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Chapter 1 : HDS 4
Introduction

Go to Chapter 2

1.1 General
Highway hydraulic structures perform the vital function of conveying, diverting, or removing surface
water from the highway right-of-way. They should be designed to be commensurate with risk,
construction cost, importance of the road, economy of maintenance, and legal requirements. One type of
drainage facility will rarely provide the most satisfactory drainage for all sections of a highway.
Therefore, the designer should know and understand how different drainage facilities can be integrated to
provide complete drainage control.

Drainage design covers many disciplines, of which two are hydrology and hydraulics. The determination
of the quantity and frequency of runoff, surface and groundwater, is a hydrologic problem. The design of
structures with the proper capacity to divert water from the roadway, remove water from the roadway,
and pass collected water under the roadway is a hydraulic problem.

This publication will briefly discuss hydrologic techniques with an emphasis on methods suitable to
small drainage areas, since many components of highway drainage (e.g., storm drains, roadside ditches,
etc.) service primarily small drainage areas. Fundamental hydraulic concepts are also briefly discussed,
followed by open-channel flow principles and design applications of open-channel flow in highway
drainage. Then, a parallel discussion of closed-conduit concepts and applications in highway drainage
will be presented. The concluding sections include an introduction to energy dissipation, construction,
maintenance, and economic issues. In all cases, detailed design criteria and standards are provided
primarily by reference, since the objective of this document is to present a broad overview of all the
components of highway drainage, and to serve primarily as an "Introduction to Highway Hydraulics."

1.2 Types of Drainage Facilities
Highway drainage facilities can be broadly classified into two major categories based on construction:

open-channel or1.  

closed-conduit facilities.2.  

Open-channel facilities include roadway channels, median swales, curb and gutter flow, and others.
Closed-conduit facilities include culverts and storm drain systems. Note that from a hydraulic
classification of flow condition, open-channel or free-surface flow can occur in closed-conduit facilities.

Figure 1 shows a typical divided highway where a variety of open-channel and closed- conduit facilities
are needed to drain the highway. Starting at the outer edge of the right-of-way are the intercepting

Arch
ive

d



channels on the natural ground outside the cut-and-fill or on benches breaking the cut slope. In an arid
region, intercepting channels (or dikes) may also be used for great distances along the roadway to capture
overland flow runoff from large upstream watersheds. Next are the roadway channels between the cut
slope and shoulder of the road and the toe-of-slope channels which take the discharges from the roadway
channels and convey it along or near the edge of the roadway embankment to a point of disposal. A
shallow depression or swale drains the median to an inlet that conveys water to the culvert. The culvert
itself provides for cross drainage of a relatively large stream channel.

1.3 Design Philosophy
The primary purpose of highway drainage facilities is to prevent surface runoff from reaching the
roadway, and to efficiently remove rainfall or surface water from the roadway. Designing drainage
facilities to accomplish this purpose requires balancing the risk of future damages from runoff events
(whose occurrence, in time or magnitude, cannot be forecast accurately) against the initial construction
cost. Since this is not easy to accomplish, it is customary that a particular flood frequency be selected for
each class of highway to establish the design discharge for sizing drainage facilities. This design
frequency is then adjusted based on evaluating a check flood to better account for the risk involved
considering traffic conditions, structure size, and value of adjacent property.

Figure 1. Types of Highway Drainage Facilities

For costly or high risk facilities, a range of discharges with a range of flood frequencies are used to
evaluate drainage facilities. The range of floods considered usually includes the "base flood" and
sometimes the "super flood." The base flood is defined as the flood (storm or tide) having a one percent
chance of being equalled or exceeded in any given year. This flood is also referred to as the 100-year
flood, meaning that over an infinite period of time this flood will be equalled or exceeded on average
once every 100 years. A super flood is significantly greater than the base flood. For example, a 0.2
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percent discharge (a 500-year flood) is one possible super flood. Note that it is seldom possible to
compute a 0.2 percent discharge with the same accuracy as the one percent flood; nevertheless, it does
draw attention to the fact that floods greater than the one percent flood can occur. Such floods (super
floods) may be defined as a flood exceeding the base flood, whose magnitude is subject to the limitation
of state-of-the-art analytical practices. Other floods considered include the overtopping flood, maximum
historical flood, probable maximum flood, and design flood.

A range of floods is also typically assumed to evaluate pavement drainage design. Pavement drainage is
normally designed for the 10-year flood, except in sag vertical curves where water cannot escape other
than through a storm drain. In these locations, a 50-year event is often used for design to prevent ponding
to a depth that could drown people if they were to drive into it. The use of a lesser frequency event, such
as the 50-year storm, to assess hazards at critical locations where water can pond to appreciable depths is
commonly referred to as the check storm or check event. The spread of water on the pavement during a
check storm can also be evaluated, with a typical criteria being at least one lane of traffic open during the
check event.

One way to select the design flood frequency is through the concept of economics by establishing the
least total expected cost for the structure. This concept considers the capital costs, maintenance costs, and
the flood hazard costs that are incurred due to damage by a range of flooding events. The flood frequency
that generates the least total expected cost for the life of the project would be the one chosen for the
design of the structure.

1.4 Metric System
The metric system of measurement has been in use for hundreds of years. The SI metric system is an
abbreviation for International System of Units, a modern day metric system established by international
agreement in 1960. The SI system has been favorably received throughout the world and provides a
standard international language to describe measurement.

Appendix A summarizes the use of SI, particularly as it relates to highway drainage design. Additional
information is available from the course materials for the Federal Highway Administration, National
Highway Institute Course No. 12301, "Metric (SI) Training for Highway Agencies."
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Chapter 2 : HDS 4
Estimating Storm Runoff from Small Areas

Go to Chapter 3

2.1 General
The first step in designing a drainage facility is to determine the quantity of water the facility must carry.
The hydrologic analysis required to estimate discharge can be a major component of the overall design
effort. The level of effort required depends on the available data and the sophistication of the analytical
technique selected. Regardless of the analytical technique used, hydrologic analysis always involves
engineering judgment due to the complexity and inherent random nature of the runoff process itself.
Unlike many other aspects of engineering design, the quantification of runoff is not a precise science.

For routine design problems, particularly involving small drainage areas, it is impractical and
unnecessary to use sophisticated analytical methods that require extensive time and labor. Fortunately,
there are a number of sound and proven methods available to analyze hydrology for the more traditional
and routine day-to-day design problems. These procedures enable peak flows and hydrographs, a plot of
the variation of discharge with time (Figure 2), to be determined without an excessive expenditure of
time. They use existing data, or in the absence of data, synthetic methods to develop design parameters.

Figure 2. Flood Hydrograph

Drainage design for facilities serving small areas can typically be based on peak flow conditions.
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Knowledge of the complete hydrograph is seldom necessary for small drainage facilities. For example,
the design of median drainage facilities, a storm drain and inlets to protect a fill slope, or a culvert
draining a small area isolated by roadway fill, can all be designed based on peak flow conditions only.
Information in this chapter summarizes standard methods for estimating peak flow. A more
comprehensive treatment of peak flow estimation, and a complete discussion of hydrograph calculation
and other hydrologic topics, is provided in Hydraulic Design Series Number 2 entitled, Highway
Hydrology (HDS-2).(1)

Methods for making peak flow estimates can be separated into two categories:

sites with measured stream gage data, and1.  

sites without gaged data. When gaged data of adequate length and quality are available, statistical
analysis of the flow record can be used to estimate flood peaks for various return periods.

2.  

