 cfs or greater may be an acceptable design.
The designer should consider the safety of the location with the higher bypass
and consult with the Region Hydraulic Engineer for approval.

The amount of flow bypassing the inlet on a continuous grade is computed

as follows:
8/3
(Zq) - (GW)]
Qgp=Q |: (5-3)
BP (Zd)

Where:

Qgp = portion of flow outside the width of the grate, cfs

AQ = total flow of gutter approaching the inlet, fcs

Z, = top width of the flow prism, feet

GW = width of the grate inlet perpendicular to the direction of flow in feet
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The flow that is intercepted by the inlet is calculated as follows.
Qi = AQ - QBP (5_4)

The velocity of flow directly over the inlet is calculated as shown in
Equation 5-5.

Vo o= Q= Qe (5-5)
continuous (GW)[d _ OS(GW)(St)]
Where:
Viontinuous = Velocity over the inlet in ft/s (m/s)
S, = transverse slope or superelevation in ft/ft (m/m)
d = depth of flow at the face of the curb ft (m)

5-5.3 Side Flow Interception

For longitudinal slopes less than 2 percent and when Equation 5-5 yields
velocities less than 3 ft/s, side flow interception begins to make an appreciable
contribution to the inlet capacity analysis and should be considered.

The velocity of flow entering the side of an inlet is shown in Equation 5-6

below.
1.1
Vside: T (SLO.5St0.67ZdO.67) (5_6)
Where:
Vg q4e = Vvelocity in triangular channel, ft/s
n = 0.015 (Manning’s value for concrete pavement)
S, = longitudinal slope

The ratio of frontal flow to total gutter flow is shown in Equation 5-7 below.

2,67
GW
Eg=1-{1- —— 5-7
0=1-(1- %) 57)
Where:
GW = width of depressed grate, ft

Zy

top width of the flow prism, ft
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The ratio of side flow intercepted to total side flow is shown in Equation 5-8
below.

1 )
R, = (5-8)
015V, '8
14— side
S,GL23

The efficiency of the grate is expressed in Equation 5-9 below.

E=RE, +R,(1-E,) (5-9)

The amount of flow intercepted by an inlet when side flow is considered is
expressed in Equation 5-10 below:

Q= Q(RE, +R,(1-E,)) (5-10)
5-5.3.1 Inlet Analysis Spreadsheet

When locating and determining the capacity of inlets on a continuous

grade, the process described in Sections 5-5.2 and 5-5.3 and illustrated in
this example should be followed. A Microsoft Excel spreadsheet has been
developed that follows this procedure to calculate roadway runoff and

inlet interception for a roadway on a longitudinal slope. When velocities

are less than 3 ft/s and the longitudinal slope is less than 2 percent, the
spreadsheet will automatically consider side flow in the analysis. Also, when
velocities exceed 5 ft/s or the bypass flow at the last inlet exceeds 0.1 cfs,
the spreadsheet will warn the designer. The spreadsheet is located at

Y8 www.wsdot.wa.gov/Design/Hydraulics/Programdownloads.htm.

5-5.3.2 Example

The project is located in Seattle on a non-interstate roadway with a posted
speed limit of 35 mph. The high point of a vertical curve is at Station 41+00.
The width of pavement is 38 ft (11.5 m), with a 5 ft shoulder and three 11 ft
lanes. A proposed drainage system consists of grate inlets placed at the
following stations:

Station (S,) Longitudinal Grade (S;) Superelevation
48+50 0.011 0.035
51+50 0.011 0.022
54+50 0.011 0.02
57+50 0.011 0.02
59+00 0.011 0.02
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Complete a pavement and drain inlet analysis for this situation using the
formulas below:

Solution:

Assume T, = 5 min for all inlets
Use 10-year MRI design rainfall

1. Determine the intensity, see Chapter 2 of this manual Equation 2-4 and
Figure 2-5.4B for m and n values. If the spreadsheet is used, once the
m and n values are input ‘I’ will automatically be calculated.

=M _ 592 o5
(Tc)n (5)0.530 ' hr
2. Next select an inlet from Section 5-5 of this chapter and note the grate
width (GW) and length (GL). For this example, grate inlets will be used
with a GW=2.01 and GL=3.89. The designer should insert these values
in the spreadsheet only at the stations where inlets will be located.

3. Designers should input the superelevation and longitudinal grade from
the table above on the spreadsheet. Stations where the superelevation and
or longitudinal grade change but there is no grate should still be noted on
the spreadsheet.

4. Using the Rational Method, Section 2-5, determine the runoff from the
flow at the high point of the vertical curve to the next inlet or AQ. This is
the amount of runoff that could be intercepted by the first inlet. By noting
the parameters in steps 1 and 2 along with the width of the paved area and
the station where proposed inlets will be located, AQ will automatically be
calculated on the spreadsheet.

a. Determine the area of flow from the high point of the vertical curve
(Station 41+00) to the first inlet (Station 48+50).

A =38 ft x ((48 + 50 — 41 + 00)) = 28,500 ft?
(Convert to acres; see Appendix A 1-1 for conversion.)

28,500 ft?

A =
ft2

=0.65 acres

43,560
acre

b. Determine flow collected from Stations 41+00 to 48+50.

_ CIA_ (0.9)(2.39)(0.65)

A
Q K 1

=1.41 cfs

C
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5.

|oo

The inlet at Station 48+50 is analyzed next. The depth of flow (d) and
width of flow (Z,) are calculated using the Equations 5-1 and 5-2.

Verify Z ; is within the allowable limit as shown in Figure 5-4.1. For this
example, the Z ; is limited to the the shoulder width (5 ft) plus one-half of
the traveled lane (5.50 ft) or 10.5 ft.

o | sas. P _[1a1x0035 "
S L37(S)%5 | [ 37(0.011)05 e

z,= 3 - O 5 56n
7, 035 7

Z, 1s acceptable since Z; = 5.56 ft which is less than the allowable limit
of 10.5 ft. When Z is less than allowable designers can chose to move the
inlet further downstream as long as the inlet spacing requirements are still
met. Once Z; reaches the allowable limit a GW and GL should be inserted
at that station on the spreadsheet.

QBP is then calculated utilizing Equation 5-3, this is the portion of water
that 1s flowing past the inlet and added to the flow for the next inlet (51+50).

B (Zg) - (GW) ]*° (5.56) - (2.01) |*°
Qgp =AQ |:Zd :| =141 T =0.43 cfs

Calculate the velocity to verify it is between 3-5 ft/s. If the velocity is less
than 3 ft/s and the grade is less than 2 percent, side flow should also be
considered as shown in Example 5-5.3.3. If the velocity is greater than

5 ft/s, the designer should attempt to reduce the velocity. In this example
even though the grade is less than 2 percent, the velocity is greater than

3 ft/s so side flow is still considered negligible.

AQ - Qgp 1.41-0.43 ft

Veontinuous = Gyy)[d - 0.5(GW)(S)]  (2.05)[0.19 — 0.5(2.05)(0.035)] 3075

Next, the amount of flow intercepted by the grate is calculated using
Equation 5-4.

Q =AQ - Qgp = 1.41 - 0.43 = 0.98 cfs

The designer then proceeds to the next inlet at Station 51+50 and repeats
the analysis at steps 2 and 3 as shown below:

A=38 ft x (51 + 50 — 48 + 50)) = 11,400 ft2

11,400 ft2
A= e - 0.26 acres

43,560
acre

_ CIA _ (0.9)(2.39)(0.26)
K 1

C

AQ = 0.56 cfs
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10. The by pass flow (Qgp) from Station 48+50 should be added to delta flow
(AQ) above to determine the total flow (XQ) approaching the next inlet at
Station 51+50.

5Q = Qgp + AQ = 0.43 + 0.56 = 0.99 cfs

If the velocity remained between 3 to 5 ft/s and the longitudinal slope was
greater than 2 percent, designers would repeat steps 5—10 till the end of the
inlet system.

5-5.3.3 Example — Inlet Capacity Analysis With Side Flow

For velocities less than 3 ft/s and longitudinal grades less than 2 percent, side
flow should also be considered in the analysis as shown below.

