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24 QUESTIONS 
Q1: Highway drainage facilities can be broadly classified into what category based on 

construction: 
  

(A) Open Channel facilities 
(B) Closed Channel facilities 
(C) Closed Conduit 
(D) A and C 

 

Q2: The primary purpose of highway drainage facilities is ALL of the following except: 
  

(A) Prevent surface runoff from reaching the roadway 
(B) Remove rainfall efficiently from the roadway 
(C) Prevent debris from reaching the roadway 
(D) Remove surface water efficiently from the roadway 

 

Q3: If gaged data of adequate length and quality are available how can flood peaks be 
estimated: 

  

(A) By using statistical analysis of the flow record 
(B) By using empirical equations 
(C) By using rules of thumb 
(D) By using factored gage data 

 

Q4: Which best describe intensity of rainfall:   
  

(A) The rate at which rain falls 
(B) Is usually stated as inches per hour regardless of the duration 
(C) May also be stated as total rainfall in a particular time period 
(D) All of the above 

 

Q5: The runoff coefficient is tabulated as a function of ALL of the following EXCEPT: 
  

(A) Slope 
(B) Intensity of rainfall 
(C) Surface area 
(D) Infiltration 

 

Q6: In concentrated flow conditions the velocity is typically estimated from: 
  

(A) Basic hydraulic data 
(B) Manning Equation 
(C) Freudal Equation 
(D) Concentrated flow equation 

 



Easy-PDH.com      DESIGN GUIDE – Introduction to Highway Hydraulics (Part 1 of 2) 

Q7: Statewide regression equations have been developed throughout the US to estimate 
peak flows in a series of studies between the Federal Highway Administration and what 
other government agency: 

  

(A) EPA 
(B) USGS 
(C) FEMA 
(D) USDOT 

 
Q8: In uniform flow conditions, which of the following characteristics is TRUE: 
  

(A) Depth remains constant with respect to distance 
(B) Discharge remains constant with respect to distance 
(C) Velocity remains constant with respect to distance 
(D) All of the Above 

 
Q9: The energy equation is derived from which law of thermodynamics: 
  

(A) First 
(B) Second 
(C) Third 
(D) Fourth 

 
Q10: The momentum coefficient is normally assumed to be WHAT across a section: 
  
(A) 0.80 
(B) 1.00 
(C) 1.10 
(D) 1.20 

 
Q11: In general, when fluid acceleration is small the pressure distribution is considered:  
  

(A) Hydraulic 
(B) Hydrodynamic 
(C) Hydrostatic 
(D) Hydrostoic 

 

Q12: A weir is typically a notch with a free surface and of which regular shape:  
  

(A) Rectangular 
(B) Square 
(C) Triangular 
(D) All of the above 
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Q13: All of the following are TRUE for orifices EXCEPT:   
  

(A) Water flowing through the opening of a regular shape is in contact with the total perimeter 
(B) If a jet of water from the orifice discharges into the air it is called an atmospheric discharge 
(C) A sharp upstream edge is called a sharp-edged orifice 
(D) If the jet of water discharges under the water surface it is called a submerged orifice 

 
Q14: The dominant material in sand bed streams is sand comprising what PERCENTAGE: 
  

(A) 50 percent 
(B) 55 percent 
(C) 60 percent 
(D) 65 percent 

 

Q15: Robert Manning developed a useful equation for the determination of velocity of flow in 
open channels.  Robert Manning was: 

  

(A) A Scottish engineer 
(B) An Irish engineer 
(C) A Russian Engineer 
(D) An American Engineer 

 

Q16: in the design of highway drainage facilities, the velocity of flow varies vertically with the 
minimum at what point:  

  
(A) Along the bottom 
(B) In the middle 
(C) At the top 
(D) NA, flow stays the same across the cross section of flow 

 
Q17: The Froude Number uniquely describes the flow pattern in open-channel flow and what 

value describes critical flow: 
  

(A) 0.50 
(B) 1.00 
(C) 1.50 
(D) 2.00 

 
Q18: Which best describes surge in highway hydraulics: 
  

(A) Rapid decrease in the depth of flow  
(B) Raping increase in the depth of flow 
(C) Gradual decrease in depth of flow 
(D) Gradual increase in depth of flow 
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Q19: Flow at minimum specific energy has a Froude Number equal to: 
  

(A) 0.50 
(B) 1.00 
(C) 1.50 
(D) 2.00 

 

Q20: Uniform flow within about what PERCENTAGE of the critical depth is unstable and 
should be avoided in design: 

  

(A) 10 percent 
(B) 15 percent 
(C) 20 percent 
(D) 25 percent 

 

Q21: A hydraulic jump will occur when: 
  

(A) The flow velocity is rapid or supercritical 
(B) The slope is decreased to a slope for subcritical flow 
(C) An obstruction such as an energy dissipator is placed in the flow 
(D) All of the above 

 

Q22: Water traveling at supercritical velocities around bends will: 
  

(A) Build up waves that may climb out of the channel 
(B) Decrease velocity and increase erosion 
(C) Increase velocity and decrease erosion 
(D) Increase velocity and create scour 

 

Q23: In gradually varied flow ALL of the following are true EXCEPT: 
  
(A) Changes in depth and velocity take place slowly 
(B) Resistance to flow dominates 
(C) This is considered a form of steady uniform flow 
(D) Acceleration forces are neglected 

 

Q24: When there is a change in cross section or slope or an obstruction to the flow, the 
qualitative analysis of the flow profile depends on: 

  
(A) Location of control points 
(B) Determination of the water surface profile around the control points 
(C) Sketching water surface profiles 
(D) All of the Above 

End of Test Questions 
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CHAPTER 1  

INTRODUCTION

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: (1) open-channel or (2) closed-conduit facilities. 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 1.1 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 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 discharge 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.   
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Figure 1.1. Types of highway drainage facilities. 

1.3 DESIGN PHILOSOPHY 

The primary purpose of highway drainage facilities is to prevent surface runoff from reaching 
the roadway and to remove rainfall or surface water efficiently from the roadway. 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 for the risk involved considering traffic conditions, 
structure size, and value of adjacent property. 

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 1 percent chance of being equaled 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 equaled or exceeded on average once every 100 years. A super flood is 
significantly greater than the base flood. For example, a 0.2 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 1 percent flood; nevertheless, it does draw 
attention to the fact that floods greater than the 1 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. 
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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. 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. 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 

Appendix A summarizes the use of SI, particularly as it relates to highway drainage design. 
This document will be presented in dual units with SI as the primary unit. The English 
system of units, which will follow in parentheses, refers to the U.S. customary units. 
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Drainage design for facilities serving small areas can typically be based on peak flow 
conditions. 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 (HDS-2) entitled, Highway Hydrology 
(McCuen et al. 2002). 
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CHAPTER 2  

ESTIMATING STORM RUNOFF FROM SMALL AREAS 

2.1 GENERAL 

The first step in designing a drainage facility is to determine the quantity of water or 
discharge 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 
2.1), 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 2.1. Flood hydrograph. 



Methods for making peak flow estimates can be separated into two categories: (1) sites with 
measured stream gage data, and (2) 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. 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 (McCuen et al. 2002). 

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 or 200 acres.  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 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 (3,531 ft3/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 (3,531 ft3/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. The design frequency set by a highway agency accounts for these 
factors and typically represents the minimum design standard. There are times that a higher 
design flood may be justified. 

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. 
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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, Hydrology 
Committee Bulletin 17B (Interagency Advisory Committee on Water Data 1982).  A complete 
treatment of the statistical analysis of gaged data is provided by HDS-2 (McCuen et al. 
2002). 

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 
(in/hr) 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 (Figure 2.2). 

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. 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. 
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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. 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" (AASHTO 2007). 
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2.5 RATIONAL METHOD 

2.5.1 Equation and Assumptions 

One of the most common equations for peak flow estimation is the Rational Method: 

Q = (1/Ku) CiA (2.1) 

where: 
Q = Peak rate of runoff, m3/s (ft3/s) 
C = Dimensionless runoff coefficient assumed to be a function of the cover of 

the watershed 
i = Average rainfall intensity, for the selected frequency and for duration equal 

to the time of concentration, mm/h (in/hr) 
A = Drainage area, tributary to the point under design, hectares (acres) 
Ku = 360 (1) 

The Rational Method 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). 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 (200 acres). 

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

1. Peak flow occurs when the entire watershed is contributing.
2. 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.

3. 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.
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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 B.1 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, 
the accuracy of the Rational Method is better when the land-use is fairly consistent over the 
entire area. 

EXAMPLE PROBLEM 2.1 (SI Units) 

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: 3.5 m of concrete pavement; 
8 m grassed channel in a sandy soil, and backslope; 60 m of forested watershed. The length 
of the area is 125 m. 