Generally speaking, gaged data are available only for larger stream channels; consequently, there are
only limited opportunities to apply this method in smaller watersheds, and practically no application of
this method to the small areas which contribute runoff to highway drainage structures. Techniques for
analysis of gaged data are briefly summarized below and a comprehensive treatment is provided in
HDS-2.(1)

When gaged data are not available, estimates are made by empirical equations (e.g., Rational Method) or
by regional regression equations. Regional regression equations are typically appropriate for larger
drainage areas, and methods such as the Rational Method are commonly used for smaller areas, less than
about 80 hectares. For larger ungaged areas, regression equations developed from regional data are
recommended. Both procedures are outlined in this chapter. Note that there is no clearly defined line
where one method should end and another method be used. The methods sometimes give results for the
same area that agree quite well, and in other instances, they may disagree by 50 or more percent. When
major differences occur, the applicability of each method should be evaluated and significant engineering
judgment will be required to establish reasonable design values.

The recurrence interval of the design discharge (see Section 1.2) is of concern because economy is
always a factor in the design, as discussed in Chapter 11. The recurrence interval defines the frequency
that a given event (e.g., rainfall or runoff) is equaled or exceeded on the average, once in a period of
years. For example, if the 25-year frequency discharge is 100 m3/s, a runoff event of this size or greater
would be expected to occur on average once every 25 years. The exceedence probability, which is the
reciprocal of recurrence interval, is also used in design. For the above example, a discharge equal to or
greater than 100 m3/s would have a 0.04 probability, or a 4 percent chance of occurrence in any given
year.

Overdesign and underdesign both involve excessive costs on a long-term basis. A channel designed to
carry a 1-year flood would have a low first cost, but the maintenance cost would be high because the
channel and roadway may be damaged by storm runoff almost every year. On the other hand, a channel
designed to carry the 100-year flood would be high in first cost, but low in maintenance cost. Somewhere
between these limits lies the design frequency which will produce a reasonable balance of construction
cost, annual maintenance cost, and risk of flooding.
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2.2 Storm Runoff
Precipitation falling on land and water surfaces produces watershed runoff. A small part of the
precipitation evaporates as it falls and some is intercepted by vegetation. Of the precipitation that reaches
the ground, a portion infiltrates the ground, a portion fills the depressions in the ground surface, and the
remainder flows over the surface (overland flow) to reach defined watercourses. The surface runoff is
sometimes augmented by subsurface flow that flows just beneath the ground surface and reaches the
watercourse in time to be a part of the storm runoff.

The precipitation infiltrating the ground replenishes the soil moisture and adds to the groundwater
storage. Some of this underground water reaches the stream long after the storm runoff has passed and
some is withdrawn by the life processes of vegetation or by man for his use.

The storm runoff which must be carried by highway drainage facilities is thus the residual of the
precipitation after losses (the extractions for interception, infiltration, and depression storage). The rate of
water loss depends upon the amount of the precipitation and the rate at which it falls (intensity), upon
temperature, and the characteristics of the land surface. Not only does the rate of runoff vary with the
permeability of the land surface and the vegetal cover, but it varies with time for the same surface
depending upon the antecedent conditions, such as soil moisture, etc.

2.3 Analysis of Gaged Data
The U.S. Geological Survey (USGS) collects and publishes much of the stream gage data available in the
United States. These data are reported in USGS Water Supply Papers (by state), in Annual Surface Water
Records and on computer files. Statistical analysis of gaged data permits an estimate of the peak
discharge in terms of its probability or frequency of occurrence at a given site.

The frequency distributions that have been found most useful in hydrologic data analysis are the normal
distribution, the log-normal distribution, the Gumbel extreme value distribution and the log-Pearson
Type III distribution. The log-Pearson III has been widely used for flood analyses and the U.S. Water
Resources Council has recommended it as the standard distribution for flood frequency analyses. A
comprehensive treatment on the use of this distribution in the determination of flood frequency
distributions is presented in Interagency Advisory Committee on Water Data, Hydrology Committee
Bulletin 17B.(2) A complete treatment of the statistical analysis of gage data is provided by HDS-2.(1)

2.4 Rainfall Intensity-Duration-Frequency Analysis
The intensity of rainfall is the rate at which rain falls. Intensity is usually stated in mm/h regardless of the
duration of the rainfall, although it may be stated as total rainfall in a particular time period (i.e.,
duration). Frequency can be expressed as the probability of a given intensity of rainfall being equaled or
exceeded, or it can be expressed in terms of the average interval (recurrence interval) between rainfall
intensities of a given or greater amount. The frequency of rainfall intensity cannot be stated without
specifying the duration of the rainfall because the rainfall intensity varies with the duration of rainfall
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(see Figure 3).

Point rainfall data are used to derive intensity-duration-frequency curves necessary in hydrologic analysis
(e.g., as required in the Rational Method; see Section 2.5). Two methods for selecting rainfall data used
in frequency analyses are the annual series and the partial-duration series. The annual-series analysis
considers only the maximum rainfall for each year (usually calendar year) and ignores the other rainfalls
during the year. These lesser rainfalls during the year sometimes exceed the maximum rainfalls of other
years. The partial-duration series analysis considers all of the high rainfalls regardless of the number
occurring within a particular year. In designing highway drainage facilities for return periods greater than
10 years, the difference between the two series is unimportant. When the return period (design
frequency) is less than 10 years, the partial-duration series is believed to be more appropriate. To change
the frequency curves based on the annual series to one based on the partial-duration series, multiply the
annual series values by the following factors:(3)

2-year return period
5-year return period
10-year return period
20-year or more

1.14
1.04
1.01
1.00

Point rainfall data are collected at approximately 20,000 locations every day by the National Weather
Service (NWS), the National Oceanic and Atmospheric Administration (NOAA) and other agencies. The
data are sent to the Environmental Data and Information Service (EDIS), which has responsibility for
processing and disseminating environmental data and is an excellent source of basic rainfall data for
highway drainage design. However, in most localities the necessary rainfall information, such as
intensity-duration-frequency curves, are available from a city, county or state agency and it is seldom
necessary to begin hydrologic analysis with raw rainfall data. If the necessary data are not available
locally, a variety of publications are available with rainfall data as summarized in the AASHTO
"Highway Drainage Guidelines."(4)

2.5 The Rational Method

2.5.1 Equation and Assumptions

One of the most common equations for peak flow estimation is the rational formula:

(1)

where

Q     = Peak rate of runoff, m3/s

C = Dimensionless runoff coefficient assumed to be a function of
the cover of the watershed
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i = Average rainfall intensity, for the selected frequency and for
duration equal to the time of concentration, mm/h

A = Drainage area, tributary to the point under design, hectares

Figure 3. Typical Intensity-duration Rainfall Curves
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The rational formula assumes that if a uniform rainfall of intensity (i) were falling on an
area of size (A), the maximum rate of runoff at the outlet to the drainage area would be
reached when all portions of the drainage area were contributing; the runoff rate would then
become constant. The time required for runoff from the most hydraulically remote point
(point from which the time of flow is greatest) of the drainage area to arrive at the outlet is
called the time of concentration (tc).

Actual runoff is far more complicated than the rational formula indicates. Rainfall intensity
is seldom the same over an area of appreciable size or for any substantial length of time
during the same storm. Even if a uniform intensity of rainfall of duration equal to the time of
concentration were to occur on all parts of the drainage area, the rate of runoff would vary in
different parts of the area because of differences in the characteristics of the land surface and
the nonuniformity of antecedent conditions.

Under some conditions maximum rate of runoff occurs before all of the drainage area is
contributing (see Section 2.5.6). The temporary storage of stormwater enroute toward
defined channels and within the channels themselves, accounts for a considerable reduction
in the peak rate of flow except on very small areas. The error in the runoff estimate
increases as the size of the drainage area increases. For these reasons, the rational method
should not be used to determine the rate of runoff from large drainage areas. For the design
of highway drainage structures, the use of the rational method should be restricted to
drainage areas less than 80 hectares.

In summary, the assumptions involved in using the Rational Method are:

The peak flow occurs when all the watershed is contributing.1.  

The rainfall intensity is uniform over a time duration equal to the time of
concentration, which is the time required for water to travel from the most
hydraulically remote point to the outlet or point of interest. Note that the most
hydraulically remote point is defined in terms of time, not necessarily distance.