Station (S )Longitudinal Grade (S,) Superelevation
48+50 0.011 0.035
51+50 0.011 0.022
54+50 0.011 0.02
57+50 0.011 0.02
59+00 0.011 0.02

11. This is the same as step 5 above; except the depth of flow (d) and width of
flow (Z) are calculated at station 51+50. 5-2.

AQS, ¥ [ 0.99x0.022 7%
d=1 37spes | = | 37001108 | =014

d 014
Zd = —_— =
s, 022

=6.51ft

Z, is acceptable sisnce Z, < 10.5 ft

12. Qgp is then calculated utilizing Equation 5-3, this is the portion of water
that is flowing past the inlet and added to the flow for the next inlet
(51+50).

(Z,) - (GW) 7883 (6.51) — (2.01) 71873
Qg = AQ [Zd] :0.99[ 651 ] ~0.37 cfs

13. Check the velocity at station 51+50.

. ) AQ - Qgp 0.99 - 0.37 2555
continuous ~ (GW)[d — 0.5(GW)(S,)] _ (2.01)[0.14 — 0.5(2.01)(0.022)]

Since the velocity is less than 3 ft/s, side flow should also be considered in
the analysis.
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14.

15.

16.

17.

18.

19.

The velocity of flow entering the side of an inlet is calculated using
Equation 5-6.

1.11 1.11 ft
Vside = (n>(SL°-5St°-67Zd°-67) = ( 001 5)(0.011 °5(0.022)°97(6.51)°57 = 2.11- -
Next determine the ratio of frontal flow to total gutter flow is shown using
Equation 5-7 below.

GW 2.67 201 2.67
Eo=1-(1-—--) =1-(1-2".) =063
Z, 6.51

Using Equation 5-8, calculate the ratio of side flow intercepted to total
side flow.

Rg = ! = ! =047

° (1 +0-15Vside1'8) (1 . 015(2.11)'8 )
S,GL23 (0.022)(3.89)23
The efficiency of the grate is expressed using Equation 5-9. R, is the ratio
of front flow intercepted to total frontal flow. As noted in Section 5-5.2, all

the flow traveling over the inlet is assumed to be intercepted by the inlet.
So for this example Rf is assumed to be 1 or 100 percent.

E =RE, + Rg(1 - Eg) = (1(0.63) + (0.47)(1 — 0.63)) = 0.80

The amount of flow intercepted by an inlet when side flow is considered is
calculated using Equation 5-10.

Q = QRE, + Rg(1 - Ep)) = 0.99(1.0(0.63) + 0.47(1 — 0.63)) = 0.79 cfs

Finally determine the flow that bypasses the inlet and travels to the next
inlet downstream.

Qgp = £Q - Q,=0.99 - 0.79 = 0.20 cfs

Repeat the process starting at step 9 through the end of the inlet system.

5-5.3.4 Example — Conclusion

Designers should verify all velocities are less than 5 ft/s and the Z; does not
exceed the allowable spread as noted in Table 5-4.1.

Verify Qgp downstream of the final inlet is less than 0.10 cfs (0.003 m3/s).
The spacing between inlets should be a minimum of 20 ft (7 m) to enable the
bypass water to reestablish flow against the face of curb.

Keep in mind that the deeper a gutter flows, the more efficient the inlet will
perform. Generally 300 ft (90 meter) spacing between inlets is the maximum
allowed, see Section 6-2 for further discussion.
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| 5-5.4 Capacity of Inlets in Sag Locations

By definition, a sag is any portion of the roadway where the profile changes
from a negative grade to a positive grade. Inlets at sag locations perform
differently than inlets on a continuous grade and therefore require a different
design criterion. Theoretically, inlets at sag locations may operate in one of
two ways: (1) at low ponding depths, the inlet will operate as a weir; (2) high
ponding depths (5” depth above the grated inlet and 1.4 times the grate
opening height for combination inlets), the inlet will operate as an orifice.

It is very rare that ponding on a roadway will become deep enough to force
the inlet to operate as an orifice. As a result, this section will focus on inlets
operating as a weir with flow spilling in from the three sides of the inlet that
are exposed to the ponding.

Inlets at sag locations can easily become plugged with debris and therefore,

it is good engineering practice to provide some type of relief. This relief can
be accomplished by locating flanking inlets, on either side of the sag inlet, so
they will operate before water exceeds the allowable spread into the travel
lane at the sag. This manual recommends flanking inlets be located so the
depth of water at the flanking inlet ponds to half the allowable depth at the
sag (or 2dg). With that said, flanking inlets are only required when the sag is
located in a depressed area and water has no outlet except through the system.
A curb, traffic barrier, retaining wall, or other obstruction, which prevents

the runoff from flowing off of the traveled roadway, generally contains this
ponded area. However, if runoft is capable of overtopping the curb and
flowing away from the roadway before exceeding the allowable limits noted in
Figure 5-4.1, flanking inlets are not required. With this situation there is a low
potential for danger to the drivers of the roadway if the inlets do not function
as designed. Before flanking inlets are removed in this situation, designers
should consider the potential damage of water going over the curb. Designers
should use the guidelines provided in this section for locating flanking inlets.
If a designer suspects flanking inlets are unnecessary, consult the Region
Hydraulics Engineer early in the design for approval.

Any section of roadway located in a sag should be designed according to the
criteria described below. To aid the designer in sag analysis, a copy of the sag
worksheet is located on the HQ Hydraulic web page at ¥ http://www.wsdot.
wa.gov/publications/fulltext/Hydraulics/Programs/SagWorksheetud.xls.
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Figure 5-5.8

Once an inlet has been placed in a sag location, the total actual flow to the
inlet can be determined as shown below. Q, .., must be less than Q,;; ... as
described in Equation 5-13.

Qrotal = Qgp1 + Qgpy + AQ, + AQ, (5-11)

Where:
Qgpiso = bypass flow from the last inlet on either side of a continuous grade
calculated using Equation 5-3
AQ,q, = runoff that is generated from last inlet on either side of the

continuous grades, see Figure 5-5.3

The effective perimeter of the flanking and sag inlets can be determined using

the length and widths for various grates given in Figure 5-5.7. This would be |
the sum of the three sides of the inlet where flow spills in and where ponding
would occur. The three inlets should be assumed to be 50 percent plugged
(except for the Combination Inlet B-25.20, which should be considered

0 percent plugged), therefore the total available perimeter should be reduced

by half in the analysis. This adjustment is in addition to reducing the perimeter

to account for the obstruction caused by the bars in the grate. Figure 5-5.7 lists |
perimeters for various grates with reductions already made for bars.
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P,=0.5[L + 2W] (5-12)
Where:

P = effective perimeter of the flanking and sag inlet

L = length of the inlet from Figure 5-5.7

W = width of the inlet from Figure 5-5.7

The allowable capacity of an inlet operating as a weir, that is the maximum
Q.iowable>s €an be found depending on the inlet layout as described below:

When there is only a single inlet at the sag (no flanking inlets) the following
equation should be used:

1.5
QaIIowabIe = Cw x P xdg allowable (5-13a)
Where:
Cw = Weir coefficient, 3.0 for English (1.66 for Metric)
P = effective perimeter of the grate in feet
dg alowabe = Maximum depth of water at the sag inlet in feet

As noted previously it is recommended that flanking inlets be located
laterally from the sag inlet at a distance equal to 0.5dg j;,wapie: When this
recommendation is followed, Q_;;,...b1c €an be simplified as shown below.
If the inlets are not all the same size, the following equation will need to be
modified to account for different perimeters:

SQ=C, x P x [2(0.5d5)"5 + (dg) 9] (5-13b)
Where:
dg = depth of water at the sag inlet (ft)
In some applications, locating inlets so water ponds to 0.5dg jowape 1S t0O far

(generally in cases with long flat slopes). Designers should instead ensure that
the spread of surface water does not exceed those noted in Figure 5-4.1 and
use the equation below.