Find: Runoff coefficient, C 

Solution: 

 

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

Concrete pavement 
Grassed channel 

0.95 
0.10 

0.043 
0.100 

0.041 
0.010 

Forested watershed 0.30 0.750 0.225 

TOTAL --- 0.90 0.276

Weighted C = 0.276 / 0.90 = 0.31 
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Find: Runoff coefficient, C 

Solution: 

C Area CA
Type of Surface (Table B.1) (acres) (acres) 

Concrete pavement 
Grassed channel 

0.95 
0.10 

0.11 
0.24 

0.105 
0.024 

Forested watershed 0.30 1.84 0.552

TOTAL --- 2.19 0.681

Weighted C = 0.681 / 2.19 = 0.31 

2.5.3 Time of Concentration 

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. Channelized flow is typically further divided into shallow 
concentrated flow and concentrated flow, resulting in the definition of three primary flow 
paths (overland, shallow concentrated and concentrated). Overland occurs in the upper 
reaches of a watershed as shallow, sheet flow, typically at flow depths of 20 to 30 mm (0.8 to 
1.2 in) or less. Such flow occurs over short distances prior to the point where topography and 
surface characteristics cause the flow to concentrate in rills and small swales. Shallow 
concentrated flow occurs in rills and swales at depths on the order of 40 to 100 mm (1.6 to 
3.9 in). As flow continues to accumulate concentrated flow occurs in larger and deeper 
amounts in typical open channel conveyances (gulleys, ditches, storm drains, etc). Figure 
2.3 illustrates a typical subdivision of these three different flow paths from the upper end of a 
watershed to the lower end. It is not always apparent when the flow changes from overland 
flow to shallow concentrated flow. If there is no field evidence of small channels or 
concentrated flow conditions, it is reasonable to assume a maximum overland flow length of 
130 m (400 ft). 
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EXAMPLE PROBLEM 2.1 (English Units) 

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: 12 ft of concrete pavement; 
26 ft grassed channel in a sandy soil, 200 ft of forested watershed.  The length of the area is 
400 ft. 

 



Figure 2.3. Subdividing overland flow, shallow concentrated flow and concentrated flow. 

The time of concentration is the sum of the travel times in all three flow paths.  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 ensure an appropriate value is obtained. 
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. 

In channelized flow the travel time is typically estimated from basic hydraulic data (t = 
distance/velocity). The velocity in shallow concentrated flow may be estimated from Figure 
2.4. (Figure 2.5 in English units). In concentrated flow conditions the velocity is typically 
estimated from Manning’s equation based on either full pipe conditions for storm drains or 
bankfull conditions for channel sections. For overland flow the most physically correct 
approach is based on kinematic wave theory (McCuen et al. 2002): 

  

 0.6 0.6n L  
t  K (2.2) u i0.4 0.3S 

where: 
t = Minutes 
L 
n 
i 
S 
Ku 

= 
= 
= 
= 
= 

Overland flow length, m (ft) 
Manning's roughness coefficient 
Rainfall intensity, mm/h (in/hr) 
Average slope of the overland flow area, m/m (ft/ft) 
Empirical coefficient equal to 6.92 (0.933 in English units) 
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 Figure 2.4. Average velocities for estimating travel time for shallow concentrated flow in 
SI units (after SCS 1986). 
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 Figure 2.5.  Average velocities for estimating travel time for shallow concentrated flow in 
English units (from SCS 1986). 

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. The section of Table B.2, titled "Overland Flow and 
Sheet Flow" (Appendix B), provides typical n values for use in this equation. HDS-2 (McCuen 
et al. 2002) illustrates the use of this equation. 
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2.5.4 Rainfall Intensity 

Rainfall intensity-frequency data are available as discussed in Section 2.4.  Given the time of 
concentration, the corresponding rainfall intensity can be determined from the intensity-
duration-frequency curve. When total rainfall depths are provided the values are converted 
to rainfall intensity for use in the Rational Method by dividing the rainfall depth by the duration 
expressed in hours. 

2.5.5 Drainage Area 

The drainage area, in hectares (acres), contributing flow to the point in question, can be 
measured on a topographic map or determined in the field. If a site visit is necessary for 
defining drainage area, data required to determine time of concentration and the runoff 
coefficient should also be noted. 

2.5.6 Computing the Design Discharge for Complex Drainage Areas 

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 (SI Units) 

Given: The contributing area as described in Example 2.1.  The weighted C is 0.31. The 
watershed slope is 0.5 percent, and the channel will be graded at 0.6 percent.  Use the IDF 
curve given in Figure 2.2 to get the rainfall intensity given the time of concentration. 

Find: The discharge at a storm drain inlet near the lower end of the roadside channel using 
the Rational Method. 

Solution: For the channel (125 m long) the travel time will be estimated based on average 
velocity and travel distance. The channel flow path could be divided into both shallow 
concentrated and concentrated flow, but given the wide channel width and relatively small 
drainage area, it is reasonable to assume shallow concentrated throughout the entire 
channel reach. From Figure 2.4, the average velocity for an unpaved surface in shallow 
concentrated flow is about 0.39 m/s for a slope of 0.006.  For the 125 m channel the travel 
time is then tchannel = 125/ 0.39 = 321 s = 5 min. 

The overland flow travel time is obtained from Equation 2.2.  The overland flow distance is 60 
m, the overland flow Manning n value is 0.50 and the slope (S) is 0.005 m/m. The rainfall 
intensity should be the intensity associated with the entire watershed and is a function of the 
time of concentration. Therefore, this is an iterative computation that must include the 
channel travel time computed above. 

Iteration 1.  Assume the overland flow travel time is 60 minutes. The time of concentration 
for the entire watershed is then 60 + 5 = 65 min and from Figure 2.2 the intensity (i) is about 
27 mm/hr. 
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 0.5 0.6 600.6  t  6.92 70min
27 0.4 0.005 0.3
  

Since this is not equal to the assumed overland flow travel time, a second iteration is 
required. 

Iteration 2. Using the calculated time of 70 + 5 = 75 min, the intensity (i) is about 24 mm/hr 

 0.5 0.6 600.6  t  6.92 0.4 0.3 73min
 24 0.005  

And a third iteration is required. 

Iteration 3. Using the calculated time of 73 + 5 = 78 min, the intensity (i) is about 23 mm/hr 

 0.5 0.6 600.6  t  6.92 0.4 0.3 74min
 23 0.005  

This is close enough and the overland flow travel time calculation is complete. 

Again using the IDF curve, the rainfall intensity for the computed time of concentration (74 + 
5 = 79 min) is about 23 min/hr. Applying the Rational Method equation the calculated 
discharge at the outlet of the channel is: 

Q = (0.31)(23)(0.9)/360 = 0.018 m3/s 

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. 

EXAMPLE PROBLEM 2.2 (English Units) 

Given: The contributing area as described in Example 2.1.  The weighted C is 0.31. The 
watershed slope is 0.5 percent, and the channel will be graded at 0.6 percent.  Use the IDF 
curve given in Figure 2.2 to get the rainfall intensity given the time of concentration. 

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

Solution: For the channel (400 ft long) the travel time will be estimated based on average 
velocity and travel distance. The channel flow path could be divided into both shallow 
concentrated and concentrated flow, but given the wide channel width and relatively small 
drainage area, it is reasonable to assume shallow concentrated throughout the entire 
channel reach. From Figure 2.5, the average velocity for an unpaved surface in shallow 
concentrated flow is about 1.25 ft/s for a slope of 0.006. For the 400 ft channel the travel 
time is then tchannel = 400/ 1.25 = 320 s = 5 min. 

The overland flow travel time is obtained from Equation 2.2.  The overland flow distance is 
200 ft, the overland flow Manning n value is 0.50 and the slope (S) is 0.005 ft/ft.  The rainfall 
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intensity should be the intensity associated with the entire watershed and is a function of the 
time of concentration. Therefore, this is an iterative computation that must include the 
channel travel time computed above. 

Iteration 1.  Assume the overland flow travel time is 60 minutes.  The time of concentration 
for the entire watershed is then 60 + 5 = 65 min and from Figure 2.2 the intensity (i) is about 
1.1 in/hr 

 0.5 0.6 2000.6  t  0.933 0.4 70min
 1.1 0.005 0.3

 

Since this is not equal to the assumed overland flow travel time, a second iteration is 
required. 

Iteration 2. Using the calculated time of 70 + 5 = 75 min, the intensity (i) is about 0.98 in/hr 

 0.5 0.6 2000.6  t  0.933 
0.98 0.4 0.3 73min
 0.005  

And a third iteration is required. 

Iteration 3. Using the calculated time of 73 + 5 = 78 min, the intensity (i) is about 0.95 in/hr 

 0.5 0.6 2000.6  t  0.933 0.4 0.3 74min
 0.95 0.005  

This is close enough and the overland flow travel time calculation is complete. 

Again using the IDF curve, the rainfall intensity for the computed time of concentration (74 + 
5 = 79 min) is about 0.92 in/hr. Applying the Rational Method equation the calculated 
discharge at the outlet of the channel is: 

Q = (0.31)(0.92)(2.19) = 0.62 ft3/s 

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 
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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. 

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 (McCuen 
et al. 2002). 

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). 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 HDS-2 (McCuen et al. 2002). 