2.  

The frequency of the computed peak flow is equal to the frequency of the rainfall
intensity. In other words, the 10-year rainfall intensity is assumed to produce the
10-year flood.

3.  

2.5.2 Runoff Coefficient

The runoff coefficient (C) in the rational formula is the ratio of the rate of runoff to the rate
of rainfall at an average intensity (i) when all the drainage area is contributing. The runoff
coefficient is tabulated as a function of land use conditions; however, the coefficient is also
a function of slope, intensity of rainfall, infiltration and other abstractions. The range in
values of C listed in Table 11 in Appendix B permit some allowance for land slope and
differences in permeability for the same type cover. For flat slopes and permeable soil, use
the lower values.

Where the drainage area is composed of several land use types, the runoff coefficient can be
weighted according to the area of each type of cover present (see Example 2.1). However,
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the accuracy of the Rational Method is better when the land-use is fairly consistent over the
entire area. Significantly different land use conditions can lead to inconsistent estimates of
the time of concentration, and hence the intensity, and errors in establishing the most
appropriate C.

2.5.3 Time of Concentration

The time of concentration (defined in Section 2.5.1) varies with the size and shape of the
drainage area, the land slope, the type of surface, the intensity of rainfall, and whether flow
is overland or channelized. The time of concentration can be considered the sum of an
overland flow time and the travel times in gutters, swales, storm drains, etc. Technically, the
time of concentration is the travel time of a wave, as opposed to the actual water velocity,
from the most hydraulically remote point to the point in question. However, uncertainties
about the actual overland flow path, roughness, slope and rainfall variations (temporal and
spatial) limit both the need for making this distinction and the accuracy of any calculation.(5)

Extreme precision is not warranted in determining time of concentration, particularly for
small area drainage facility design; however, since the peak discharge (Q) is generally quite
sensitive to the time of concentration, care should be taken to insure an appropriate value is
obtained.

A number of empirical formulas have been proposed for estimating the time of
concentration. When the drainage area consists of different flow paths, the time of
concentration is the sum of the incremental travel times computed for each different reach.
The travel time in gutter, storm drain and channel flow is typically estimated from basic
hydraulic data (t = distance/velocity). The velocity in shallow concentrated flow may be
estimated from Figure 4. For overland flow the most physically correct approach is based on
kinematic wave theory:(5)

(2)

where t is in minutes, L is the overland flow length (m), n is the Manning's roughness
coefficient, i is the rainfall rate (mm/h), S is the average slope of the overland flow area
(m/m) and K is 6.99. Solving this equation involves iteration since both the time of
concentration and rainfall intensity are unknown. When applying this equation for overland
flow in turf, the n value should be quite large (e.g., 0.5). This is necessary to account for the
large relative roughness resulting from water running through grass rather than over it as
compared to channel flow conditions. For paved conditions an n value in the normally
accepted range for smooth surfaces (e.g., 0.016) is appropriate. Hydraulic Engineering
Circular Number 12 (HEC-12), entitled "Drainage of Highway Pavements" (HEC-12)
illustrates the use of this equation.(6)

It is not always apparent when flow changes from overland flow to shallow concentrated
flow. If a small channel or other signs of concentrated flow are not evident in the field, it is

Arch
ive

d

http://aisweb/pdf2/hec12/default.htm
http://aisweb/pdf2/hec12/default.htm
http://aisweb/pdf2/hec12/default.htm


reasonable to assume a maximum overland flow length of 130 m. As a general guideline, if
the total time of concentration is less than 5 minutes, a minimum value of 5 minutes should
be used for estimating the design discharge.

2.5.4 Rainfall Intensity

Rainfall intensity-frequency data are available as discussed in Section 2.4. When total
rainfall depths are provided the values are converted to rainfall intensity for use in the
Rational formula by dividing the rainfall depth by the duration expressed in hours.

Example Problem 2.1

Given:     A toe-of-slope channel collects runoff from the roadway and an adjacent
watershed. The tributary area has a fairly uniform cross section as follows: 4 m of
concrete pavement; 8 m gravel shoulder, channel, and backslope; 60 m of forested
watershed. The length of the area is 125 m.

Find:      Runoff coefficient, C

Solution:

Type of Surface (Table B.1) C Area
(hectare)

CA
(hectare)

Concrete pavement
Shoulder, channel, and backslope
Forested watershed

0.9
0.5
0.3

0.05
0.10
0.75

0.045
0.050
0.225

TOTAL --- 0.90 0 .320

Weighted C = 0.32/0.90 = 0.36
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Figure 4. Average Velocities for Estimating Travel Time for Shallow Concentrated Flow(7)
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2.5.5 Drainage Area

The drainage area, in hectares, contributing flow to the point in question, can be measured
on a topographic map or determined in the field. The data required to determine time of
concentration and the runoff coefficient should be noted at the time of the preliminary field
survey.

2.5.6 Computing the Design Discharge for Complex
Drainage Areas

Example Problem 2.2 illustrates the rational method for a simple drainage area. For other
points along the channel, the design discharge is computed using the longest time of travel
to the point for which the discharge is to be determined.

On some combinations of drainage areas, it is possible that the maximum rate of runoff will
be reached from the higher intensity rainfall for periods less than the time of concentration
for the whole area, even though only a part of the drainage area is contributing. This might
occur where a part of the drainage area is highly impervious and has a short time of
concentration, and another part is pervious and has a much longer time of concentration.
Unless the areas or times of concentration are considerably out of balance, the accuracy of
the method does not warrant checking the peak flow from only a part of the drainage area.
This is particularly true for the relatively small drainage areas associated with highway
pavement drainage facilities.

Example Problem 2.2

Given: The contributing area as described in Example 2.1. The weighted C is 0.36
and the channel is 125 m long on a grade of 0.5 percent.

Find: The discharge for a 10-year frequency rainfall at a storm drain inlet near the
lower end of the roadside channel.

Solution: The overland flow time is obtained from Equation 2. The overland flow
distance is 60 m, the n value is 0.50 and S is 0.005 m/m. The rainfall intensity is
initially assumed to be 55 mm/h.

From the IDF curves (Figure 3), the rainfall intensity for a 53 min duration and a
10-year return period is about 50 mm/h which is approximately equal to the
initially assumed 55 mm/h for calculating t.

For the channel (125 m long) the travel time will be estimated based on average
velocity and travel distance. From Figure 3, the average velocity for an unpaved
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surface in shallow concentrated flow is about 0.35 m/s for a slope of 0.005. For the
125 m channel the travel time is then tchannel = (125 m)/ (0.35 m/s) = 357 s = 6 min.
The total tc = 6 + 53 = 59 min. From the rainfall charts, the 10-year rainfall
intensity for 59 minutes is about 47 mm/h. The calculated discharge at the outlet of
the channel is:

As discussed in Section 2.5.6, this example illustrates a situation where a higher
discharge may occur from the pavement area alone (with its shorter tc) than was
calculated for the entire drainage area. It would be appropriate to make an alternate
calculation to evaluate this condition.

2.6 Regression Methods

2.6.1 Overview of Regression Methods

Regional regression equations are commonly used for estimating peak flows at ungaged
sites or sites with insufficient data. Regional regression equations relate peak flow for a
specified return period to the physiographic, hydrologic and meteorologic characteristics of
the watershed. Regression relationships rely primarily on measured data, but may also
include analytically predicted discharge estimates as part of the database used in
development of a given equation. Equations have been developed for both rural and urban
areas on either a state-by-state basis, or by definition of hydrophysiographic regions that
may cross state boundaries.