Qaiiowable = Cw P[dA1'5 + (dB)1'5 + dC1'5] (5-13c)

Where:
dy, = depth of water at the flanking inlets and the sag (ft)
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The actual depth of water over the sag inlet can be found with Equation 5-14
below and must be less than dg ;a1 Which can be found using
Equation 5-2. If however, the inlets are or are not located at 0.5dg
Equation 5-14 will need to be modified to reflect this.

allowable®

QTotal 23
8= | (CyuaPr0.3536 + CyPg + CycP0.3536) (5-14)
Where:
Qrotal actual flow into the inlet in cfs (cms)

Weir coefficient, 3.0 (1.66 for metric)

W =
Py = effective grate perimeter, in feet (m), see Figure 5-5.7
dg = actual depth of ponded water at the inlet in feet (m)

After the analysis is completed the designer should verify the allowable

depth and flow have not been exceeded. That is verify Q0 vabie ~ Qrotar and

dg iowable = dg- If the allowable flow and depth are greater than the actual,
then the maximum allowable spread will not be exceeded and the design

is acceptable. If the actual depth or flow is greater than the allowable, then

the runoff will spread beyond the maximum limits and the design is not
acceptable. In this case, the designer should add flanking inlets or replace the
three original inlets with inlets that have larger openings. If additional flanking
inlets are used they should be placed close to the sag inlet to increase the flow
interception and reduce the flow into the sag.

5-5.4.1 Example

For this example, assume there is a roadway with a sag in the profile. Inlet
spacing has already been calculated using the 10-year MRI for the continuous
grade sections on either side of the sag, see Example 5-5.3.2.

1. Place an inlet at the low or sag point in the gutter profile, use the gutter
profile to determine this location instead of the centerline profile.
Whenever possible, a combination inlet should be used at this location to
provide continued inlet flow if the grate becomes plugged with debris.

2. The next step is to determine how much runoff will bypass the final
inlet on either side of the sag using the 50-year MRI, see step 1
in Example 5-5.3.2. Using the pavement design spreadsheet from
Example 5-5.3.2, repeat the analysis using the 50-year m and n values.
This may create a higher than allowable width of flow at some inlet
locations on the continuous grade section previously calculated; however,
this is ignored since the flows are calculated only to determine how much
flow will bypass the final inlet on the continuous grade and enter the sag
during the 50-year MRI. For this example, use 0.1 cfs for a bypass flow
from the down stationing side and 0.08 cfs for a bypass flow from the up
stationing side (the bypass was found using Equation 5-3 similar to 6 of
Example 5-5.3.2).
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3. The next step is to calculate the runoff, other than bypass flow, that is
contributing to the ponding in the sag using the 50-year MRI. This is done
as described in step 4 of Example 5-1 and is the runoff that is generated
from the pavement between the last inlet on either side of the continuous
grades. It is calculated by determining the total pavement area downstream
of the continuous grade inlets contributing runoff to the sag and applying
the rational method using this area. The rational method is used in the
same manner as when runoft is calculated for a continuous grade (see
the Example 5-5.3.2 numbers 2 and 3). For this example, use Q, + Q, =
0.72 cfs as the runoff from the pavement in the sag.

4. Once this flow value is calculated, it is added to the two bypass flows to
determine the total flow contributing to the sag, using Equation 5-11.

Qrotal = Qgp1 + Qg + Q1 + Q,
Qqo = 0.1+ 0.08 + 0.72 = 0.90 cfs

5. Next, dg ,owable 1S checked at the sag using Equation 5-2. At the lowest
point of the sag, in this example, the transverse slope or superelevation
at the pavement edge is 0.02 ft/ft. Since the shoulder is 5 feet wide and
the traveled lane is 11 feet wide, the allowable width of ponding (Z,) is
10.5 feet (the shoulder width plus half of the traveled lane). The allowable
depth of ponding at the sag is:

d =S, xZ,=0.02 x 10.5=0.21 ft

B allowable

6. Two additional flanking inlets should be placed on each side of the inlet at
the sag this will add relief if the sag inlet becomes clogged or the design
spread is exceeded. The flanking inlets can be regular grate inlets and
should be located so that the ponded water is 0.5dg j;owanie = 0-105 ft. deep
above the flanking inlets and the allowable spread is equal to or less than
noted in Figure 5-4.1.

7. Next, use Equation 5-14 to determine the effective perimeter of the
flanking and sag vaned inlets using the length and widths given in
Figure 5-5.7. The three inlets must convey the total flow without causing
more that 0.21 ft of ponding at the deepest point.

P_=0.5[L +2W]
P=05(1.25+2x 1.31)=1.94 ft
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8. Next, determine the maximum allowable flow 2Q,;, ... into all three
inlets when maximum ponding (dg ,jjowabie) ©curs. The flow into the
lowest inlet is calculated using Equation 5-13b with the depth dg ;0 wabie
and the effective perimeter.

2Q
2Q

= Cyy x P x [2(0.5dg)"5 + (dg)" 9]
=[3 x 1.94 x [2(.5 x 0.21)15 + (0.21)"5]] = 0.95 cfs

allowable

allowable

9. The actual depth of water over the sag inlet, dB should be calculated.

QTotal 23
d8 = | (CyaPA0.3536 + CygPg + CyycP0.3536)

0.90 23
dg = [3 x1.94 x 0.3536 + 3 x 1.94 + 3 x 1.94 x 0.3536:| =0.20ft

10. Finally the actual values are compared to the maximum allowable values
as follows:

0.95 cfs > 0.90 cfs or

Qallowable > QTotaI

.. Therefore the design is acceptable
0.21 ft > 0.20 ft or

dB allowable > dB

.. Therefore the design is acceptable

If either the actual depth or flow exceeded the maximum allowable, the design
would not be acceptable. In this case the designer would need to repeat the
process as described in Section 5-5.3 until the design parameters are met.

If the design parameters cannot be met due to project constraints, the designer
should consult the Region Hydraulics Engineer for further design guidance.

A worksheet of the steps outlined in this example can be found at the
following web link: “0) www.wsdot.wa.gov/publications/fulltext/Hydraulics/
Programs/SagWorksheetud.xls. Designers may find it useful to fill out the
worksheet for each inlet located at a sag. Worksheets should be submitted
with the hydraulics reports.
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5-6 Hydroplaning and Hydrodynamic Drag

As the depth of water flowing over a roadway surfaces increases, the potential
for both hydroplaning and hydrodynamic drag increases. Both are discussed
in more detail in the subsequent paragraphs below.

Hydrodynamic drag is a term used to describe the force applied to the tire

of a vehicle pushing through water as opposed to the tire lifting off the
pavement (hydroplaning). The differential force between the tire in the water
and the tire out of the water causes the vehicle to “pull” or veer to the side
of the water. This usually occurs at speeds less than 50 mph and in water
deeper than the depth of the vehicles tire tread. Minimizing water flow depth
across lanes and intrusion of flow into lanes will decrease the possibility of
hydrodynamic drag.

When rolling tires encounter a film of water on the roadway, the water is
channeled through the tire pattern and through the surface roughness of the
pavement. Hydroplaning occurs when the drainage capacity of the tire tread
pattern and the pavement surface is exceeded and the water begins to build up
in front of the tire. As the water builds up, a water wedge is created and this
wedge produces a force, which can lift the tire off the pavement surface. This
is considered as full dynamic hydroplaning and, since water offers little shear
resistance, the tire loses its tractive ability and the driver may lose control of
the vehicle.

Hydroplaning is a function of the water depth, roadway geometrics, vehicle
speed, tread depth, tire inflation pressure, and conditions of the pavement
surface. The following can reduce the hydroplaning potential of a roadway
surface:

1. Design the highway geometries to reduce the drainage path lengths of the
water flowing over the pavement. This will prevent flow build-up.

2. Increase the pavement surface texture depth by such methods as grooving
of Portland cement concrete. An increase of pavement surface texture will
increase the drainage capacity at the tire pavement interface.