2.6.4 National Streamflow Statistics Program 

As a result of the widespread use of various regression equations the USGS compiled all 
statewide and metropolitan area regression equations into a computer program titled the 
National Streamflow Statistics (NSS) program. The NSS 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 
software for making these computations, and provides the reference information and input 
data needed to run the computer program.  Typical flood hydrographs corresponding to a 
given peak discharge can also be estimated by procedures described in the NSS. 
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CHAPTER 3  

FUNDAMENTAL HYDRAULIC CONCEPTS 

3.1 GENERAL 

The design of drainage structures requires the use of the continuity, energy and momentum 
equations. From these fundamental equations other equations are derived by a combination 
of mathematics, laboratory experiments and field studies. These equations are used 
differently to analyze open-channel flow and closed conduits flowing full.  A closed-conduit 
flowing partially full is open-channel flow.  Compared to closed conduits flowing full, open-
channel flow has the complexity of a free surface where the pressure is atmospheric and this 
free surface is controlled only by the laws of fluid mechanics.  Another complexity in open-
channel flow is introduced when the bed of the stream or conduit is composed of natural 
material such as sand, gravel, boulders or rock that is movable. In the following sections, the 
fundamental equations, derived equations and definitions of terms will be given.  The 
equations and methods will not be derived. The user is referred to standard textbooks, 
FHWA publications and the literature cited for additional information. 

Flow can be classified as: (1) uniform or nonuniform flow; (2) steady or unsteady flow; (3) 
laminar or turbulent flow; and (4) subcritical (tranquil) or supercritical (rapid) flow. In uniform 
flow, the depth, discharge, and velocity remain constant with respect to distance. In steady 
flow, no change occurs with respect to time at a given point. In laminar flow, the flow field 
can be characterized by layers of fluid, one layer not mixing with adjacent ones.  Turbulent 
flow on the other hand is characterized by random fluid motion. Laminar flow is distinguished 
from turbulent flow by the use of a dimensionless number called the Reynolds Number. 
Subcritical flow is distinguished from supercritical flow by a dimensionless number called the 
Froude Number, Fr. If Fr < 1, the flow is subcritical; if Fr > 1, the flow is supercritical, and if 
Fr = 1, the flow is called critical. These and other terms will be more fully explained in the 
following sections. 

3.2 BASIC PRINCIPLES 

3.2.1 Introduction 

Basic equations of flow are continuity, energy and momentum.  They are derived from the 
laws of (1) the conservation of mass; (2) the conservation of energy; and (3) the conservation 
of linear momentum, respectively. Conservation of mass is another way of stating that 
(except for mass-energy interchange) matter can neither be created nor destroyed. The 
principle of conservation of energy is based on the first law of thermodynamics which states 
that energy must at all times be conserved.  The principle of conservation of linear 
momentum is based on Newton's second law of motion which states that a mass (of fluid) 
accelerates in the direction of and in proportion to the applied forces on the mass. 

Analysis of flow problems are much simplified if there is no acceleration of the flow or if the 
acceleration is primarily in one direction (one-dimensional flow), the accelerations in other 
directions being negligible. However, a very inaccurate analysis may occur if one assumes 
accelerations are small or zero when in fact they are not.  The concepts given in this manual 
assume one-dimensional flow.  Only the equations will be given. The user is referred to 
standard fluid mechanics texts or "River Engineering for Highway Encroachments" (HDS 6) 
for their derivations (Richardson et al. 2001). 
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3.2.2 Continuity Equation 

The continuity equation is based on conservation of mass. For steady flow of incompressible 
fluids it is: 

V1 A1 = V2 A2 = Q = V A (3.1) 

where: 
V = Average velocity in the cross section perpendicular to the area, m/s (ft/s) 
A = Area perpendicular to the velocity, m2 (ft2) 
Q = Volume flow rate or discharge, m3/s (ft3/s) 

Equation 3.1 is applicable when the fluid density is constant, the flow is steady, there is no 
significant lateral inflow or seepage (or they are accounted for) and the velocity is 
perpendicular to the area (Figure 3.1). 

Figure 3.1. Sketch of continuity concept. 

EXAMPLE PROBLEM 3.1 (SI Units) 

Given: A storm drain flowing full transitions from 0.7 m to 1.0 m diameter pipe. Determine 
the average velocity in each section of pipe for a discharge 0.5 m3/s. 
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Find:

(a) Velocity at section 1 (0.7 m pipe) 
(b) Velocity at section 2 (1.0 m pipe) 

Solution:

Since the discharge at the beginning of the pipe must equal the discharge at the end of the 
pipe, the continuity equation can be used. 

Basic equation: Q = V A Rearrange to get V = Q / A For a circular pipe: 

At cross section 1: 

D2 

A = 
4 

0.5 V 2 1.30m/s
(0.7) 4

At cross section 2: 

0.5 V 2 0.64m/s
(1) 4 

EXAMPLE PROBLEM 3.1 (English Units) 

Given: A storm drain flowing full transitions from 24- to 36-inch diameter pipe. Determine 
the average velocity in each section of pipe for a discharge 10 ft3/s. 

Find:

(a) Velocity at section 1 (24-inch pipe) 
(b) Velocity at section 2 (36-inch pipe) 
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Solution:

Since the discharge at the beginning of the pipe must equal the discharge at the end of the 
pipe, the continuity equation can be used. 

Basic equation: Q = V A Rearrange to get V = Q / A For a circular pipe:

At cross section 1: 

D2 

 A = 
4 

10 V 2 3.18 ft/s
(2) 4

At cross section 2: 

10 V 
(3) 2

1.42 ft/s
4

3.2.3 Energy Equation 

The energy equation is derived from the first law of thermodynamics which states that energy 
must be conserved at all times.  The energy equation is a scalar equation. For steady 
incompressible flow it is: 

V2 p V2
1 p1 

1 Z1 
2 2

2 Z2 hL (3.2)
2g 2g 

where: 
= Kinetic energy correction factor 

V = Average velocity in the cross section, m/s (ft/s) 
g = Acceleration of gravity, 9.81 m/s2 (32.2 ft/s2) 
p = Pressure, N/m2 or Pa (lbs/ft2) 

= Unit weight of water, 9,800 N/m3 (62.4 lbs/ft3) at 15 C (59 F) 
Z = Elevation above a horizontal datum, m (ft) 
hL = Headloss due to friction and form losses, m (ft) 
A = Area of the cross section, m2 (ft2) 

The kinetic energy correction factor  is to correct for the velocity distribution across the flow. 
This allows the use of the average velocity (V) rather than the point velocity (v).  It is given by 
the following equation: 

1 3
3 A v dA (3.3)

V A 

where: 
v = Velocity at a point or average in a vertical, m/s (ft/s) 
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V2 
1 V2 

Y 2 
1 Z 1 Y 2 Z 2 hL2g 2g 

Note that even with a very nonuniform velocity distribution across a section the correction is 
only 10 percent. Consequently, the kinetic energy correction factor is normally equal to 1.0. 

The energy grade line (EGL) represents the total energy at any given cross section, defined 
as the sum of the three components of energy represented on each side of Equation 3.2. 
These components of energy are often referred to as the velocity head, pressure head, and 
elevation head. The hydraulic grade line (HGL) is below the EGL by the amount of the 
velocity head, or is the sum of just the pressure head and the elevation head.  Application of 
the energy equation in open-channel and pressure flow is illustrated in Figures 3.2 and 3.3. 

EXAMPLE PROBLEM 3.2 (SI Units) 

Given: The velocity of the upstream end of a rectangular channel 1 m wide is 3.0 m/s, and 
the flow depth is 2.0 m. The depth at the downstream end is 1.7 m. The elevation at section 
1 is 500 m and at 2 is 499.90 m.  Determine the headloss due to friction. Assume the kinetic 
energy correction factor is 1.0. 

Find:

(a) Headloss (hL) 

Solution:

Step 1: Use the continuity equation to find the discharge in the channel. 

Q = V1A 3
1 = 3.0 (2.0) (1.0) = 6.0 m /s 

Step 2: Use the continuity equation to find the velocity at Section 2. 

Q = V A 

V2 = Q / A2 = 6.0 / [(1.7)(1.0)] = 3.53 m/s 

Step 3: Use the energy equation to find the headloss, hL 
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3.02 3.532 

+ 2.0 + 500 = +1.7 + 499.0 + h2 9.81  2 9.81 L

hL = (0.46 + 2 + 500) – (0.63 + 1.7 + 499.9) = 0.23 m 

EXAMPLE PROBLEM 3.2 (English Units) 

Given: The velocity of the upstream end of a rectangular channel 3 ft wide is 10.0 ft/s, and 
the flow depth is 6.5 ft. The depth at the downstream end is 5.5 ft. The elevation at section 
1 is 1640.5 ft and at 2 is 1640.0 ft.  Determine the headloss due to friction. Assume the 
kinetic energy correction factor is 1.0. 

Find:

(a) Headloss (hL) 

Solution:

Step 1: Use the continuity equation to find the discharge in the channel. 

Q = V1A1 = 10 (6.5) (3.0) = 195 cfs 

Step 2: Use the continuity equation to find the velocity at section 2. 