2.6.2 Rural Regression Equations

In a series of studies by the USGS, in cooperation with the Federal Highway Administration
(FHWA) and various other agencies, statewide regression equations have been developed
throughout the United States. These equations permit peak flows to be estimated for return
periods varying from 2 to 500 years. Typically, each state was divided into regions of
similar hydrologic, meteorologic and physiographic characteristics as determined by various
statistical measures. Using a combination of measured data and rainfall-runoff simulation
models, long-term records of peak annual flow were synthesized for each of several
watersheds in a defined region. A frequency analysis was completed on each record to
define the peak discharge for a given return period. Multiple regression analysis of the peak
discharge and the associated hydrologic, meteorologic and physiographic variables resulted
in regression equations for peak flow determination.
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The resulting set of equations, referred to as the USGS rural regression equations, were
developed primarily for unregulated, natural, nonurbanized watersheds. A discussion of the
accuracy of the equations and limitations in their application is provided in HDS-2.(1)

2.6.3 Urban Regression Equations

To estimate peak discharge in urban areas, equations were developed that modify the rural
peak discharge computed as described above. For a given return period, a single
seven-parameter regression equation was developed for nationwide application. Equations
were developed for the 2-, 5-, 10-, 25-, 50-, 100-, and 500-year events. The seven
parameters used in these equations were the drainage area, the main channel slope, the
2-year rainfall intensity, the percent of the basin with reservoir or swamp storage, the basin
development factor (BDF), the percentage of the basin covered by impervious area, and the
equivalent rural peak discharge for the given return period.

The most significant variable found to describe the effects of urbanization was the basin
development factor (BDF). The BDF, which can vary from 0 to 12, was based on a
combination of several manmade changes to the drainage basin including channel
improvements, channel linings, storm drains and curb and gutter streets. A complete
discussion of this method is provided in USGS Water Supply Paper 2207 and HDS-2.(8,1)

2.6.4 The National Flood Frequency Program

As a result of the widespread use of various regression equations, the USGS, in cooperation
with the FHWA and the Federal Emergency Management Agency (FEMA), compiled all
current (as of September 1993) statewide and metropolitan area regression equations into a
computer program titled the National Flood Frequency (NFF) program. A complete
discussion of NFF program is provided in USGS Water Resources Investigations Report
94-4002.(9) This report summarizes the statewide regression equations for rural watersheds
in each state, summarizes the applicable metropolitan area or statewide regression equations
for urban watersheds, describes the NFF software for making these computations, and
provides the reference information and input data needed to run the computer program. Note
that typical flood hydrographs corresponding to a given peak discharge can also be
estimated by procedures described in the NFF report. A summary of the NFF, and the
applicability and limitations of the regression equations in the NFF, is provided in HDS-2.(1)

2.7 HYDRAIN Computer System
HYDRAIN is a comprehensive computer system for highway drainage analysis and design that was
developed by FHWA and numerous state transportation agencies.(10) The HYDRAIN system includes
nonproprietary computer programs to complete various hydrologic and hydraulic analysis. Many of the
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programs were developed to facilitate both simple and complex design analyses for problems commonly
encountered by transportation agencies.

The HYDRAIN system has modules for computing rural flood frequency relationships (HYDRO) and
urban relationships (HYDRA). HYDRO is composed of three different discharge volume forecasting
methods: Log Pearson III, Rational Method, and multiple regression relationships. HYDRO also will
develop an intensity-duration-frequency curve for a given latitude and longitude. HYDRA is a
sophisticated urban storm drain model that typically would have only limited application in the small
area hydrologic analyses discussed above. Nevertheless, HYDRAIN is a powerful analytical tool that
may facilitate some hydrologic analyses described in this chapter, including Rational Method
calculations and computation of the composite C coefficient.

Go to Chapter 3
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Figure 52. Straight Drop Spillway Stilling Basin

Figure 53a. Schematic of COE Stilling Basin
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Figure 53b. COE Stilling Basin
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Figure 54. Riprapped Culvert Energy Basin

Go to Chapter 9
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Chapter 9 : HDS 4
Drainage System Construction

Go to Chapter 10

9.1 General
Construction methods depend upon the equipment used and the expertise of the contractor and are
outside the scope of this publication. This chapter will discuss a few of the procedures that should be
followed to construct satisfactory highway drainage facilities.

Drainage facilities should be constructed early in the grading operations and any necessary erosion
protection should be provided before potential damage occurs. Effective drainage during construction
frequently eliminates costly delays as well as later failures that might result from a saturated subgrade.
Slopes should be protected from erosion as early as practicable in order to minimize damage and lessen
the discharge of eroded soil into existing and newly constructed drainage facilities.

9.2 Supervision
Proper design of drainage facilities will not produce an adequate drainage system without careful
supervision during construction. Supervision of drainage structure construction means not only seeing
that the construction complies with the plans and specifications, but that any omissions in the plans are
corrected. Drainage facilities should be shown on the construction plans together with sufficient
hydraulic design data, such as drainage area and design discharge, so that the necessary information is
available to solve unforeseen future drainage problems.

9.3 Excavation
Drainage facilities are usually placed from the outlet toward the higher end so that the channel will drain
during construction. Dikes for intercepting channels are preferably built from material excavated from
the adjacent cuts without disturbing the natural soil at the channel location.

9.4 Grass-lined Channels
Grass lining can best be attained by sodding. The upper parts of the channel may be sprigged or seeded if
the cost of sod makes this necessary, but the time of the year and the likelihood of damaging rains
occurring before the seedlings become established, should be considered. A type of grass should be
selected that is adapted to the locality and to the site conditions. Where sod grasses are viable, they are
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preferred to bunch grasses because of their superior performance in resisting erosion.

Seeding can be protected by mulch, temporary cover grasses, geotextiles, etc. Sod strips perpendicular to
the channel centerline at regular intervals have also been used to protect the intervening seeded area. Sod
might also be used in the channel bottom and up part of the sideslope for immediate protection with the
remainder of channel slope seeded.

9.5 Concrete-lined Channels and Chutes
The use of rigid linings is discouraged; however, if used, concrete channel linings can be cast-in-place,
shotcrete, or precast. Soil-cement linings have been successful at some locations. Concrete linings must
be placed on a firm well-drained foundation to prevent cracking or failure of the lining. Soil of low
density should be thoroughly compacted or removed and replaced with suitable material. Where the soil
is deep loess, concrete or other type rigid linings might not be suitable. Expansive clays are extremely
hazardous to rigid-type linings because their movement buckles the linings as well as producing an
unstable support.

When placing an unformed slab on a slope, a tendency exists to use a stiff concrete mix that will not
slough; however, experience indicates that placement of such low-slump concrete without thorough
vibration usually results in considerable honeycombing on the underside.(13) To avoid such results, the
concrete should not be stiffer than a 63 mm slump. Concrete of this consistency will barely stay on a
steep slope. After spreading, the concrete should be thoroughly vibrated, preferably just ahead of a
weighted steel-faced slipform screen working up the slope.(13)

The linings of channels that carry high-velocity flow should be poured as nearly monolithic as possible,
without expansion joints or weepholes, and using as few construction joints as possible. Construction
joints should be made watertight. Longitudinal and transverse reinforcing steel should be used
throughout to control cracking with the longitudinal steel carried through the construction joints. The
lining should be anchored to the slope as necessary by reinforced cutoff walls to prevent sliding.

Proper curing of the concrete lining is important, particularly in warm, dry, windy weather, to prevent the
early drying of corners, edges, and surfaces. A well-moistened subgrade and wet burlap in contact with
the exposed concrete surfaces is excellent for curing purposes.

The edges of newly constructed channels should be protected by a strip of sod at the time of construction.
The design of the lining edges should allow enough depth of soil to permit the growth of grass.