3. The use of open graded asphaltic pavements has been shown to greatly
reduce the hydroplaning potential of the roadway surface. This reduction
is due to the ability of the water to be forced through the pavement under
the tire. This releases any hydrodynamic pressures that are created and
reduces the potential for the tires to hydroplane.

4. The use of drainage structures along the roadway to capture the flow of
water over the pavement will reduce the thickness of the film of water
and reduce the hydroplaning potential of the roadway surface.
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Storm Drains

6-1 Introduction

A storm drain (storm sewer) is a network of pipes that conveys surface
drainage from a surface inlet or through a manhole, to an outfall. Storm
drains are defined as closed pipe networks connecting two or more inlets,
see Figure 6-1.1. Storm drain networks typically consist of lateral(s) that
discharge into a trunk line. The trunk line then receives the discharge and
conveys it to an outfall.

@ Q
B
A
@ O
B
A
&
A = Lateral
B = Trunk

Outfall

Storm Drain Structure
Figure 6-1.1

While configurations like the one shown in Figure 6-1.1 are typical, there are
also other configurations that do not meet the storm drain definition as shown
in Figure 6-1.2. In cases where there is only one inlet and no more than two
pipes, this should be classified as a culvert on the plan sheets and designed

as follows:

1. Storm drain — that does not require pressure testing.

2. Lateral — that does not require pressure testing.
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3. Storm drain — that does require pressure testing.

4. Storm drain — that does not require pressure testing.

® - Outfall 1.

‘ o+ Cutfall 2.
I

- Outfall 3.

Inlet N ', = Outfall 4.

Storm Drain Configurations
Figure 6-1.2

All storm drain designs will be based on an engineering analysis which

takes into consideration runoff rates, pipe flow capacity, hydraulic grade
line, soil characteristics, pipe strength, potential construction problems, and
potential runoff treatment issues. The majority of time spent on a storm drain
design is calculating runoff from an area and designing a pipe to carry the
flow. A storm drain design may be performed by hand calculations or by

one of several available computer programs and spreadsheets. In addition

to storm drain design guidance, this chapter also contains information on
drywells (Section 6-7), pipe materials used for storm drains (Section 6-8),

and designing for subsurface drainage (Section 6-9).
6-2 Design Criteria

Along with determining the required pipe sizes for flow conveyance and
the hydraulic grade line, storm drain system design should consider the
following guidelines:

1. Soil Conditions — Soil with adequate bearing capacity must be present
to interact with the pipes and support the load imparted by them. Surface
and subsurface drainage must be provided to assure stable soil conditions.
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Soil resistivity and pH must also be known so the proper pipe material can
be specified. See Section 8-5 for further guidance.

2. Inlet Spacing and Capacity — Design guidelines for inlet spacing and
capacity are detailed in Chapter 5, Drainage of Highway Pavements.
For minimum clearance between culverts and utilities, designers should
consult the Region Utilities Office for guidance.

3. Junction Spacing — Junctions (catch basins, grate inlets and manholes)
should be placed at all breaks in grade and horizontal alignment. Pipe
runs between junctions should not exceed 300 feet (100 meters) for
pipes smaller than 48 inches (1,200 millimeters) in diameter and 500 feet
(150 meters) for pipes 48 inches (1,200 millimeters) or larger in diameter.
When grades are flat, pipes are small or there could be debris issues;
designers should consider reducing the spacing. Region Maintenance
should be consulted for final approval on maximum spacing.

4. Future Expansion — If it is anticipated that a storm drain system may be
expanded in the future, provision for the expansion shall be incorporated
into the current design. Additionally, prior to expanding an existing
system, the existing system should be inspected for structural integrity
and hydraulic capacity.

5. Velocity — The design velocity for storm drains should be between 3 to
10 feet per second. This velocity is calculated using Manning’s Equation
(6-1), under full flow condition even if the pipe is only flowing partially
full with the design storm. The minimum slope required to achieve these
velocities is summarized in the Figure 6-2.

Pipe Diameter
(inches) Minimum Slope (ft/ft)
n=0.013 2.5 fps 3 fps
12 0.003 0.0044
15 0.0023 0.0032
18 0.0018 0.0025
24 0.0012 0.0017

Minimum Storm Drain Slopes
Figure 6-2

When flows drop below 3 feet per second (1.0 meter per second), pipes
can clog due to siltation. Flows can be designed to as low as 2.5 feet per
second with justification in the hydraulic report however, lower velocities
require prior approval. As the flow approaches (and exceeds) 10 feet per
second, higher energy losses are produced in the storm drain system that
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10.

can cause abrasion in the pipes. For velocities approaching or exceeding
10 feet per second, designers should consult the Section 8-6 for abrasion
design guidance.

Grades at Junctions — Pipe crowns, of differing diameter, branch or trunk
lines should be at the same elevation when entering and exiting junctions.
For pipes of the same diameter where a lateral is placed so the flow is
directed against the main flow through the manhole or catch basin, the
lateral invert must be raised to match the crown of the inlet pipe. Matching
the crown elevation of the pipes, will prevent backflow in the smaller
pipe. (A crown is defined as the highest point of the internal surface of the
transverse cross section of a pipe.)

Minimum Pipe Diameter — The minimum pipe diameter shall be

12 inches (300 millimeters), except that single laterals less than 50 feet
(15 meters) long may be 8 inches (200 millimeters) in diameter (some
manufacturers are unable to add protective treatment for 8 inch storm
drain pipe).

Structure Constraints — During the storm drain layout design, designers
should also consider the physical constraints of the structure. Specifically:

» Diameter — Designers should verify the maximum allowable pipe
diameter into a drainage structure prior to design. Some standard plans
for drainage structures have pipe allowances clearly stated in tables for
various pipe materials.

* Angle — Before finalizing the storm drain layout, designers should
verify the layout is constructible with respect to the angle between
pipes entering or exiting a junction. In order to maintain the structural
integrity of a junction there are minimum clearance requirements that
must be met depending on the pipe diameter. Designers can verify
the minimum pipe angle with the Pipe Angle Calculation Worksheet
located on the HQ Hydraulics web page at: ¥8 www.wsdot.wa.gov/
Design/Hydraulics/ProgramDownloads.htm.

Pipe Material — Storm drains should be designed to include all
Schedule A pipe options, unless specific site constraints limit options.
See Section 6-8 for further discussion.

Increase in Profile Grade — In cases where the roadway or ground profile
grades increase downstream along a storm drain, a smaller diameter pipe
may be sufficient to carry the flow at the steeper grade. However, due to
maintenance concerns, the Washington State Department of Transportation
(WSDOT) design practices do not allow pipe diameters to decrease in
downstream runs.
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Consideration could be given in such cases to running the entire length

of pipe at a grade steep enough to allow use of the smaller diameter

pipe. Although this will necessitate deeper trenches, the trenches will

be narrower for the smaller pipe and therefore the excavation may not
substantially increase. A cost analysis is required to determine whether the
savings in pipe costs will offset the cost of any extra structure excavation.

11. Outfalls — An outfall can be any structure (man-made or natural) where
stormwater from WSDOT highways is conveyed off of the right of way
(ROW.) Outfalls must conform to the requirements of all federal, state,
and local regulations and be documented as described in Appendix 1-3 of
this manual.

Additional considerations for outfalls include energy dissapators and tidal
gates. Energy dissipators prevent erosion at the storm drain outfall, for
design guidance see Section 3-4.7 of this manual. Installation of tide gates
may be necessary when the outfall is in a tidal area, consult the Region
Hydraulics Engineer for further guidance.

12. Location — Medians usually offer the most desirable storm drain location.
In the absence of medians, a location beyond the edge of pavement
on state right of way or on easements is preferable. It is generally
recommended when a storm drain is placed beyond the edge of the
pavement that a one-trunk system, with connecting laterals, be used
instead of running two separate trunk lines down each side of the road.