Q = V A 

V2 = Q / A2 = 195 /[(5.5) (3.0)] = 11.82 ft/s 

Step 3:  Use the energy equation to find the headloss, hL 

V2 
1 V2 

+ Y1 + Z = 2
1 + Y2 + Z2 + hL2g 2g 

102 11.822 

2 
+ 6.5 +1640.5 = + 5.5 + 1640.0 + h32.2 2 32.2   L

hL = (1.55 + 6.5 + 1640.5) – (2.17 + 5.5 + 1640.0) = 0.88 ft 
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Figure 3.2. Sketch of energy concept for open-channel flow. 
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Figure 3.3. Sketch of energy concept for pressure flow in a pipe. 
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3.2.4 Momentum Equation 

The momentum equation is derived from Newton's second law which states that the 
summation of all external forces on a system is equal to the change in momentum.  In the x-
direction for steady flow with constant density it is: 

F x Q( 2 V x2 1 V x1 ) (3.4)

where: 
Fx = Forces in the x direction, N (lbs) 

= Density, 1000 kg/m3 (1.94 slugs/ft3) 
 = Momentum coefficient 

Q = Volume flow rate or discharge, m3/s (ft3/s) 
V = Velocity in the x direction, m/s (ft/s) 

The momentum coefficient corrects for the velocity distribution across the flow.  Again, this 
allows the use of the average velocity (V) rather than the point velocity (v).  It is given by: 

1 v2 
2 dA (3.5)

V A A 

The momentum coefficient is normally assumed to be 1.0 since a very nonuniform velocity 
distribution across a section would only require a correction less than 10 percent. The 
momentum equation is a vector equation and similar equations are used for the y and z 
directions. 

EXAMPLE PROBLEM 3.3 (SI Units) 

Given: For a bridge widening project, an existing city watermain must be relocated. The 
water main is 300 mm in diameter and carries 0.142 m3/s.  Relocation of the water main will 
require a  45 degree bend in the pipe. The pressure in the pipe at the location of the bend 
is 689 464 N/m2 . Determine the forces that an anchor on the pipe at the bend needs to 
withstand. 

Find:

(a) Forces on bend 
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Solution:

(a)  Velocity in pipe 

A = ( D2)/4 =  (0.3)2/4 = 0.071 m2 

Q = V A therefore V = Q / A = 0.142/0.071 = 2.0 m/s 

(b)  Use the momentum equation to find the forces on the bend in the x- and y-directions. 
First, draw a diagram of the bend and label the forces.  (Note: sign convention is 
important in drawing a force diagram). 

The momentum equation states: 

Fx = Q (V2 x - V1x) 

The forces acting on the pipe include pressure on either side of the pipe and the resisting of 
the anchor. 

F anchor x 
+ P2x A2x - P1x A1x cos45= Q(V2x - V1 cos45)

First, determine the forces in the x direction (assuming no change in pressure through the 
bend): 

Fanchor x + (689464)(0.071)–(689464)(0.071) cos 45 = 1000 (0.142) [(-2.0)+2.0 cos 45] 

Fanchor x + 48952 N – 34614 N = -83 N 

Fanchor x = -14421 N 
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Next, determine the forces in the y direction: 

Fy = Q (V2 y - V1y) 

Fanchor y + P2y A2y - P1y A1y =  Q (V2y - V1y) 

Fanchor y + 0 - (689464)(0.071) sin 45 = 1000 (0.142 )[0 + 2.0 sin 45] 

Fanchor y – 34614 N = 201 N  

Fanchor y = 34815 N 

F total = (14 421)2 + (34814)2

Ftotal = 37 683 N acting at about 113 degrees counter clockwise from the + X axis 

This is equivalent to the weight of two or three automobiles sitting atop the anchor! 

EXAMPLE PROBLEM 3.3 (English Units) 

Given: For a bridge widening project, an existing city watermain must be relocated. The 
water main is 12 inches in diameter and carries 5 ft3/s. Relocation of the water main will 
require a 45 degree bend in the pipe.  The pressure in the pipe at the location of the bend is 
100 lb/in2 . Determine the forces that an anchor on the pipe at the bend needs to withstand. 

Find:

(a) Forces on bend 

Solution:

(a)  Velocity in pipe 

A = ( D2)/4 =  (1)2/4 = 0.79 ft2 

Q = V A therefore V = Q / A = 5 / 0.79 = 6.33 ft/s 
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(b)  Use the momentum equation to find the forces on the bend in the x- and y-directions. 
First, draw a diagram of the bend and label the forces.  (Note: sign convention is 
important in drawing a force diagram). 

The momentum equation states 

Fx = Q (V2 x - V1x) 

The forces acting on the pipe include pressure on either side of the pipe and the resisting of 
the anchor. 

Fanchor x 
+ P2x A2x - P1x A1x cos 45 = Q (V2x - V1 cos 45) 

First, determine forces in the x direction (assuming no change in pressure through the bend): 

Fanchor x + (100)(144)(0.79) – (100)(144)(0.79)(cos 45) 
= (1.94)(5)[-6.33+ 6.33 cos 45] 

Fanchor x + 11376 lb – 8044 lb = -18 lb 

Fanchor x = -3332 lb – 18 lb = -3350 lb 

Next, determine the forces in the y direction: 

Fy = Q (V2 y - V1y) 

Fanchory 
+P2y A2y - P1y A1y = Q(V2y - V1y) 

Fanchor y + 0 - (100)(144)(0.79)(sin 45) = (1.94)(5)[0 + 6.33 sin 45] 

Fanchor y – 8044 lb = 43 lb 

Fanchor y = 8087 lb 

F  = 2 2
total (3350) + (8087)

Ftotal = 8,753 lb acting at about 113 degrees counter clockwise from the + X axis 

This is equivalent to the weight of two or three automobiles sitting atop the anchor! 
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3.2.5 Hydrostatics 

When the only forces acting on the fluid are pressure and fluid weight, the differential 
equation of motion in an arbitrary direction x is: 

p a Z x (3.6)
x g 

In steady uniform flow (and for zero flow), the acceleration is zero and we obtain the equation 
of hydrostatics 

p Z Cons tant (3.7)

However, when there is acceleration, the piezometric head term (p/ +Z) varies in the flow 
field. That is, the piezometric head is not constant in the flow. This is illustrated in Figure 3.4. 
In Figure 3.4a the pressure at the bed is hydrostatic and equal to yo whereas in curvilinear 
flow (Figure 3.4b) the pressure is larger than yo because of the acceleration resulting from a 
change in direction. 

Figure 3.4. Pressure distribution in steady uniform and nonuniform flow. 

In general, when fluid acceleration is small (as in gradually varied flow) the pressure 
distribution is considered hydrostatic. However, for rapidly varying flow where the streamlines 
are converging, expanding or have substantial curvature (curvilinear flow), fluid accelerations 
are not small and the pressure distribution is not hydrostatic. 

In Equation 3.7 the constant is equal to zero for gage pressure at the free surface of a liquid, 
and for flow with hydrostatic pressure throughout (steady, uniform flow or gradually varied 
flow) it follows that the pressure head p/  is equal to the vertical distance below the free 
surface. In sloping channels with steady uniform flow, the pressure head p/ at a depth y 
below the surface is equal to: 

p = y cos (3.8)

Note that y is the depth (perpendicular to the water surface) to the point, as shown in Figure 
3.5. For most channels,  is small and cos 1 for channels with slopes less than 10 
percent. 

3-13 

Q11



Figure 3.5. Pressure distribution in steady uniform flow on steep slopes. 

3.3 WEIRS AND ORIFICES 

3.3.1 Weirs

A weir is typically a notch of regular shape (rectangular, square, or triangular), with a free 
surface. The edge or surface over which the water flows is called the crest. A weir with a 
crest where the water springs free of the crest at the upstream side is called a sharp crested 
weir. If the water flowing over the weir does not spring free and the crest length is short, the 
weir is called a not sharp crested weir, round edge weir, or suppressed weir. If the weir has 
a horizontal or sloping crest sufficiently long in the direction of flow that the flow pressure 
distribution is hydrostatic it is called a broad crested weir (Figure 3.6). As with orifices, weirs 
can be used to measure water flow. Strictly speaking a sharp crested weir, for measurement 
purposes, must be aerated on the downstream side and the pressure on the nape 
downstream be atmospheric. Examples of weir flow that are of interest to the highway 
engineer are, flow-over approach embankment, flow spilling through curb inlets, 
unsubmerged culvert entrances (in inlet control), and detention basin outlet structures. 

Figure 3.6. Weir types. 
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The discharge across a weir (sharp-crested or broad-crested) is: 

Q = CD L H3/2  (3.9) 

where: 
Q = Discharge, m3/s (ft3/s) 
CD = Coefficient of discharge for weirs, sharp edge or broad crested 
L = Flow length across the weir, m (ft) 
H = The head on the weir, m (ft). The depth of flow above the weir crest 

upstream of the weir (typically measured a distance of about 2.5H 
upstream of the weir). 

Coefficients of discharge are given in most handbooks (e.g., Brater and King 1976) for the 
different types of weirs or flow conditions. Note that since CD has units of g , CD values 
tabulated in English units must be converted to metric units by multiplying by the value 

9.81 / 32.2 or 0.552. Correction factors are also available if the weir is submerged 
(tailwater above the weir, see Bradley 1978). As long as the tailwater is less than critical 
depth, submergence is not a factor. 

EXAMPLE PROBLEM 3.4 (SI Units) 

Given: During a flood, water overtops a roadway embankment at a sag in the roadway 
profile. Determine the amount of flow over the road and its velocity if the inundated roadway 
length = 900 m and CD = 3.1 (English units).  The flow area over the weir was calculated to 
be 390 m2 based on a high-water mark on a tree and the roadway profile. 