9.6 Bituminous-lined Channels
A well-drained subgrade is necessary beneath a bituminous lining because the strength and weight of the
lining is not sufficient to withstand high hydrostatic uplift pressure. Weed control measures are
sometimes necessary before the lining is placed. These measures consist of careful grubbing of the
subgrade followed by the application of soil sterilant.
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9.7 Riprap-lined Channels
All stone used for channel linings or bank protection should be hard, dense, and durable. Most of the
igneous and metamorphic rocks, many of the limestones, and some of the sandstones make excellent
linings. Shale is not suitable, and limestones and sandstones that have shale seams are undesirable.
Quarried stones, angular in shape, are preferred to rounder boulders or cobbles. HEC-15 provides
guidelines for riprap gradation, thickness and filter requirements for roadside channels and HEC-11 for
bank protection.(26,29)

The stones should be placed on the filter blanket or prepared natural slope in a manner which will
produce a reasonably well-graded mass of stone with the minimum practicable percentage of voids.
Stone protection should be placed to its full course thickness at one operation and in such a manner as to
avoid displacing the underlying material. Placing of stone protection in layers or by dumping into chutes
or by similar methods likely to cause segregation should not be permitted. The larger stones should be
well distributed and the entire mass of stones should roughly conform to the gradation specified. The
stone protection should be so placed and distributed as to avoid large accumulations or areas composed
largely of either the larger or smaller sizes of stone. The mass should be fairly compact, with all sizes of
material placed in their proper proportions. Hand-placing and rearranging of individual stones by
mechanical equipment may be required to the extent necessary to secure the results specified above. The
desired distribution of the various sizes of stone throughout the mass might be obtained by selective
loads during placing, or by a combination of these methods. Ordinarily, the stone protection should be
placed in conjunction with the construction of the embankment with only sufficient delay in construction
of the stone protection as may be necessary to prevent mixture of embankment and stone.

Bank protection where the channel is composed of sand or silt, should extend a minimum vertical
distance of 1.5 m below the streambed on a continuous slope with the embankment. Where the streambed
is of material other than sand or silt, the bank protection should be terminated in a rock toe at the level of
the streambed to prevent undermining the bank protection. The toe should have a minimum base width of
1.5 m and a minimum thickness of 1 m with 1 and 1-1/2 side slopes. On large rivers, or tidal estuaries,
having a considerable depth of flow at low water stages, the stone protection should extend a short
distance (e.g., 1.5 m) below the mean low water and the toe can be omitted.

Hand-placed stone should be carefully laid to produce a more or less definite pattern with a minimum of
voids and with the top surface relatively smooth. Joints should be staggered between courses. The stone
used for hand-placed protection should be of better quality than the minimum quality suitable for
dumped stone protection. Stones that are roughly square and of fairly uniform thickness are much easier
to place than irregular stones. Stone of a flat stratified nature should be placed with the principal bedding
planes normal to the slope. Openings to the subsurface should be filled with rock fragments; however,
enough voids or openings should be left to drain the subsurface properly.

Go to Chapter 10
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Chapter 10 : HDS 4
Drainage System Maintenance

Go to Chapter 11

10.1 General
Drainage facilities rapidly lose their effectiveness unless they are adequately maintained. Thus, a good
maintenance program is of equal importance with the proper design and construction of the drainage
system. In fact, a knowledge of the equipment to be used in maintenance and the methods to be
employed is a prerequisite to proper design.

Maintenance of vegetative cover on slopes and in drainage channels requires continued attention. The
original treatment applied during construction will not last forever. Repeated applications of fertilizer,
lime, or organic material at intervals are as necessary on the highway roadside as on the home lawn.
Areas often need reseeding or resodding to restore the vegetative cover. This should be done before
serious erosion occurs.

Minor erosion damage within the highway right-of-way should be repaired immediately after it occurs
and action taken to prevent a recurrence of the damage. The damage caused by light storms reveals the
points of weakness in the drainage system. If these weaknesses are corrected when repairing the damage
itself, the drainage system will likely carry the design discharge without damage. Deficiencies that are
found in the drainage systems and the corrective action taken should be reported to the hydraulic or
design engineer so that similar troubles will not occur on future construction. Reports on drainage works
that function well during severe storms are equally valuable to the designer.

10.2 Effect of Maintenance on Flow Capacity
Maintenance of highway drainage facilities includes repairing erosion damage, mowing grass-lined
channels, and removing any deposited sediment or debris. All these measures keep the capacity of the
drainage system at the design level. If a channel or culvert contains brush, sediment, or debris, the flow
capacity will be less than the design value. In a grass-lined channel, deposited sediment and debris may
kill the vegetative lining with subsequent erosion damage during higher flood flows. In some situations,
sediment traps and debris barriers might be constructed in order to collect the objectionable material for
easy removal.

The effect of inadequate maintenance in a grass-lined channel can be illustrated by considering the
Manning's equation and the effect of vegetation on n values. For a grass-lined channel that is regularly
mowed, the n value would be relatively low, e.g., 0.035. In contrast, if the same channel is not mowed
and grass/weeds are allowed to grow, the n value would be relatively high, e.g., 0.10. As a result, the
channel will only carry 0.035/0.10 = 0.35, or about one-third the flow for which it was designed. The
remainder of the design flow would overflow the channel and cause flooding or possible erosion.
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Chapter 11 : HDS 4
Drainage System Economics

Go to Appendix A

11.1 General
Providing adequate drainage is essential to the existence of the highway. Economical drainage
design is achieved through doing an adequate job at the lowest cost.

The lowest cost adequate drainage system maintains proper balance between first cost, flood
damage, and maintenance cost, and has the capacity and protection to carry the runoff for
which it was designed. Selection of the frequency of the design runoff is a matter of economics,
while estimating the magnitude of the storm runoff for a selected frequency belongs in the field
of hydrology. In this chapter, some of the factors to be considered in the economic selection of
highway drainage facilities are discussed.

11.2 Frequency of the Design Storm
The average annual cost of a drainage facility is the sum of (1) the first cost divided by the
expected life of the drainage facility, plus (2) the average annual maintenance cost, plus (3) the
annual charge for possible damage from facility runoff exceeding the design capacity. The
average annual maintenance cost might also include the annual charge for flood damage if a
flood exceeding the design capacity has occurred; however, it is probably better to separate
these costs. The damage to a facility designed to carry a 10-year runoff from a chance
occurrence of, say, a 200-year runoff in a few years' record of maintenance expenditures would
distort the average annual maintenance cost. The annual charge for possible flood damage
should consider the frequency of the design storm and equals the cost of damage from runoff
exceeding the design capacity divided by the return period, in years, of the design storm.

If these costs could be evaluated for various combinations of the component costs, the most
economical drainage system could be determined as the one with the lowest average annual
cost. The optimum frequency of the design storm would then be the frequency associated with
the storm runoff that, in combination with other costs, produced the lowest average annual cost.
However, the three cost items are interrelated and difficult to evaluate, particularly the item of
damage by runoff that exceeds the design runoff. The cost of storm damage includes the cost
of traffic interruption by floodwaters or washed-out highway, as well as the cost of repairing the
damage to the highway and drainage system and the additional damage to the abutting
property directly attributable to the presence of the highway. A further complication is the
variation in damage due to the magnitude by which the runoff exceeds the design runoff.

Individual analysis for each small drainage system is impractical, if not impossible. The best
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solution appears to be a study of average conditions and selection of the frequency of design
runoff to be used for various drainage structures according to the class of the highway. The
designated frequencies might vary from state to state or even within a state composed of areas
differing widely in topography or population density. Individual variations in the designated
frequency of the design storm might be needed at locations where damage by flooding could
be great, but the cost of a larger facility to carry a less frequent storm is moderate. Economic
analysis as applied to drainage structure design is discussed in HEC-17.(30)

Go to Appendix A
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Appendix A : HDS 4
Use of the Metric System

Go to Appendix B

The following information is summarized from the Federal Highway Administration, National Highway Institute
(NHI) Course No. 12301, "Metric (SI) Training for Highway Agencies." For additional information, refer to the
Participant Notebook for NHI Course No. 12301.