13. Confined Space and Structures — Per WAC 296, any structure (catch
basin, manhole, grate inlet, or underground detention vault) more than
4 feet in depth is considered a confined space. As such, any structure
exceeding 4 feet in depth that could be accessed by personnel must
be equipped with a ladder. To determine if personnel will access the
structure or if a vactor hose will be used for maintenance, consult the local
maintenance office. Structures over 15 feet in depth should be avoided
due to the limitations of WSDOT vactor trucks. Any design requiring
a structure deeper than 15 feet must consult the Region Hydraulics
Office for design approval. Underground detention vaults should only
be considered as a last resort due to the overall expense of maintenance.
Designers should consult the Region Maintenance Office and Region
Hydraulic Engineer before including a vault in any design.

6-3 Data for Hydraulics Report

The design of a storm drain system requires that data be collected and
documented in an organized fashion. Hydraulics reports should include
all related calculations (whether performed by hand or computer). See
Appendix 1-3 of this manual for guidelines on what information should
be submitted and recommendations on how it should be organized.

WSDOT Hydraulics Manual M 23-03.03 Page 6-5
June 2010



Storm Drains Chapter 6

6-4 Storm Drain Design — Handheld Calculator Method

Storm drain design is accomplished in two parts: determine the pipe capacity
and then evaluate the HGL. The steps outlined in this section provide the
design guidance to determine the pipe capacity. In this section the pipes

are designed under full flow conditions to verify the velocity requirements
are met. For the HGL evaluated in Section 6-6, the actual surface water
elevation in the pipe will be used to verify the system operates under gravity
flow conditions.

6-4.1 General

Storm drain design can be accomplished with a handheld calculator using the
Rational Method and Figure 6-4.1 to show calculations. Figure 6-4.1 has five
divisions: Location, Discharge, Drain Design, Drain Profile, and Remarks.
These divisions are further expanded in the subsections below.

6-4.2 Location
The Location section gives all the layout information of the drain.

Column 1 gives a general location reference for the individual drain lines,
normally by the name of a street or a survey line.

Columns 2 and 3 show the stationing and offset of the inlets, catch basins,
or manholes either along a roadway survey line or along a drain line.

6-4.3 Discharge

The Discharge section presents the runoff information and total flow into the
drain.

Column 4 is used to designate the drainage areas that contribute to particular
point in the drain system. The drainage areas should be numbered or lettered
according to some reference system on the drainage area maps. The type of
ground cover (pavement, median, etc.) may be indicated. Since drainage areas
must be subdivided according to soil and ground cover types, a drainage area
may have several different parts.

Column 5 shows the area of the individual drainage areas listed in Column 4
in acres (hectares).

Column 6 shows the Rational method runoff coefficient (see Chapter 2).
Each individual drainage area must have a corresponding runoff coefficient.

Column 7 is the product of Columns 5 and 6. Column 7 is also the effective
impervious area for the subsection.
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Storm Drain Design Calculations

Figure 6-4.1
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Column 8, the summation of CA, is the accumulation of all the effective
impervious areas contributing runoff to the point in the system designated
in Column 2. All the individual areas in Column 7 contributing to a point in
Column 2 are summed. This would include runoff from upstream inlets that
contribute to the pipe capacity.

Column 9 shows the time of concentration to the structure indicated in
Column 2. Section 2-5.3 of this manual details how to calculate the time
of concentration. Generally the time chosen here would be the longest time
required for water to travel from the most hydraulically remote part of the
storm drain system to this point. This would include flow over the drainage
basin and flow through the storm drain pipes. The time of concentration
should be expressed to the nearest minute and as discussed in Chapter 2 is
never less than 5 minutes.

When the runoff from a drainage area enters a storm drain and the time of
concentration (Tc) of the new area is shorter than the accumulated Tc of the
flow in the drain line, the added runoff should be calculated using both values
for Tc. First the runoff from the new area is calculated for the shorter Tc.
Next the combined flow is determined by calculating the runoff from the new
area using the longer Tc and adding it to the flow already in the pipe. The Tc
that produces the larger of the two flows is the one that should be used for
downstream calculations for the storm drain line.

The easiest method for determining the Tc of the flow already in the system
(upstream of the structure in Column 2) is to add the Tc from Column 9 of
the previous run of pipe (this value should be on the row above the row that
is currently being filled in) to the time it took the flow to travel through the
previous run of pipe. To determine the time of flow (or more correctly, the
travel time) in a pipe, the velocity of flow in the pipe and the length of the
pipe must be calculated. Velocity is computed using Manning’s Equation
and is found in Column 16 of the previous run of pipe. The length used is
the value entered in Column 18 for the previous run of pipe. Obviously,
this calculation is not performed for the very first (most upstream) run of
pipe in a storm drain system.

L
Ti=—+
60V
Where:
T, = time of concentration of flow in pipe in minutes
L = length of pipe in feet (meters) Column 18
V = velocity in ft/s (m/s) Column 16 of the previous run of pipe
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The designer should note that this calculation assumes that the pipe is flowing
full. It is accurate for pipes flowing slightly less than half full up to completely
full. It will be slightly conservative for T, calculations when the pipe is
flowing significantly less than half full.

Column 10 shows the rainfall intensity corresponding to the time indicated
in Column 9 and the location of the project.

The intensity is in inches per hour to the nearest hundredth for English units
(millimeters per hour to the nearest tenth). The rainfall intensity used is a
25-year recurrence interval for storm drain laterals and trunks and the 10-year
recurrence interval for laterals without trunks. See Chapter 2 for a complete
description of how this intensity can be determined. Projects in eastern
Washington should also consult Chapter 4 of the Highway Runoff Manual

for further design guidance.

Column 11 shows the amount of runoff to the (nearest tenth of a cubic foot
per second) (nearest hundredth of a cubic meter per second) up to the point
indicated in Column 2. It is computed as the product of Columns 8 and 10.

This is simply applying the rational method to compute runoff from all the

drainage area upstream of the pipe being analyzed.

Column 12 shows any flow, other than the runoft calculated in Column 11,

to the nearest tenth of a cubic foot per second (nearest hundredth of a cubic
meter per second) that is entering the system up to the point indicated in
Column 2. It is rare to have flow entering a system other than runoff from

the drainage basin but this does occur. For instance, when an underdrain,
which is draining groundwater, is connected to the storm drain. The label for
this column indicates that these flows are considered constant for the duration
of the storm so they are independent of the time of concentration.

This column is also used when the junction is a drywell and a constant rate
of flow is leaving the system through infiltration. When this occurs the value
listed in Column 12 is negative. See Section 6-7 for a complete discussion
of drywells.

Column 13 is the sum of columns 11 and 12 and shows the total flow in cubic
feet per second to the nearest tenth (cubic meters per second to the nearest
hundredth) to which the pipe must be designed.

6-4.4 Drain Design Section

This section presents the hydraulic parameters and calculations required to
design storm drain pipes.
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Column 14 shows the pipe diameter in feet (millimeters). This should be a
minimum of 8§ inches or 0.67 feet (200 millimeters) for any pipe run with a
length of 50 feet (15 meters) or less. Pipes runs longer than 50 feet (15 meters)
must have a minimum diameter of 12 inches or 1 foot (300 millimeters).

Pipe sizes should never decrease in the downstream direction.

The correct pipe size is determined through a trial and error process.

The engineer selects a logical pipe size that meets the minimum diameter
requirements and a slope that fits the general slope of the ground above

the storm drain. The calculations in Column 17 are performed and checked
against the value in Column 13. If Column 17 is greater than or equal to
Column 13, the pipe size is adequate. If Column 17 is less than Column 13
the pipe does not have enough capacity and must have its diameter or slope
increased after which Column 17 must be recalculated and checked against
Column 13.

Column 15, the pipe slope, is expressed in feet per foot (meters per meter).
This slope is normally determined by the general ground slope but does not
have to match the surface ground slope. The designer should be aware of
buried utilities and obstructions, which may conflict, with the placement of
the storm drain.

Column 16 shows the full flow velocity. It is determined by Manning’s
Equation, which is shown below. The velocity is calculated for full flow
conditions even though the pipe is typically flowing only partially full.
Partial flows will be very close to the full flow velocity for depths of flow
between 30 percent and 100 percent of the pipe diameter.