Find:

(1) Discharge across the road 
(2) Velocity across the road 

Solution:

Use the broad-crested weir equation and the continuity equation since the road acts as a 
weir. 

Q = CD LH3/2  and Q = V A 
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Since the flow depth changes across the length of the road, use the hydraulic depth for H 
(area/topwidth) 

Q = 3.1(0.552)(900)(390/900)3/2 = 439 m3/s 

Find the velocity of the flow from the continuity equation. 

Q = V A 

V = 439/390 = 1.1 m/s 

EXAMPLE PROBLEM 3.4 (English Units) 

Given: During a flood, water overtops a roadway embankment at a sag in the roadway 
profile. Determine the amount of flow over the road and its velocity if the inundated roadway 
length = 3,000 ft and CD = 3.1 (English units). The flow area over the weir was calculated to 
be 4,250 ft2 based on a high-water mark on a tree and the roadway profile. 

Find:

(1) Discharge across the road 
(2) Velocity across the road 

Solution:

Use the broad-crested weir equation and the continuity equation since the road acts as a 
weir. 

Q = CDLH3/2  and Q = V A 

Since the flow depth changes across the length of the road, use the hydraulic depth for H 
(area/topwidth) 

Q = 3.1(3000)(4250/3000)3/2 = 15681 ft3/s 
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Find the velocity of the flow from the continuity equation. 

Q = V A 

V = 15681/4250 = 3.7 ft/s 

3.3.2 Orifices

An orifice is an opening with a regular shape (circular, square or rectangular) through which 
water flows in contact with the total perimeter. If the opening is flowing only partially full, the 
orifice becomes a weir. An orifice with a sharp upstream edge is called a sharp-edged orifice. 
If the jet of water from the orifice discharges into the air, it is called a free discharge. If it 
discharges under water, it is called a submerged orifice.  Orifices are common fluid discharge 
measuring devices (Figure 3.7) but orifice type flow occurs under other circumstances where 
headloss, backwater etc. needs to be determined. Examples of orifice flows of interest to 
highway engineers are flow through bridges when they are overtopped, submerged culvert 
inlets, curb inlets flowing full, etc. When a bridge is overtopped the flow through the bridge is 
orifice flow, but the flow over the bridge is weir flow. 

Figure 3.7. Orifice. 

The discharge through an orifice is: 

Q = CD A (2g H)1/2  (3.10) 

where: 
Q = Discharge, m3/s (ft3/s) 
CD = Coefficient of discharge 
A = Area of the orifice, m2 (ft2) 
g = Acceleration of gravity – 9.81 m/s2 (32.2 ft/s2) 

H = Difference in head across the orifice, m (ft) 

Coefficients of discharge are given in most handbooks (Brater and King 1976, USBR 1987). 
For an unsubmerged orifice, the difference in head across the orifice is measured from the 
centerline of the orifice to the upstream water surface. For a submerged orifice, the 
difference in head is measured from the upstream water surface to the downstream water 
surface. 
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CHAPTER 4  

OPEN-CHANNEL FLOW 

4.1 INTRODUCTION 

Open-channel flow is more complex than closed-conduit flow flowing full because the water 
surface is determined by the mechanics of motion. In addition, if the bottom boundary is 
movable (alluvial boundary) another complexity is introduced. When the channel is mobile, 
the resistance to flow is a function of the flow. 

In this chapter the concepts and equations for the simplest flow condition (steady, uniform 
flow) will be described, as well as the bedform conditions that occur in an alluvial channel. 
Flow conditions and equations for solving problems of increasing flow complexity will be 
given. The one-dimensional method will be used in the descriptions of the equations. 

4.2 ALLUVIAL CHANNEL FLOW 

4.2.1 Alluvial Channels 

Alluvial channels are channels formed in material that has been and can be transported by 
the flow. They are commonly made up of bed material composed of sand-, gravel-, and 
cobble-sized material. These materials are important in drainage design because they affect 
resistance to flow and erosion. Concrete channels and culverts may have an alluvial 
boundary because of deposition of bed material in the invert. 

4.2.2 Bedforms in Sand Channels 

The predominant material in sand-bed streams ranges from coarse silt to sand.  There may 
be finer or coarser material in the bed, but the dominant size will be sand (50 percent or 
more). In sand-bed streams, the bed material is easily eroded and continually being moved 
and shaped by the flow. Interaction between the flow of water-sediment mixture and the 
sand bed creates different bed configurations which change the resistance to flow, velocity, 
water surface elevation, and sediment transport. Consequently, it is necessary to understand 
what bedforms will be present so that the resistance to flow can be estimated and flood 
stages, depth of flow, and water surface profiles can be computed in order to design 
drainage channels. 

4.2.3 Flow Regime 

Flow in alluvial channels is divided into two regimes separated by a transition zone.  Forms 
of bed roughness in sand channels are shown in Figure 4.1. The flow regimes are: 

 Lower flow regime, where resistance to flow is large and sediment transport is small.  The 
bedform is either ripples or dunes or some combination of the two. Water-surface 
undulations are out of phase with the bed surface, and there is a relatively large 
separation zone downstream from the crest of each ripple or dune. The velocity of the 
downstream movement of the ripples or dunes depends on their height and the velocity 
of the grains moving up their backs. 
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Figure 4.1. Forms of bed roughness in sand channels. 

 The transition zone, where the bed configuration may range from that typical of the lower 
flow regime to that typical of the upper flow regime, depending mainly on antecedent 
conditions. If the antecedent bed configuration is dunes, the depth or slope can be 
increased to values more consistent with those of the upper flow regime without changing 
the bedform; or, conversely, if the antecedent bed is plane, depth and slope can be 
decreased to values more consistent with those of the lower flow regime without 
changing the bedform. 

Resistance to flow and sediment transport also have the same variability as the bed 
configuration in the transition. This phenomenon can be explained by the changes in 
resistance to flow and, consequently, the changes in depth and slope as the bedform 
changes. 

 Upper flow regime, in which resistance to flow is small and sediment transport is large. 
Usual bedforms are plane bed or antidunes. Water surface is in phase with the bed 
surface except when an antidune breaks, and normally the fluid does not separate from 
the boundary. 

Resistance to flow for the different bedforms and coarser bed material will be given later in 
this section. For information on sediment transport and additional information on bedforms 
the reader is referred to HDS 6 (Richardson et al. 2001). 

At high flows, most sand-bed stream channels shift from a dune bed to a transition or a plane 
bed configuration. If the slope is steep antidune flow may occur. Resistance to flow is then 
decreased to one-half to one-third of that preceding the shift in bedform. The increase in 
velocity and corresponding decrease in depth may increase erosion and scour around bridge 
piers and abutments and increase the required size of riprap.  If flow transitions to antidune 
flow significant wave action may occur. 
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4.2.4 Coarse-Bed Material 

At low flow, coarse alluvial bed material may not move, but at moderate or large flows, the 
material may become mobile. With the movement of coarse-bed material, large bars may 
form which will be residual at low flow. These bars can re-direct flow and cause bank 
erosion, scour holes, and clog drainage channels. Resistance to flow for coarse-bed material 
is caused by the grain roughness of the material and the form loss caused by the bars. 
However, coarse-bed material in drainage channels can have a beneficial effect by 
decreasing erosion by armoring of the bed. Information on armoring is given in HEC-20 
(Lagasse et al. 2001) and HDS 6 (Richardson et al. 2001). The determination of Manning's n 
for coarse-bed material is given later. 

4.3 STEADY UNIFORM FLOW 

In steady, uniform open-channel flow, there are no accelerations, streamlines are straight 
and parallel, and the pressure distribution is hydrostatic. The slope of the water surface Sw, 
the bed surface So, and the energy gradient Sf are equal (Figure 3.2). It is the simplest flow 
condition to analyze. Steady uniform flow is an idealized concept for open-channel flow and 
is difficult to obtain even in laboratory flumes.  For many applications, the flow is essentially 
steady and changes in width, depth, or direction (resulting in nonuniform flow) are so small 
that the flow can be considered uniform.  In other cases, the changes occur over such a long 
distance the flow is a gradually varied flow. 

Depth in steady uniform flow is called the normal depth and the symbol for it is given the 
subscript o as in Yo. Velocity (V) is often given the same subscripts, i.e., Vo. Other variables 
of interest for steady uniform flow are (1) the discharge (Q), (2) the velocity distribution vy in 
the vertical, (3) the headloss hL through the reach, and (4) the shear stress, both local and at 
the bed o. All these variables are interrelated. In the following section, engineering equations 
will be given along with example problems for obtaining values for these variables. 