In SI there are seven base units, many derived units and two supplemental units (Table 3). Base units uniquely
describe a property requiring measurement. One of the most common units in civil engineering is length, with a
base unit of meters in SI. Decimal multiples of meter include the kilometer (1000 m), the centimeter (1 m/100) and
the millimeter (1 m/1000). The second base unit relevant to highway applications is the kilogram, a measure of
mass which is the inertial of an object. There is a subtle difference between mass and weight. In SI, mass is a
base unit, while weight is a derived quantity related to mass and the acceleration of gravity, sometimes referred to
as the force of gravity. In SI the unit of mass is the kilogram and the unit of weight/force is the newton. Table 4
illustrates the relationship of mass and weight. The unit of time is the same in SI as in the English system
(seconds). The measurement of temperature is Centigrade. The following equation converts Fahrenheit
temperatures to Centigrade, EC = 5/9 (EF - 32E).

Derived units are formed by combining base units to express other characteristics. Common derived units in
highway drainage engineering include area, volume, velocity, and density. Some derived units have special
names (Table 5).

Table 6 provides useful conversion factors from English to SI units. The abbreviations presented in this table for
metric units, including the use of upper and lower case (e.g., kilometer is "km" and a newton is "N") are the
standards that should be followed. Table 7 provides the standard SI prefixes and their definitions.

Table 8 provides physical properties of water at atmospheric pressure in SI system of units. Table 9 gives the
sediment grade scale and Table 10 gives some common equivalent hydraulic units.

Table 3. Overview of SI. 
Description Units Symbol
Base units

   length
   mass
   time
   temperature*
   electrical current
   luminous intensity
   amount of material

 

   meter
   kilogram
   second
   kelvin
   ampere
   candela
   mole

 

   m
   kg
   s
   K
   A
   cd
   mol

Derived units **  

Supplementary units

   angles in the plane
   solid angles

 

   radian
   steradian

 

   rad
   sr

* We will use degrees Celsius (EC), which has a more common usage than kelvin.
** Many derived units exist; several will be discussed in this session.

Table 4. Relationship of Mass and Weight. 
Units Mass Weight or Force of

Gravity
Force
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English slug
pound-mass

pound
pound-force

pound
pound-force

Metric kilogram newton newton

Table 5. Derived Units with Special Names. 

Quantity Name Symbol Expression

Frequency hertz Hz s-1

Force newton N kg · m/s2

Pressure, stress pascal Pa N/m2

Energy, work, quantity of heat joule J N · m

Power, radiant flux watt W J/s

Electric charge, quantity coulomb C A · s

Electric potential volt V W/A

Capacitance farad F C/V

Electric resistance ohm O V/A

Electric conductance siemens S A/V

Magnetic flux weber Wb V · s

Magnetic flux density tesla T Wb/m2

Inductance henry H Wb/A

Luminous flux lumen lm cd · sr

Illuminance lux lx lm/m2

Table 6. Useful Conversion Factors. 
Quantity From English Units To Metric Units Multiplied by*

Length mile
yard
foot
inch

km
m
m

mm

1.609
0.9144
0.3048
25.40

Area square mile
acre
acre

square yard
square foot
square inch

km2

m2
hectare

m2

m2

mm2

2.590
4047

0.4047
0.8361

0.092 90
645.2

Volume acre foot
cubic yard
cubic foot
cubic foot

100 board feet
gallon

cubic inch

m3

m3

m3

L (1000 cm3)
m3

L (1000 cm3)
cm3

1233
0.7646

0.028 32
28.32

0.2360
3.785
16.39

Mass lb
kip (1000 lb)

kg
metric ton (1000 kg)

0.4536
0.4536

Mass/unit length plf kg/m 1.488
Mass/unit area psf kg/m2 4,882
Mass density pcf kg/m3 16.02
Force lb

kip
N
kN

4.448
4.448

Force/unit length plf
klf

N/m
kN/m

14.59
14.59
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Pressure, stress, modulus
of elasticity

psf
ksf
psi
ksi

Pa
kPa
kPa
MPa

47.88
47.88
6.895
6.895

Bending moment, torque,
moment of force

ft-lb
ft-kip

N A m
kN A m

1.356
1.356

Moment of mass lb A ft kg A m 0.1383
Moment of inertia lb A ft2 kg A m2 0.042 14
Second moment of area in4 mm4 416 200
Section modulus in3 mm3 16 390
Power ton (refrig)

Btu/s
hp (electric)

Btu/h

kW
kW
W
W

3.517
1.054
745.7

0.2931
Volume rate of flow ft3/s

cfm
cfm
mgd

m3/s
m3/s
L/s

m3/s

0.028 32
0.000 471 9

0.4719
0.0438

Velocity, speed ft/s m/s 0.3048
Acceleration f/s2 m/s2 0.3048
Momentum lb A ft/sec kg A m/s 0.1383
Angular momentum lb A ft2/s kg A m2/s 0.042 14
Plane angle degree rad

mrad
0.017 45

17.45
* 4 significant figures; underline denotes exact conversion

 

Table 7. Prefixes. 
Submultiples Multiples

deci 10-1 d deka 101 da
centi 10-2 c hecto 102 h
milli 10-3 m kilo 103 k

micro 10-6 µ mega 106 M
nano 10-9 n giga 109 G
pica 10-12 p tera 1012 T

femto 10-15 f peta 1015 P
atto 10-18 a exa 1018 E

zepto 10-21 z zetta 1021 Z
yocto 10-24 y yotto 1024 Y

  

Table 8. Physical Properties of Water at Atmospheric Pressure in SI Units. 
Temperature Density Specific

Weight
Dynamic
Viscosity

Kinematic
Viscosity

Vapor
Pressure

Surface
Tension1

Bulk
Modulus

Celsius Fahrenheit kg/m3 N/m3 N A s/m2 m2/s N/m2 abs. N/m GN/m2

0E 32E 1,000 9,810 1.79 x 10-3 1.79 x 10-6 611 0.0756 1.99

5E 41E 1,000 9,810 1.51 x 10-3 1.51 x 10-6 872 0.0749 2.05

10E 50E 1,000 9,810 1.31 x 10-3 1.31 x 10-6 1,230 0.0742 2.11
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15E 59E 999 9,800 1.14 x 10-3 1.14 x 10-6 1,700 0.0735 2.16

20E 68E 998 9,790 1.00 x 10-3 1.00 x 10-6 2,340 0.0728 2.20

25E 77E 997 9,781 8.91 x 10-4 8.94 x 10-7 3,170 0.0720 2.23

30E 86E 996 9,771 7.97 x 10-4 8.00 x 10-7 4,250 0.0712 2.25

35E 95E 994 9,751 7.20 x 10-4 7.24 x 10-7 5,630 0.0704 2.27

40E 104E 992 9,732 6.53 x 10-4 6.58 x 10-7 7,380 0.0696 2.28

50E 122E 988 9,693 5.47 x 10-4 5.53 x 10-7 12,300 0.0679  

60E 140E 983 9,643 4.66 x 10-4 4.74 x 10-7 20,000 0.0662  

70E 158E 978 9,594 4.04 x 10-4 4.13 x 10-7 31,200 0.0644  

80E 176E 972 9,535 3.54 x 10-4 3.64 x 10-7 47,400 0.0626  

90E 194E 965 9,467 3.15 x 10-4 3.26 x 10-7 70,100 0.0607  

100E 212E 958 9,398 2.82 x 10-4 2.94 x 10-7 101,300 0.0589  
1Surface tension of water in contact with air

Table 9. Sediment Particles Grade Scale. 