2/3
V= 1486 R23S = M%[D} VS  (English Units) (6-1)
n n 4
1 1p%°
V=— R23S = [} \S (Metric Units)
n n| 4
Where:
V = velocity in ft/s (m/s)
D = pipe diameter in feet (meters)
S = pipe slope in feet/foot (meters/meter)
n = Manning’s roughness coefficient (see Appendix 4-1)

Extremely high velocities should be avoided because of excessive abrasion
in the pipe and erosion at the outlet of the system. Drop manholes should
be considered for pipe velocities over 10 fps (3.0 meters per second).

The engineer should also keep in mind that energy losses at junctions
become significant above 6 feet per second (2 meters per second).
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The minimum velocity as determined by this equation is 3 feet per second
(1 meter per second).

Column 17, the pipe capacity, shows the amount of flow in cubic feet per
second (cubic meters per second), which can be taken by the pipe when
flowing full. It is computed using the following formula:

nD?2

Q=VA=V 2 (6-2)
Where:

Q = full flow capacity in cfs (cms)

V = velocity as determined in Column 16 in ft/s (m/s)

A = cross sectional area of pipe in feet squared (meters sq)

D = diameter of pipe in feet (meters)

6-4.5 Drain Profile

Columns 18 through 23, the drain profile section, includes a description of
the profile information for each pipe in the storm drain system. It describes the
pipe profile and the ground profile. The ground elevations should be finished
elevations, to the hundredth of a foot. The items in this section are generally
self-explanatory. The only exception is Column 18, the length shown is the
horizontal projection of the pipe, in feet (meters), from the center to center

of appurtenances. Generally, profiles should be set to provide a minimum of

2 feet (0.6 meters) of cover over the top of the pipe, see Chapter 8 for further
design guidance.

6-4.6 Remarks

Column 24, remarks, is for any information, which might be helpful in
reviewing the calculations. This space should note unique features such

as drop manholes, long times of concentration, changes in the type of pipe,
or changes in design frequency.

6-5 Storm Drain Design — Computer Analysis

With the addition of personal computers to most engineering workstations,
storm drain design by handheld calculator has become less prevalent.
Storm drain design by computer analysis offers some distinct advantages
over calculations performed by hand. Chief among these advantages is the
decreased amount of time required to perform the pipe sizing and hydraulic
grade line calculations and the reduced chance for calculation errors.

Some computer programs will use the Rational method for storm drain design
while others will use a hydrograph method such as the SBUH method. Both
of these methods are valid for WSDOT storm drain design; however, they will
yield different peak runoff values. This is most distinct for drainage basins
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that have very short times of concentration. As a basin’s time of concentration
extends beyond 15 minutes the two methods yield more similar answers. This
difference in peak runoff values ends up having little effect on storm drain
design since runoff from basins with short times of concentration tends to be
small and the required pipe size is determined by the minimum allowable pipe
size. As flows entering the system increase to the point that minimum pipe
sizes are no longer the governing factor, the associated time of concentration
becomes greater and the two methods produce similar peak flow rates.

There are several commercially available computer programs for storm drain
design. Each of these programs has certain features that make them unique
from other programs but the primary calculations are performed the same
way. Because of this, nearly any commercially available computer programs
that perform storm drain design are acceptable for designing WSDOT

storm drains.

The HQ Hydraulics Office has purchased the computer program StormShed
3G for the Ferries Division and each WSDOT region to use whenever
designing storm drains. Training material for StormShed 3G has been
developed specifically for WSDOT applications and is available on the

HQ Hydraulics web page or designers can consult the HQ Hydraulics
Office for additional technical assistance. To attain the latest version of
StormShed 3G software contact the HQ Hydraulics Office or your Region
Hydraulic Engineer. Prior to using StormShed 3G, the distance between
catch basins/manholes/inlets in every run of storm drains should be located
using a Microsoft® Excel Pavement Drainage spreadsheet. A spreadsheet
is available on the HQ Hydraulic web page at: “& www.wsdot.wa.gov/eesc/
design/hydraulics. The spreadsheet lacks the advanced features found in
commercially available computer programs but does offer a simple and
effective way to locate storm drains.

6-6 Hydraulic Grade Line

The hydraulic grade line (HGL) should be designed so there is a space of

air between the top of water and the inside of the pipe. In this condition the
flow is operating as gravity flow and the HGL is the water surface elevation
traveling through the storm drain system. If the HGL becomes higher than

the crown elevation of the pipe the system will start to operate under pressure
flow. If the system is operating under pressure flow, the water surface
elevation in the catch basin/manhole needs to be calculated to verify the water
surface elevation is below the rim (top) elevation. When the water surface
elevation exceeds the rim elevation, water will discharge through the inlet

and cause severe traffic safety problems. Fortunately, if the storm drain pipes
were designed as discussed in the previous sections, then the HGL will only
become higher than the catch basin/manhole rim elevation when energy losses
become significant or if the cover over a storm drain is low (less than 5 feet).
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Regardless of the design conditions, the HGL should always be evaluated
especially when energy losses become significant. Possible situations where
energy losses can become significant include: high flow velocities through
the system (greater than 6.6 ft/s), pipes installed under low cover at very
flat gradients, inlet and outlet pipes forming a sharp angle at junctions, and
multiple flows entering a junction.

The HGL can only be calculated after the storm drain system has been
designed. When computer models are used to determine the storm drain
capacity, the model will generally evaluate the HGL. The remainder of this
section provides the details for how the analysis is performed.

The HGL is calculated beginning at the most downstream point of the storm
drain (outfall) and ending at the most upstream point, which is exactly the
opposite direction that was used to design the pipe sizes. To start the analysis,
the water surface elevation at the storm drain outfall must be known. Refer

to Chapter 3 for an explanation on calculating water surface elevations at the
downstream end of a pipe (the tailwater is calculated the same for storm drain
outfalls and culverts). Once the tailwater elevation is known, the energy loss
(usually called head loss) from friction is calculated for the most downstream
run of pipe and the applicable minor losses are calculated for the first junction
upstream of the outfall. All of these head losses are added to the water
surface elevation at the outfall to obtain the water surface elevation at the first
upstream junction (also the HGL at that junction). The head losses are then
calculated for the next upstream run of pipe and junction and they are added
to the water surface elevation of the first junction to obtain the water surface
elevation of the second upstream junction. This process is repeated until the
HGL has been computed for each junction. The flow in most storm drainpipes
is subcritical; however, if any pipe is flowing supercritical (see Chapter 4 for
an explanation of subcritical and supercritical flow) the HGL calculations are
restarted at the junction on the upstream end of the pipe flowing supercritical.
The HGL calculation process is represented in the following equation:

WSEL ;= WSELgyreai + Hy + Heq + Hexq + Hyq + Hyyg (6-3)
WSEL, = WSEL j; + Hy, + Ho, + Hooo + Hpp + Ho

WSELJn+1 = WSELJn + an+1 + Hen+1 + Hexn+1 + an+1 +H

mn+1

Where:

WSEL = water surface elevation at junction noted
H = friction loss in pipe noted (see Section 6-6.1)
H extrance head loss at junction noted (see Section 6-6.2)
H = exit head loss at junction noted (see Section 6-6.2)
H
H

_.,
1

bend head loss at junction noted (see Section 6-6.3)
multiple flow head loss at junction noted (see Section 6-6.4)
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As long as the HGL is lower than the rim elevation of the manhole or catch
basin, the design is acceptable. If the HGL is higher than the rim elevation,
flow will exit the storm drain and the design is unacceptable. The most
common way to lower the HGL below the rim elevation is to lower the pipe
inverts for one or more runs of the storm drain or increase the pipe diameter.

6-6.1 Friction Losses in Pipes

Head loss due to friction is a result of the kinetic energy lost as the flow
passes through the pipe. The rougher the pipe surface is, the greater the
head loss is going to be. Head loss from friction can be calculated with

the following equation.