4.3.1 Manning's Equation for Mean Velocity and Discharge 

Water flows in a sloping drainage channel because of the force of gravity. Flow is resisted 
by the friction between the water and wetted surface of the channel. The quantity of water 
flowing (Q), the depth of flow (y), and the velocity of flow (V) depend upon the channel 
shape, roughness (n), and slope (S0). Various equations have been devised to determine 
the velocity and discharge in open channels. A useful equation is the one that is named for 
Robert Manning, an Irish engineer. The Manning's equation for the velocity of flow in open 
channels is: 

KV = u R 2 / 3 S 1/ 2 (4.1)
n 

where: 
V = Mean velocity, m/s (ft/s) 
N = Manning's coefficient of channel roughness 
R = Hydraulic radius, m (ft) 
S = Energy slope, m/m (ft/ft) 

For steady uniform flow S = S0
 Ku = Units conversion factor equal to 1 (1.49 in English units) 
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Over many decades, typical Manning's n values have been compiled allowing an engineer to 
estimate the appropriate value by knowing the general nature of the channel boundaries. 
Most hydraulics textbooks and drainage design manuals provide tables of typical Manning’s 
n values. An abbreviated list of such Manning's roughness coefficients is given in Appendix 
B, Table B.2. Several pictorial guides are also available showing the Manning’s n value for 
different types of channels and floodplains (Barnes 1967 and Acrement and Schneider 
1984). Special considerations exist for very steep channels (Jarrett 1985). 

A numerical approach for n value estimates consists of the selection of a base roughness 
value for a straight, uniform, and smooth channel in the materials involved, and then adding 
values for the channel under consideration: 

n = (n0 + n1 + n2 + n3 +n4) m5  (4.2) 

where: 
no = Base value for straight uniform channels 
n1 = Additive value due to cross-section irregularity 
n2 = Additive value due to variations of the channel 
n2 = Additive value due to obstructions 
n4 = Additive value due to vegetation 
m5 = Multiplication factor due to sinuosity 

A discussion of this method and coefficients can be found in Cowan (1956) and Chow 
(1959). This method may be useful for natural channels, but has limited application for most 
roadway drainage design work. 

For rock riprap channels the Manning’s n is often described as some function of the rock 
size. Several equations are provided in HEC-15, including: 

n = (Ku)(y1/6) / (2.25 + 5.23 log (y/D50)) (4.3)

where: 
y = Flow depth (average) in the channel, m (ft) 
D50 = Median riprap/gravel size, m (ft) 
Ku = Unit conversion constant, 0.319 (SI) and 2.262 (English) 

This equation is valid for y /D50 ranging from 1.5 to 185 which should be typical of most 
conditions encountered in roadside and other small channels. For conditions outside this 
range see HEC-15. 

Roughness characteristics on the floodplain are complicated by the presence of vegetation, 
natural and artificial irregularities, buildings, undefined direction of flow, varying slopes, and 
other complexities. Resistance factors reflecting these effects must be selected largely on 
the basis of past experience with similar conditions.  In general, resistance to flow is large on 
the floodplains. In some instances, conditions are further complicated by deposition of 
sediment and development of dunes and bars which affect resistance to flow and direction of 
flow. 

The presence of ice affects channel roughness and resistance to flow in various ways. When 
an ice cover occurs, the open channel is more nearly comparable to a closed conduit. There 
is an added shear stress developed between the flowing water and ice cover.  This surface 
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shear is much larger than the normal shear stresses developed at the air-water interface. 
The ice-water interface is not always smooth.  In many instances, the underside of the ice is 
deformed so that it resembles ripples or dunes observed on the bed of sand-bed channels. 
This may cause overall resistance to flow in the channel to be further increased.  With total or 
partial ice cover, the drag of ice retards flow, decreasing the average velocity and increasing 
the depth. 

The hydraulic radius, R, is a shape factor that depends only upon the channel dimensions 
and the depth of flow. It is computed by the equation: 

R = A / P (4.4) 

where: 
A 
P 

= 
= 

Cross-sectional area of the flowing water perpendicular to the direction of flow 
Wetted perimeter or the length, of wetted contact between a stream of water 
and its containing channel, perpendicular to the direction of flow 

The discharge (Q) is determined from the equation of continuity (see Chapter 3). The 
equation is: 

Q = V A 

where: 
Q = Discharge, m3/s (ft3/s) 
A = Cross-sectional area, m2 (ft2) 
V = Mean velocity, m/s (ft/s) 

By combining Equations 4.1 and 4.4, Manning's equation can be used to compute discharge 
directly: 

KQ = u A R 2 / 3 S 1/ 2 (4.5)
n 

In some computations, it is convenient to group the cross-sectional properties into a term 
called conveyance, K, 

KK = u A R 2 / 3 (4.6)
n 

then 

Q = K S1/2 (4.7) 

When a channel cross section is irregular in shape such as one with a relatively narrow deep 
main channel and wide shallow overbank area, the cross section must be subdivided and the 
flow computed separately for the main channel and overbank area.  The same procedure is 
used when different parts of the cross section have different roughness coefficients. In 
computing the hydraulic radius of the subsections, the water depth common to the two 
adjacent subsections is not counted as wetted perimeter (see Example Problem 4.3). 
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Conveyance can be computed and a curve drawn for any channel cross section.  The area 
and hydraulic radius are computed for various assumed depths and the corresponding value 
of K is computed from the equation. Values of conveyance are plotted against the depths of 
flow and a smooth curve connecting the plotted points is the conveyance curve.  If the 
section was subdivided, the conveyance of each subsection (Ka, Kb,...Kn) is computed and 
the total conveyance of the channel is the sum of the conveyances of the subsections. 
Discharge can then be computed using Equation 4.7 Example Problem 4.3 illustrates a 
conveyance curve for a compound cross section.  The concept of channel conveyance is 
useful when computing the distribution of overbank flood flows in the stream cross section 
and the distribution through the openings in a proposed stream crossing.  The discharge 
through each opening can be assumed to have the same ratio to the total discharge as the 
ratio of conveyance of the opening bears to the total conveyance of the channel. 

4.3.2 Aids in the Solution of Manning's Equation 

Equations for the computation of Area, A, wetted perimeter, P, and hydraulic radius, R, in 
rectangular and trapezoidal channels (Figure 4.2) are: 

A = By + Zy2  (4.8) 

P B 2y 1 Z2 (4.9) 

By ZyR  (4.10)
B 2y 1 Z2 

2 

Variables are defined in Figure 4.2. 

Figure 4.2. Trapezoidal channel. 

EXAMPLE PROBLEM 4.1 (SI Units) 

Given: Trapezoidal earth channel B = 2 m, sideslope 1V:2H, S = 0.003 m/m, normal depth y 
= 0.5 m, n = 0.02. 
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Find: Velocity (V) and discharge (Q) 

Solution:

KV = u R 2/3 S 1/ 2 SI units; K u =1 
 
By Zy2 2(0.5) 2(0.5)2 1.50 R R 0.35m

B 2y 1 Z 2 2 2(0.5) 1 (2) 2 4.24

V = (1/0.02) (0.352/3) (0.0031/2) = 1.36 m/s 

Q = V A =1.36 (2(0.5) + 2(0.5)2) = 2.0 m3/s 

EXAMPLE PROBLEM 4.1 (English Units) 

Given: Trapezoidal earth channel B = 6.5 ft, sideslope 1V:2H, S = 0.003 ft/ft, normal depth y 
= 1.6 ft, n = 0.02. 

Find: Velocity (V) and discharge (Q) 

Solution:

KV = u R 2 / 3 S 1/ 2 English units; Ku =1.49 
n 

R 
B 2y 1 Z 2 

R 1.14 ft 
6.5 2(1.6) 1 (2) 2 13.66

By Zy2 (6.5)(1.6) 2(1.6)2 15.52

n

V = (1.49/0.02) (1.142/3) (0.0031/2) = 4.45 ft/s 

Q = A V = (6.5(1.6) + 2 (1.6)2) 4.45 = 69.06 ft3/s 
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EXAMPLE PROBLEM 4.2 (SI Units) 

Given: A concrete trapezoidal channel B = 1.5 m, sideslopes = 1V:2H, n = 0.013, 
slope = 0.002, Q = 3 m3/s 

Find: Depth (y) and velocity (v) 

Solution: 

1. Use Manning's equation

KQ = u A R2/3 S 1/2

n 

where Ku = 1 and relationships for A and R are 

A = By + Zy2 = 1.5 y + 2y2 

By + Z y 2 1.5y + 2 y 2 

R = R = 
B + 2y 1+ Z2 1.5 + 4.47y 

substitute A and R into Manning's equation 

2/ 3 
1 2 1.5y 2y2 

Q (1.5y 2y ) (0.002)1/ 2

0.013 1.5 4.47y

2. Trial and error solution for y to find a depth where Q = 3 m3/s

Try y = 0.70; 1 1.05 0.98 2/3 

Q 3(1.05 0.98) (0.002) 1/2 4.03 m /s
0.013 4.629 

Since 4.03 > 3.0, the assumed value for y is too large. Try a smaller value such as 0.60. 

4-8 



2/3 1 0.9 0.72 Try y = 0.6; Q (0.9 0.72) 3(0.002) 1/2 2.96 m /s
0.013 4.18 

since 2.96 = 3.0, the assumed value for y is okay. 