Size

Approximate Sieve
Mesh

Openings Per Inch
ClassMillimeters Microns Inches Tyler U.S. Standard

4000n2000 ----- ----- 160n80 ----- ----- Very large
boulders

2000n1000 ----- ----- 80n40 ----- ----- Large boulders
1000n500 ----- ----- 40n20 ----- ----- Medium boulders
500n250 ----- ----- 20n10 ----- ----- Small boulders
250n130 ----- ----- 10n5 ----- ----- Large cobbles
130n64 ----- ----- 5n2.5 ----- ----- Small cobbles

 

64n32 ----- ----- 2.5n1.3 ----- ----- Very coarse
gravel

32n16 ----- ----- 1.3n0.6 ----- ----- Coarse gravel
16n8 ----- ----- 0.6n0.3 2 1/2 ----- Medium gravel
8n4 ----- ----- 0.3n0.16 5 5 Fine gravel
4n2 ----- ----- 0.16n0.08 9 10 Very fine gravel

 

2n1 2.00n1.00 2000n1000 ----- 16 18 Very coarse sand
1n1/2 1.00n0.50 1000n500 ----- 32 35 Coarse sand

1/2n1/4 0.50n0.25 500n250 ----- 60 60 Medium sand
1/4n1/8 0.25n0.125 250n125 ----- 115 120 Fine sand

1/8n1/16 0.125n0.062 125n62 ----- 250 230 Very fine sand

 

1/16n1/32 0.062n0.031 62n31 ----- ----- ----- Coarse silt
1/32n1/64 0.031n0.016 31n16 ----- ----- ----- Medium silt
1/64n1/128 0.016n0.008 16n8 ----- ----- ----- Fine silt
1/128n1/256 0.008n0.004 8n4 ----- ----- ----- Very fine silt

 

Arch
ive

d



1/256n1/512 0.004n0.0020 4n2 ----- ----- ----- Coarse clay
1/512n1/1024 0.0020n0.0010 2n1 ----- ----- ----- Medium clay

1/1024n1/2048 0.0010n0.0005 1n0.5 ----- ----- ----- Fine clay
1/2048n1/4096 0.0005n0.0002 0.5n0.24 ----- ----- ----- Very fine clay

Table 10. Common Equivalent Hydraulic Units. 
Volume

Unit Equivalent
Cubic Inch Liter U.S. Gallon Cubic

Foot
Cubic Yard Cubic

Meter
Acre-Foot Sec-Foot-Day

liter 61.02 1 0.264 2 0.035 31 0.001 308 0.001 810.6 E - 9 408.7 E - 9
U.S. gallon 231.0 3.785 1 0.133 7 0.004 951 0.003 785 3.068 E - 6 1.547 E - 6
cubic foot 1728 28.32 7.481 1 0.037 04 0.028 32 22.96 E - 6 11.57 E - 6
cubic yard 46,660 764.6 202.0 27 1 0.746 6 619.8 E - 6 312.5 E - 6

meter3 61,020 1000 264.2 35.31 1.308 1 810.6 E - 6 408.7 E - 6
acre-foot 75.27 E + 6 1,233,000 325,900 43 560 1 613 1 233 1 0.504 2

sec-foot-day 149.3 E + 6 2,447,000 646,400 86 400 3 200 2 447 1.983 1
Discharge (Flow Rate, Volume/Time)

Unit Equivalent
gallon/min liter/sec acre-foot/day foot3/sec million gal/day meter3/sec

gallon/minute 1 0.063 09 0.004 419 0.002 228 0.001 440 63.09 E - 6
liter/second 15.85 1 0.070 05 0.035 31 0.022 82 0.001

acre-foot/day 226.3 14.28 1 0.504 2 0.325 9 0.014 28
feet3/second 448.8 28.32 1.983 1 0.646 3 0.028 32

meter3/second 15,850 1000 70.04 35.31 22.82 1

Go to Appendix B
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Appendix B : HDS 4
Drainage Design Charts and Tables

Go to Appendix C

Table 11. Values of Runoff Coefficients, C, for Use in the Rational Method. 
Type of Surface Runoff Coefficient

(C1)
Rural Areas

Concrete or sheet asphalt pavement 0.8-0.9
Asphalt macadam pavement 0.6-0.8
Gravel roadways or shoulders 0.4-0.6
Bare earth 0.2-0.9
Steep grassed areas (2:1) 0.5-0.7
Turf meadows 0.1-0.4
Forested areas 0.1-0.3
Cultivated fields 0.2-0.4

Urban Areas
Flat residential, with about 30 percent of area impervious 0.40
Flat residential, with about 60 percent of area impervious 0.55
Moderately steep residential, with about 50 percent of area impervious 0.65
Moderately steep built up area, with about 70 percent of area impervious 0.80
Flat commercial, with about 90 percent of area impervious 0.80
1For flat slopes and permeable soil, use the lower values. For steep slopes and impermeable soil, use the
higher values.

 

Table 12. Manning's Roughness Coefficients for Various Boundaries. 
Rigid Boundary Channels Manning's n
Very smooth concrete and planed timber
Smooth concrete
Ordinary concrete lining
Wood
Vitrified clay
Shot concrete, untroweled, and earth channels in best condition
Straight unlined earth canals in good condition
Mountain streams with rocky beds

0.011
0.012
0.013
0.014
0.015
0.017
0.020

0.040-0.050
MINOR STREAMS (top width at flood stage < 30 m)
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Bare Soil
Noncohesive

See "Hydraulic Engineering Circular No. 15"(26)Cohesive

*Some "temporary" linings become permanent when buried.                              

**A-E refers to retardance class, with Class A vegetation having high retardance
and Class E having low retardance. Typical examples include (HEC-15, Table 1):

Retardance Class Cover Condition

A Weeping lovegrass Excellent stand, tall (76 cm)

B Weeping lovegrass Good stand, tall (61 cm)

C Bermuda grass Good stand, mowed (15 cm)

D Bermuda grass Good stand, cut (6 cm)

E Bermuda grass Good stand, cut (4 cm)

Table 14. Manning's Roughness Coefficients.(26)

Lining Category Lining Type

n - value
Depth Ranges

0n0.15 m 0.15n0.60 m >0.60 m

Rigid

Concrete 0.015 0.013 0.013
Grouted Riprap 0.040 0.030 0.028
Stone Masonry 0.042 0.032 0.030
Soil Cement 0.025 0.022 0.020
Asphalt 0.018 0.016 0.016

Unlined
Bare Soil 0.023 0.020 0.020
Rock Cut 0.045 0.035 0.025

Temporary*

Woven Paper Net 0.016 0.015 0.015
Jute Net 0.028 0.022 0.019
Fiberglass Roving 0.028 0.021 0.019
Straw with Net 0.065 0.033 0.025
Curled Wood Mat 0.066 0.035 0.028
Synthetic Mat 0.036 0.025 0.021

Gravel Riprap
25 mm D50 0.044 0.033 0.030

50 mm D50 0.066 0.041 0.034

Rock Riprap
150 mm D50 0.104 0.069 0.035

300 mm D50 -- 0.078 0.040
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*Some "temporary" linings become permanent when buried.                         

Note: Values listed are representative values for the respective depth ranges.
                Manning's roughness coefficients n vary with the flow depth.

Table 15. Manning's n Values for Closed Conduits. 
Description Manning's n Range
Concrete pipe 0.011-0.013
Corrugated metal pipe or pipe-arch:  

Corrugated Metal Pipes
and Boxes, Annular or
Helical Pipe (Manning's n
varies with barrel size)

 

Corrugated Metal Pipes
Helical Corrugations,
Full Circular Flow

Spiral Rib Metal Pipe

67 by 12 mm corrugations
150 by 25 mm corrugations
    125 by 25 mm corrugations
75 by 25 mm corrugations
    150 by 50 mm structural plate corrugations
    225 by 62 mm structural plate corrugations

67 by 12 mm corrugations

Smooth walls

0.022-0.027
0.022-0.025
0.025-0.026
0.027-0.028
0.033-0.035
0.033-0.037

0.012-0.024

0.012-0.013
Vitrified clay pipe 0.012-0.014
Cast-iron pipe, uncoated 0.013
Steel pipe 0.009-0.013
Brick 0.014-0.017
Monolithic concrete:  

Wood forms, rough1.  
Wood forms, smooth2.  
Steel forms3.  

0.015-0.017
0.012-0.014
0.012-0.013

Cemented rubble masonry walls:  

Concrete floor and top1.  
Natural floor2.  