2.15an |2 N
H=L T pzest (English Units) (6-4)
3.19an |2 o
He=L T pzest (Metric Units)
Where:
H; = head loss due to friction in feet (meters)
L = length of pipe in feet (meters)
Q = flow in pipe in cfs (cms)
n = Manning’s roughness coefficient (see Appendix 4-1)
D = diameter of pipe in feet (meters)

6-6.2 Junction Entrance and EXxit Losses

When flow enters a junction, it loses all of its velocity. As a result, there is an
associated head loss equal to one velocity head. Then when the flow exits the
junction and accelerates into the next pipe, there is another head loss equal
to approximately half of one velocity head. These two head losses can be
represented with the following equations (Metric and English units use the
same equations).

2
Hy= -2 (6-5)
29
V2o V2 V2
Ho =10 [ —— - = ——
29 2Zg 49
Where:

H. = head loss from junction entrance in feet (meters)

H., = head loss from junction exit in feet (meters)
V = flow velocity in pipe in feet per second (m/s)
V4 = channel velocity downstream of outlet in feet per second (m/s)

g = gravitational acceleration constant
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6-6.3 Losses From Changes in Direction of Flow

When flow changes direction inside of a junction, there is an associated head
loss. The amount of head loss that will occur is dependent on how great

the change is. As the angle between the inflow and outflow pipes increase,
the amount of head loss increases. This head loss can be calculated with
Equation 6-6 (metric and English units use the same equation).

Hy =K, ~— (6-6)

H, = head loss from change in direction in feet (meters)
K, = head loss coefficient for change in direction, see below:

Angle of Change

Ky in Degrees
0.00 0
0.19 15
0.35 30
0.47 45
0.56 60
0.64 75
0.70 90 and greater
A O\
| \ | FLOW—= )
S S o

Changes in Direction of Flow
Figure 6-6.3
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6-6.4 Losses From Multiple Entering Flows

When flow enters a junction from more than one pipe there is an associated
head loss. The head loss is dependent on the amount of flow in each pipe
and the direction flow enters the junction through each pipe. Once the angle

is determined, this head loss can be calculated with the following equation
(Metric and English units use the same equation).

o = Q,V,2 - Q,V,2 - cos$pQ,;V,? 6.7)
m- 29Q,

Where:
H.,= head loss from multiple flows in feet (meters)

Multiple Flows Entering a Junction
Figure 6-6.4

Page 6-16 WSDOT Hydraulics Manual M 23-03.03
June 2010



Chapter 6 Storm Drains

6-7 Drywells

A drywell is an underground structure that is typically precast with
perforations along the structure walls and bottom that allow stormwater runoff
to flow directly into the ground. Drywells can be stand alone structures or
installed as part of a storm drain system. The primary advantage of drywells
is that they reduce flooding by discharging flow into groundwater instead of
discharging it to surface waters such as rivers and creeks. Also, when allowed
as part of a storm drain system, the drywell reduces the flow which can reduce
the size of the pipes in the system. Standard Plan B-20.20 of the WSDOT
Standard Plans for Road, Bridge, and Municipal Construction depicts a
typical drywell. Additional information about the appropriate geotextile
(Class A Underground drainage with moderate survivability) to select for the
installation of the drywell is located in the Standard Specifications for Road,
Bridge, and Municipal Construction, Sections 9-33 and 9-03.12(5).

Prior to specifying a drywell in a design, designers should consult the
Highway Runoff Manual for additional guidance and design criteria. Drywells
are considered Underground Injection Control Wells (UICs) and are required
to be registered with DOE per WAC 173-218, see Section 4-5.4 of the
Highway Runoff Manual. Additionally, stormwater must be treated prior to
discharging into a drywell using a Best Management Practice described in
Chapter 5 of the Highway Runoff Manual. Finally, all drywells should be
sized following the design criteria outlined in Section 4-5.4.2 of the Highway
Runoff Manual.

6-8 Pipe Materials for Storm Drains

When designing a storm drain network, the designer should review
Section 8-2 (Pipe Materials), as well as the list of acceptable pipe
material (Schedule Pipe) in Section 7-04 (Storm Sewers) of the Standard
Specifications. Storm drain pipe is subject to some use restrictions, which
are detailed in Section 8-1.4 (Storm Sewer Pipe) of this manual.

Pipe flow capacity depends on the roughness coefficient, which is a function
of pipe material and manufacturing method. Fortunately, most storm drain
pipes are 24 inches (600 millimeters) in diameter or less and studies have
shown that most common schedule pipe materials of this size range have

a similar roughness coefficient. For calculations, the designer should

use a roughness coefficient of 0.013 when all schedule pipes 24 inches

(600 millimeters) or smaller are acceptable. For larger diameter pipes, the
designer should calculate the required pipe size using the largest Manning’s
Roughness Coefficient for all the acceptable schedule pipe values in
Appendix 4-A of this manual. In the event a single pipe alternative has been
selected, the designer should design the required pipe size using the applicable
Manning’s Roughness Coefficient for that material listed in Appendix 4-A.
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In estimating the quantity of structure excavation for design purposes at
any location where alternate pipes are involved, estimate the quantity of
structure excavation on the basis of concrete pipe since it has the largest
outside diameter.

6-9 Subsurface Drainage

Subsurface drainage is provided for control of groundwater encountered
at highway locations. Groundwater, as distinguished from capillary water,
is free water occurring in a zone of saturation below the ground surface.
The subsurface discharge depends on the effective hydraulic head and

on the permeability, depth, slope, thickness, and extent of the aquifer.

The solution of subsurface drainage problems often calls for specialized
knowledge of geology and the application of soil mechanics. The designer
should work directly with the Region Materials Engineer as subsurface
conditions are determined and recommendations are made for design in
the soil’s report.

Subsurface drainage can be intercepted with underdrain pipe that is sized by
similar methods used to design storm drain pipes. There are two different
methods, recommended in this manual that are used to size underdrains
depending on the application.

1. When an underdrain is installed for control of seepage in cuts or side hills
or the lowering of the groundwater table for proper subgrade drainage,
the design method used to size storm drains should be followed. The
only difference is that the flow used for the calculations is the predicted
infiltration from groundwater into the system instead of flow entering the
system from roadway drainage. When subsurface drainage is connected
to a storm drain system, the invert of the underdrain pipe shall be placed
above the operating water level in the storm drain. This is to prevent
flooding of the underdrain system which would defeat its purpose.

2. The second method involves underdrains installed in combination with
a BMP or hydraulic feature such as: media filter drains, swales, ditches,
and infiltration trenches as shown in Figure 6-9.1. For these applications,
underdrain should be sized so water drains from the bedding material
substantially faster than water enters the soil layer above. To achieve this,
a factor or safety is applied to the inflow as is described on the next page.
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Diteh/Swrale
S
Dpining ;
F
Soil Layer L £H

Underdrain Installation in Combination with a BMP or Hydraulic Feature
Figure 6-9.1

The following steps should be used to size an underdrain:

1. Determine the runoff volume (Vud) (ft?) from the basin contributing to the
underdrain. The design event used to size the BMP or hydraulic feature
should be used to determine the runoff volume.

2. Specify the maximum designed depth of ponding water (Dponding) (ft)
in the BMP or hydraulic feature above the underdrain (ft). This can be
calculated using StormShed or following the design guidance in the
Highway Runoff Manual for the applicable BMP. For media filter drains,
use 12 inches.

3. Determine the cross sectional area (A) (ft?) of the flow by dividing the
runoff volume by the depth of ponding water.

Vud

A:
D

(6-8)
ponding
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4. Determine infiltration rate (rate runoff moves through the soil) using
Darcy’s Equation or use infiltration rate from lab.

9T
Where:
g = flow per cross sectional area (in/hr per unit)

A
Il

hydraulic conductivity (in/hr)

AH = change in head (ft) at the height of water from ponding depth to top
of bedding material

thickness of soil layer (ft)

—
Il

5. The total flow to the underdrain is based on the rate runoff moves through
soil and the basin area contributing to the BMP or hydraulic feature.