Therefore, use y = 0.60 m and use continuity to find the velocity (V = Q/A) 

V = 3.0 / (0.9 +0.72) = 1.85 m/s 

EXAMPLE PROBLEM 4.2 (English Units) 

Given: A concrete trapezoidal channel B = 5.0 ft, sideslopes = 1V:2H, n = 0.013, 
slope = 0.002, Q = 105 ft3/s 

Find: Depth (y) and velocity (v) 

Solution: 

1. Use Manning's equation

KQ = u A R2 / 3 S 1/ 2

n 

where Ku = 1.49 and relationships for A and R are 

A = B y + Z 2 2y  = 5y + 2y

By + Z y 2 5y + 2 y 2 

R = = 
B + 2y 1+ Z2 5 + 4.47y 

substitute A and R into Manning's equation 

2/ 3 
1.49 5y 2y2 

Q (5y 2y 2 ) (0.002)1/ 2

0.013  5 4.47y
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2. Trial and error solution for y to find a depth where Q = 105 ft3/s

Try y = 2.5 
2 / 3 

1.49 2 5(2.5) 2(2.5)2 
1/ 2 3Q (5(2.5) 2(2.5) )  (0.002) 171.30 ft / s 

(0.013) 5 4.47(2.5) 

Try y = 2.0 
2 / 3

1.49 2 5(2.0) 2(2.0)2 
1/ 2 3Q (5(2.0) 2(2.0) )  (0.002) 109.40 ft / s 

(0.013) 5 4.47(2.0) 

109 is close to 105, try 1.96 for y-
2 / 3 

1.49 2 5(1.96) 2(1.96)2 
1/ 2 3Q (5(1.96) 2(1.96) )  (0.002) 105.12 ft / s

(0.013) 5 4.47(1.96) 

Since 1.96 ft gave a Q of 105.11, the y of 1.96 is good, therefore use y = 1.96 and use 
continuity to find the velocity (V = Q/A). 

105V 2 6.01 ft / s 
(5(1.96) 2(1.96) ) 

EXAMPLE PROBLEM 4.3 (SI Units) 

Given: A compound channel as illustrated, with an n value of 0.03, a longitudinal slope of 
0.002 m/m and sideslopes of 1V:1H. 

Find: Discharge (Q) 

Solution:

1. Subsection A

A = (2)(20) + ½ (2)(2) = 42 m2 
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WP = 20 + (2)(2)1/2 + 1 = 23.83 m  

R = 42 / 23.83 = 1.76 m  

V = (1/0.03) (1.76)2/3 (0.002)1/2 = 2.17 m/s 

Q = 42(2.17) = 91.14 m3/s  

2. Subsection B

A = 30(1) + (½)(1)(1) = 30.5 m2 

WP = 30 + 1(2)1/2 = 32.41 m 

R = (30.5) / (31.41) = 0.97 m 

V = (1/0.03) (0.97)2/3(0.002)1/2 =1.46 m/s 

Q = 30.5 (1.46) = 44.53 m3/s 

3. For the entire channel

A = 42 + 30.5 = 72.5 m2 

Q = 91.14 + 44.53 = 135.67 m3/s, say 136 m3/s 

4. If the channel had been considered as a whole without subdividing, the following results
would have been obtained.

A = 42 + 30.5 = 72.5 m2

WP = 23.82 + 31.41 = 55.23 m 

R = 72.5 / 55.23 = 1.31 m  

V = (1/0.03) (1.31)2/3(0.002)1/2 = 1.78 m/s 

Q = 72.5 (1.78) = 129.05 m3/s 

The discharge using the whole channel is considerably less than the discharge obtained by 
subdividing the channel. 

5. Plot the conveyance curve for this cross section and calculate the total discharge using
Equation 4.7

 With a subdivided cross section, the conveyance at a given flow depth should be 
calculated for each subsection, and then added together to get the total conveyance at 
that depth. This calculation and a plot of the conveyance are illustrated below: 
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Conveyance curve for Exam ple 4.3 
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C o n v eyan ce 
S ta g e S ec tio n A S e c tion B T otal 

0.1 14.4 0 .0 14 .4 
0.2 44.3 0 .0 44 .3 
0.3 86.3 0 .0 86 .3 
0.4 1 38.8 0 .0 138 .8 
0.5 2 04.1 0 .0 204 .1 
0.6 2 75.8 0 .0 275 .8 
0.7 3 56.4 0 .0 356 .4 
0.8 4 45.1 0 .0 445 .1 
0.9 5 42.0 0 .0 542 .0 
1.0 6 41.7 0 .0 641 .7 
1.1 7 53.7 2 1.6 775 .3 
1.2 8 72.7 6 8.6 941 .4 
1.3 9 99.4 1 3 5 .2 1 134 .6 
1.4 1 1 26.9 2 1 8 .6 1 345 .5 
1.5 1 2 67.5 3 1 3 .5 1 581 .0 
1.6 1 4 08.1 4 2 6 .3 1 834 .4 
1.7 1 5 55.3 5 5 3 .1 2 108 .4 
1.8 1 7 15.5 6 8 6 .9 2 402 .4 
1.9 1 8 75.4 8 3 9 .0 2 714 .4 
2.0 2 0 40.9 9 9 6 .2 3 037 .1 
2.1 2 2 12.9 116 4.7 3 377 .6 
2.2 2 3 98.6 135 1.3 3 750 .0 

 At a main channel flow depth of 2 m, the total conveyance is 3037.1. The total discharge 
is then (Equation 4.7) 

Q = K S1/2 = 3037.1 (0.002)1/2 = 135.8 m3/s, say 136 m3/s 

This result matches the correct discharge value for a 2 m flow depth as calculated above in 
item 3. 
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EXAMPLE PROBLEM 4.3 (English Units) 

Given: A compound channel as illustrated, with an n value of 0.03, a longitudinal slope of 
0.002 ft/ft and sideslopes of 1V:1H. 

Find: Discharge (Q) 

Solution:

1. Subsection A

A = (65.62)(6.56) + (½)(6.56)(6.56) = 451.98 ft2 

WP = 65.62 + (6.56)(2)1/2 + 3.28 = 78.18 ft 

R = 451.98 / 78.18 = 5.78 ft 

V = (1.49/0.03) (5.78)2/3(0.002)1/2 = 7.16 ft/s 

Q = 451.98 (7.16) = 3235 ft3/s 

2. Subsection B

A = (98.43)(3.28) + (½)(3.28)(3.28) = 328.23 ft2 

WP = 98.43 + 3.28 (2)1/2 = 103.07 ft 

R = 328.23 / 103.07 = 3.18 ft 

V = (1.49/0.03) (3.18)2/3(0.002)1/2 = 4.81 ft/s 

Q = 328.23 (4.81) = 1577 ft3/s 
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3. For the entire channel

A = 451.98 + 328.23 = 780.21 ft2 

Q = 3235 + 1577 = 4812 ft3/s 

4. If the channel had been considered as a whole without subdividing, the following results
would have been obtained.

A = 451.98 + 328.23 = 780.21 ft2 

WP = 78.18 + 103.07 = 181.25 ft 

R = 780.21 / 181.25 = 4.30 ft 

V = (1.49/0.03) (4.30)2/3(0.002)1/2 = 5.88 ft/s 

Q = 780.21 (5.88) = 4588 ft3/s 

The discharge using the whole channel is considerably less than the discharge obtained by 
subdividing the channel. 

5. Plot the conveyance curve for this cross section and calculate the total discharge using
Equation 4.7.

 With a subdivided cross section, the conveyance at a given flow depth should be 
calculated for each subsection, and then added together to get the total conveyance at 
that depth. This calculation and a plot of the conveyance are illustrated below: 

 At a main channel flow depth of 6.56 ft, the total conveyance is 107,655. The total 
discharge is then (Equation 4.7) 

Q = K S1/2 = 107655 (0.002)1/2 = 4814 ft3/s 

This result matches closely to the 4,812 ft3/s calculated in item 3.  The small difference is the 
result of rounding in the conveyance calculations. 

4.3.3 Velocity Distribution 

There are times in the design of highway drainage facilities that knowledge of the velocity 
distribution in the vertical is needed (e.g., the design of riprap for scour and erosion control). 
As a result of boundary roughness, the velocity varies vertically from some minimum value 
along the bed to a maximum value near the water surface (Figure 4.3). In this section, the 
Einstein form of the Karman-Prandtl velocity distribution in the vertical and mean velocity 
equations will be given for steady uniform flow (Einstein 1950). For their derivation the 
reader is referred to any standard fluid mechanics text or HDS 6 (Richardson et al. 2001). 
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Figure 4.3. Schematic of vertical velocity profile. 