0.017-0.022
0.019-0.025

Laminated treated wood 0.015-0.017
Vitrified clay liner plates 0.015

NOTE: The values indicated in this table are recommended Manning's n design
values. Actual field values for older existing pipelines may vary depending on the
effects of abrasion, corrosion, deflection, and joint conditions. Concrete pipe with
poor joints and deteriorated walls may have n values of 0.014 to 0.018. Corrugated
metal pipe with joint and wall problems may also have higher n values, and in
addition, may experience shape changes which could adversely effect the general
hydraulic characteristics of the pipeline.
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Form Loss Relationships

A. Access Hole Losses (HYDRAIN procedure)(10)

Access hole losses are calculated as a coefficient times the outlet velocity head.
The coefficient K has been experimentally defined as

where

K = Adjusted headloss coefficient
Ko = Initial headloss coefficient based on relative access hole size
CD = Correction factor for pipe diameter
Cd = Correction factor for flow depth
CQ = Correction factor for relative flow
Cp = Correction factor for plunging flow
CB = Correction factor for benching

The initial headloss coefficient Ko, is estimated as a function of the relative access
hole size and angle between the inflow and outflow pipes:

where

Ko = Initial headloss coefficient based on relative access hole size
θ = Angle between the inflow and outflow pipes (see following figure)
b = Access hole diameter
Do = Outlet pipe diameterArch
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angle of deflection

It has been shown that there are only slight differences in headloss coefficient
between round and square access holes. Therefore, access hole shape can be
ignored when estimating headlosses for design purposes.

The correction factor for pipe diameter, CD, was determined to be:

where

CD =Correction factor for variation in pipe diameter
Di = Incoming pipe diameter
Do= Outgoing pipe diameter

A change in headloss due to differences in pipe diameter was found to only be
significant in pressure flow situations when the depth in the access hole to outlet
pipe diameter ratio, d/Do, is greater than 3.2. Therefore, it is only applied in such
cases.

The correction factor for flow depth, Cd, is calculated by the following:

where

Cd = Correction factor for flow depth
d = Water depth in access hole above outlet pipe invert
Do = Outlet pipe diameter

This correction factor was found to be significant only in cases of free surface flow
or low pressures, when d/Do ratio is less than 3.2, and is only applied in such
cases. Water depth in the access hole is approximated as the level of the hydraulic
gradeline at the upstream end of the outlet pipe.

The correction factor for relative flow, CQ, is computed by:
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where

CQ = Correction factor for relative flow
θ = The angle between the original inflow and outflow pipes
Qi = Flow in the original inflow pipe
Qo = Flow in the outlet pipe

CQ is a function of the angle of the incoming flow as well as the percentage of flow
coming in through the pipe of interest versus other incoming pipes. To illustrate this
effect, consider the access hole shown in the following figure and assume that Q1 =
3 m3/s, Q2 = 1 m3/s, and Q3 = 4 m3/s. Solving for the relative flow correction factor
in going from the outlet pipe (number 3) to one of the inflow pipes (number 2):

For a second example, consider the following flow regime: Q1 = 1 m3/s, Q2 = 3
m3/s, Q3 = 4 m3/s. Calculating CQ for this case:

In both of these cases, the flow coming in through pipe number 2 has to make a
90-degree bend before it can go out pipe number 3. In case 1, the larger flow
traveling straight through the access hole, from pipe number 1 to pipe number 3,
assists the flow from pipe number 2 in making this bend. In case 2, a majority of the
flow is coming in through pipe number 2. There is less assistance from the straight
through flow in directing the flow from pipe number 2 into pipe number 3. As a
result, the correction factor for relative flow in case 1 (0.19) was much smaller than
the correction factor for case 2 (0.65).Arch
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The correction factor for plunging flow, Cp, is calculated by the following:

where

Cp = Correction for plunging flow
h = Vertical distance of plunging flow from the invert of the plunging pipe
to the center of the outlet pipe
Do = Outlet pipe diameter
d = Water depth in the access hole

This correction factor corresponds to the effect of another inflow pipe, plunging into
the access hole, on the inflow pipe for which the headloss is being calculated. Using
the notations the above figure, for example, Cp is calculated for pipe number 2
when pipe number 1 discharges plunging flow. The plunging flow that results from
flow entering through the inlet into the access hole is considered in the same
manner. The correction factor is only applied when h is greater than d.

The final correction factor multiplied by the initial headloss coefficient Ko to get the
adjusted headloss coefficient K is the correction for benching in the access hole,
CB. Benching tends to direct flows through the access hole, resulting in reductions
in headloss. The following figure shows the types of benching considered in
HYDRA. The benching correction factors employed by HYDRA are shown in Table
16. For flow depths between the submerged and unsubmerged conditions, a linear
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interpolation is performed.

Table 16. Correction Factors, CB, for Benching.

Bench Type
Correction Factors CB

Submerged* Unsubmerged**
Flat floor
Benched one-half of pipe diameter
Benched one pipe diameter
Improved

1.00
0.95
0.75
0.40

1.00
0.15
0.07
0.02

*Pressure flow, d/Do > 3.2
**Free surface flow, d/Do <1.0

B. Transition Losses

where

 = Absolute value of the velocity head differential from

upstream to downstream.

Kt = 0.1 for increasing velocity and 0.2 for decreasing velocity.

For pressure flow through transitions, the following equations are applicable:
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Appendix C : HDS 4
Comprehensive Example
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I. Problem Statement
Many of the procedures discussed in this document will be used to design various drainage
components of an interstate highway project. The layout of the drainage system is shown in the
plan view map. The grading for the project has defined channel courses within the highway
right-of-way, or in the case of the cut slopes within an easement. The original topographic
contours are shown as dotted lines, and the revised contours based on the grading for the
roadway are shown as solid lines. The stationing for the roadway is given by the solid line in the
median swale between the north and southbound lanes.

The drainage channels are indicated by dashed lines and are numbered for easy reference. The
points for which channel sizes are calculated are indicated by letters. Roadway and toe-of-slope
channels are used to capture the runoff within the right-of-way and carry water to the natural
drainage course. Intercepting channels are used on the cut slopes to capture off-site drainage
and to protect the cut slopes from erosion. Note that intercepting channels 8 and 9 dispose of
water by distributing it over the hillside, while intercepting channel 4 conducts water to channel 5.
Drainage components considered in this example include the roadway/toe-of-slope channels 4
and 5, a storm drainage at the lower end of channel 5, and median swale 6.

The design will be completed for a 10-year discharge. For all Rational method calculations use
the IDF curve provided at the end of this appendix. This IDF curve was calculated using
HYDRAIN. A metric engineering scale and additional nomographs necessary for solution are
also provided on a separate page at the end of this appendix.

II. Calculations

A. Channel 4 Design

This channel drains a grassed cut slope. The first step is to use the Rational method
to define the 10-year design discharge. For the grassed cut slope assume C = 0.7
and A = 0.2 ha.

The kinematic wave formula will be used for the overland flow tc with an assumed
n=0.5. The grassed cut slope drops in elevation from 450 m to 445 m in 15 m, so that

Slope, S= 5m 0.3315m
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Design of Roadside Drainage Channels, written by James Searcy.   That document
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17. Key Words

Hydrology, hydraulics, highway drainage, open channels,
roadside ditches, pavement drainage, inlets, closed
conduits, culverts, storm drains, energy dissipators

18. Distribution Statement

This document is available to
the public from the National
Technical information
service, Springfield, Virginia
22151

19. Security Classif. (of this
report)

Unclassified

20. Security Classif. (of this
page)

Unclassified

21. No. of Pages

192

22. Price

Go to Table of Contents

Arch
ive

d



Arch
ive

d



Arch
ive

d



Arch
ive

d



Arch
ive

d















Z ft. Elevation of bed of channel above a datum
z ft. Slope of sides of a channel (ratio of horizontal to vertical)
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