Q=qxA (6-10)
Where:

Q = total flow to underdrain (cfs)

q = flow per cross sectional area (in/hr per unit)

A = cross sectional area of the ditch/swale

6. Determine the design flow Qg by applying a Factor of Safety (FS) =2 to
Q, so pipe is sized to carry 2 times the total flow.
Qu=Qx2 (6-11)

Where:
Qg = underdrain design flow (cfs)
Q = flow total flow to underdrain (cfs)

7. Given design flow, determine the pipe diameter. For pipe diameters that
exceed 12", contact either the region or HQ Hydraulics.

3/8
(Qqge x n)
D= 16( 05 (6-12)
Where:
D = underdrain pipe diameter (inches)

n Manning’s coefficient (use 0.010-0.011 for smooth wall)
s = slope of pipe (ft/ft)
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Sample Problem

An underdrain will be located under a ditch that can intercept runoff from a

road that is 1,000 ft by 34 ft. The Materials Lab has determined the ditch has

a hydraulic conductivity of 2.9 in/hr. Assume the soil layer will be 2 ft deep

and the slope of the underdrain pipe will be set at 0.5 percent. Determine the

size of underdrain needed.

1. The runoff volume (Vud) (ft3) was determined to be 2,875 cu ft. The
value was determined using the 10-year design event to size the ditch and
StormShed 3G.

2. The maximum depth of ponding water (Dponding) (ft) in the ditch was
determined to be 4 inches using StormShed.

3. Determine the cross sectional area (A) (ft?) of the flow.

A — Vud
Dponding
_2875cuft o o
~ szt oS
4. Determine the infiltration rate.
_ KaH
ST
29i .
_ 9in/hr x 2.33 ft _ 338 in/hr
2t

5. The total flow to the underdrain is based on the rate runoff moves through

soil and basin area contributing to the BMP or hydraulic feature.
Q=qgqxA
Q=3.38in/hr x 8,712 sq ft x 1 ft/12 in = 0.68 cfs
6. Determine design flow Qdf, by applying a Factor of Safety (FS) = 2.
Qyr=Qx2
Qu=0.68 cfs x 2 =1.36 cfs
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7. Given design flow, determine the pipe diameter.

D=16 <(Qdf x n)>3/8

s0.5

(1.36 x 0.011)\ *® .
D=16 (")) _894in
(0.005)05

Upsize pipe diameter to the next available size, which is 10 inches.
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Chapter 7 Fish Passage

7-1 Introduction

Most rivers and creeks in Washington State contain one or more species of
fish during all or part of the year. These fish must be allowed to freely migrate
up and down the streams they occupy. If roadways are constructed across

the stream without thought given to fish passage, the roadway could create

a migration barrier. However, a stream crossing designed with consideration
of fish will not hinder migration. The Washington State Department of
Transportation (WSDOT) and the Washington State Department of Fish

and Wildlife (WDFW) have been evaluating existing stream crossings
through a cooperative Fish Passage Barrier Removal Program since 1991.
Some of the fish barriers have been identified for repair and a few of those
have been retrofitted and/or replaced. Prior to starting a project, designers
should consult the following Web link to determine if their project contains

a known fish barrier: “& www.wsdot.wa.gov/NR/rdonlyres/F9743AD2-B4DB-
439E-91C5-B973CBF17506/0/FishPassageRpt08.pdf.

WDFW developed guidelines for permanent road crossing culverts to
facilitate upstream fish migration titled “Design of Road Culvert for Fish
Passage.” The guideline provides direction for projects involving new
culvert construction as well as retrofitting or replacing existing culverts.

The purpose of this chapter is to summarize the WDFW design approaches,
note the type of structures recommended, and reference grade control. For
guidance, designers should consult the WDFW “Design of Road Culverts
for Fish Passage” guideline at the following web page: “8 www.wdfw.
wa.gov/hab/engineer/cm/. Questions should be directed to the Region
Hydraulics Engineer.

7-2 Designing for Fish Passage
7-2.1 General

The basic concept used to ensure continued fish passage is to design the
stream crossing to match the natural river or creek channel as much as
practical. The idea being if fish migration occurred in the crossing prior to
construction, then migration should continue after construction (in other
words post construction flow conditions should be similar to preconstruction
or natural flow conditions). For some types of crossing structures, it is

easy to create flow conditions exactly like the natural flow conditions.

But for other types of crossing structures, a detailed analysis is necessary to
accomplish an acceptable design. The first step in designing for fish passage
is to determine which, if any, species of fish are in the stream. WSDOT
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Regional Environmental staff is the primary contact for this information
and will contact the WDFW when necessary. The design criterion varies
depending on the species of fish since the swimming and leaping ability of
fish varies from species to species. Additionally, different species migrate
through the stream during different times of the year and, as a result, the
design flow used for the analysis must correlate with the time of year that
the fish are migrating.

7-2.2 Types of Structures

For fish passage purposes, there are three basic types of stream crossing
structures:

1. Bridges — Structures that have piers or abutments supporting some type of
girder system. Bridges do not have a significant impact on fish migration
and are the preferred method of spanning a body of water. HQ Hydraulics
is responsible for all water elements concerning bridge design.

2. Open Bottom Culverts — Metal and concrete arches or three-sided
concrete frame structures that have no floor and are supported by footings.

3. Full Culverts — Metal, concrete, and plastic round, pipe arch, elliptical,
and box-shaped culverts that are completely enclosed self-supporting
structures.

7-2.3 Culvert Design Approach

Adequate fish passage for open bottom or full culverts can be determined
using one of the three different design options described below. Independant
of which option is selected, designers will also need to evaluate the

culvert design using the guidelines described in Chapter 3 of this manual.
Figures 3-2.3 and 3-2.4 provide a list of field data and other information that
is required for a culvert analysis and hydraulic report.

1. No-Slope Design Option — Results in reasonably-sized culverts without
requiring much in the way of calculations. It is most effective for
relatively short culverts at low-gradient sites. Culverts are typically larger
than the hydraulic option; however, the design avoids the additional cost
of surveying and engineering.

2. Stream Simulation Design Option — A design method used to create or
maintain natural stream processes in a culvert. This method is usually the
preferred alternative for steep channels and long crossings.

The streambed mix placed inside the culvert should emulate that found in
the natural channel. The guidelines in the “Culvert-Bed Design” section
of Chapter 6 in the WFDW “Design of Road Culverts for Fish Passage
(2003)” document, describe how to size the streambed gravel.
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3. The Hydraulic Design Option — A design method that is based on
swimming abilities of a target fish species and age class. This method
requires hydrologic, open-channel hydraulic calculations and specific
site data. The hydraulic design option typically results in smaller culverts
than the no-slope option. The analysis is based on velocity, depth, and
maximum turbulence requirements for a target species and age class.
When this option is selected, designers should not use MGSFlood to
determine fish passage flow rates.

In eastern Washington when the hydraulic option is selected, WDFW
recommends the research approach developed by E. R. Rowland. This
approach defines fish passage design per unit drainage area and is further
discussed in the WDFW “Design of Road Culverts for Fish Passage
Guidelines (2003)” under the hydraulic design option section. Fish
passage flow rates for eastern Washington can also be found in ArcMap
under the WSDOT GIS Environmental Workbench Fish and Wildlife —
Fish section.

For additional guidance, designers can also consult the following WSDOT
research documents developed for the hydraulic design option:

a. Modeling Hydrology for Design of Fish Passage (WA-RD 545.1).

b. Culvert Design Flows for Fish Passage and Structural Safety in East
Cascade and Blue Mountain Streams (WA-RD 545.2).

7-2.4 River Training Devices

River training devices can also be used for fish passage as well as to protect
streambanks by redirecting the flow away from the bank towards the center
of the channel. The most common types of devices are made of rock, timber,
or concrete and reach from bank to bank. Designers should consult Chapter 4
for further design guidance.

WDFW has also developed guidelines for managing streambanks titled
“Integrated Streambank Protection Guidelines,” located at the following web
link: Y8 www.wdfw.wa.gov/hab/ahg/ispgdoc.htm. Designers should direct
questions to the Region Hydraulics Engineer.
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