The equations for velocity distribution (v) and mean velocity (V) can be written in the 
following dimensionless forms: 

v X y= 5.75 log 30.2 (4.11) 
V ks  

and 

V X y= 5.75 log 12.27 o (4.12) 
V ks  

where: 
X = Coefficient given in Figure 4.4
ks = Measure of the roughness height, ks varies from the D84 size for pure sand

bed channels, to 3.5 times D84 for graded coarse-bed streams; for 
practical application use 3.5 times D84, m (ft) 

y = Depth to specified location, m (ft)
v = Local mean velocity at depth y, m/s (ft/s)  
yo = Depth of flow, m (ft)  
V = Depth-averaged velocity, m/s (ft/s)  
V = 

* Shear velocity, ( 1/2
o/ ) , m/s (ft/s)  

2 2
o = Shear stress at the boundary, N/m  (lb/ft )
'  = Thickness of the viscous sublayer, 11.6 /V*, m (ft) 
 = Dynamic viscosity of water, Table A.6, N-s/m2 (lb-s/ft2) 
 =  Density of water, kg/m3 (lb-s2/ft4) 

4.3.4 Shear Stress 

Shear stress is the force water exerts on the bed and bank of a channel as it flows over 
them. The following equations can be used to determine the shear stress on the boundary of 
the channel that results from the force of flowing water. For the derivations of these 
equations refer to fluid mechanics texts or HDS 6 (Richardson et al. 2001). The first 
equation (Equation 4.13) is an exact equation, giving the average shear stress over the 
wetted perimeter. The next equations are semi-empirical and result from solving the Karman-
Prandtl velocity equation. 
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o =  R So  (4.13) 

where: 
 = Average shear stress on the wetted perimeter, N/m2 2

o (lb/ft ) 
 = Unit  weight of water, N/m3 (lb/ft3)

R = Hydraulic radius, m  (ft)
 So =  Slope of the channel, m/m (ft/ft). In gradually varied flow the slope is of 

the energy grade line, So = Sf 

 (v 2
 o 

1  v 2 )
2 (4.14)

y
 

 
5.75log 1 

y2 

 V2 
 o 2 (4.15)

y  
5.75 log 12.27 o 

ks  

 Figure 4.4. Einstein's multiplication factor X in the logarithmic 
velocity equations (Einstein 1950). 

  

where o is the shear stress at a point in the flow, N/m2 (lb/ft2), v1 and v2 are point velocities in 
the vertical at y1 and y2, respectively; V is the mean velocity in the vertical with a depth of yo; 
and the other terms have been defined previously. 

EXAMPLE PROBLEM 4.4 (SI Units) 

Determine the shear stress along the wetted perimeter of a trapezoidal channel.  Also 
determine the shear stress on a particle along the bottom of the same channel. 

Given: Trapezoidal channel as illustrated with So = 0.005,  = 9800 N/m3, V = 1.8 m/s, D84 = 
0.15m 

4-17 



Find: 

(1) o along wetted perimeter 
(2) o along bed 

Solution:

(1)  the shear stress along the wetted perimeter is given by 

0 =  R S0 

where: 

R = A / P 

A = 5 (1.25) + 3 (1.25)2 = 10.94 m2 

P = 5 + (2)(1.25)(10)1/2  = 12.91 m  

R = 10.94 / 12.91 = 0.85 m  

 = 9800 (0.85) (0.005) = 41.7 N/m2 
o

(2) shear stress along the bottom at a point is 

 V2 
 o = 2 

y  
5.75 log 12.27 o 

 ks   

1000(1.8)2 

 o = 2
2 = 45.6 N m

1.25  
5.75 log 12.27
 (3.5) (0.15)   

EXAMPLE PROBLEM 4.4 (English Units) 

Determine the shear stress along the wetted perimeter of a trapezoidal channel. Also 
determine the shear stress on a particle along the bottom of the same channel. 

Given:  Trapezoidal channel as illustrated with So = 0.005,  = 62.4 lb/ft3, V = 5.9 ft/s, 
D84 = 0.49 ft 
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Find: 

(1) o along wetted perimeter 
(2) o along bed 

Solution:

(1) the shear stress along the wetted perimeter is given by 

o =  R S0 

where: 

R = A / P 

A = 16.4 (4.10) + 3 (4.10)2 = 117.67 ft2 

P = 16.4 +(2)(4.10)(10)1/2  = 42.33 ft 

R = 117.67/42.33 = 2.78 ft 

 = 62.4 (2.78) (0.005) = 0.87 lb/ft2 
o

(2) the shear stress along the bottom at a point is 

V2 

o = 
y[5.75log (12.27 o ) ]2 
ks

 = 1.94 lb s2/ft4 

1.94 (5.9)2 

o =  2 = 0.95 lb/ft 2

4.10 5.75 log (12.27)
(3.5) (0.49)

4.3.5 Froude Number and Relationship to Subcritical, Critical, and Supercritical Flow 

An extremely important dimensionless parameter in open-channel flow is the Froude 
Number, defined as the ratio of the inertia forces to the gravity forces. It is normally 
expressed as: 

VFr = (4.16)
gy 
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where: 
Fr = Froude Number 
V = Velocity of flow, m/s (ft/s) 
g = Acceleration of gravity, m/s2 (ft/s2) 
y = Depth of flow, m (ft)  

V and y can be the mean velocity and depth in a channel or the velocity and depth in the 
vertical. If the former are used, then the Froude Number is for the average flow conditions in 
the channel. If the latter are used, then it is the Froude Number for that vertical at a specific 
location in the cross section. The Froude Number uniquely describes the flow pattern in 
open-channel flow. For example, in alluvial channel flow with sand-bed material, ripples and 
dunes only form when the Froude Number is less than 1.0 (subcritical flow); whereas, 
antidunes only form when the Froude Number is greater than 1.0. Plane bed formation is 
independent of the Froude Number. The Froude Number is the scaling parameter that is 
used in modeling open-channel flow structures in the laboratory. 

When the Froude Number is 1.0, the flow is critical; values of the Froude Number greater 
than 1.0 indicate supercritical or rapid flow and smaller than 1.0 indicate subcritical or tranquil 
flow. Velocity and depth at critical flow are called the critical velocity and critical depth. 
Channel slope which produces critical depth and critical velocity is the critical slope.  The 
change from supercritical to subcritical flow is often abrupt (particularly if the Froude Number 
is larger than 2.0) resulting in a phenomenon known as the hydraulic jump. 

Critical depth and velocity for a particular discharge are only dependent on channel size and 
shape and are independent of channel slope and roughness. Critical slope depends upon 
the channel roughness, channel geometry, and discharge.  For a given critical depth and 
velocity, the critical slope for a particular roughness can be computed by Manning's equation. 

Supercritical flow is difficult to control because abrupt changes in alignment or in cross 
section produce waves which travel downstream, alternating from side to side, sometimes 
causing the water to overtop the channel sides. Changes in channel shape, slope, alignment, 
or roughness cannot be reflected upstream.  In supercritical flow, the control of the flow is 
located upstream. Supercritical flow is common in steep flumes, channels, and mountain 
streams. 

Subcritical flow is relatively easy to control for flows with Froude Numbers less than 0.8. 
Changes in channel shape, slope, alignment, and roughness affect the flow for small 
distances upstream. The control in subcritical flow is located downstream.  Subcritical flow is 
common in channels, flumes and streams located in the plains regions and valleys where 
slopes are relatively flat. 

Critical depth is important in hydraulic analysis because it is always a hydraulic control. The 
flow must pass through critical depth in going from subcritical flow to supercritical or going 
from supercritical flow to subcritical.  Although, in the latter case a hydraulic jump usually 
occurs. Typical locations of critical depth are: 

1. At abrupt changes in slope when a flat (subcritical) slope is sharply increased to a steep
(supercritical) slope.

2. At channel constrictions such as a culvert entrance, flume transitions, etc., under some
conditions.
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3. At the unsubmerged outlet of a culvert or flume on a subcritical slope, discharging into a
wide channel, steep slope channel (supercritical), or with a free fall at the outlet.

4. At the crest of an overflow dam, weir, or embankment.
5. At bridge constrictions where the bridge chokes the flow.

Location and magnitude of critical depth and the determination of critical slope for a cross 
section of a given shape, size, and roughness are important in channel design and analysis. 
The equations for determining the critical depth are provided in the discussion of specific 
discharge and specific energy in steady rapidly varied flow (Section 4.6). 

4.4 UNSTEADY FLOW 

Unsteady flows of interest to the highway drainage engineer or designer are: 

1. Waves resulting from disturbances of the water surface by wind and boats.

2. Waves resulting from the surface instability that exists for flows with Froude Numbers
close to 1.0.

3. Waves resulting from flow disturbance due to change in direction of flow with Froude
Numbers greater than about 2.0.

4. Surges or bores resulting from sudden increase or decrease in the flow by opening or
closing of gates or the movement of tides on coastal streams.

5. Standing waves and antidunes that occur in alluvial channel flow.

6. Flood waves resulting from the progressive movement downstream of stream runoff or
gradual release from reservoirs.

Waves are an important consideration in bridge hydraulics when designing slope protection 
of embankments and dikes, and channel improvements. In the following paragraphs, only 
the basic one-dimensional analysis of waves and surges is presented.  Other aspects of 
waves are presented in other sections. 

4.4.1 Gravity Waves 

For shallow water waves (long waves - Figure 4.5) where the normal depth (yo) is small in 
comparison to the wave length, the basic equation for the celerity (velocity of the wave 
relative to the velocity of the flow) is given by: 

c gyo (4.17) 

VFr  (4.18) 
g yo 

Note that the celerity of a shallow water wave of small amplitude is the same as the 
denominator of the Froude Number. 
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Figure 4.5. Definition sketch for small amplitude waves. 

As explained in the discussion of the Froude Number (Section 4.3.5), when Fr < 1 (subcritical 
or tranquil), a small amplitude wave moves upstream. When Fr > 1 (supercritical or rapid 
flow), a small amplitude wave moves downstream and when Fr = 1 (critical flow), a small 
amplitude wave is stationary. The fact that waves or surges cannot move upstream when 
the Froude Number is equal to or greater than 1.0 is important to remember when 
determining when the stage-discharge relation at a cross section can be affected by 
downstream conditions. 

4.4.2 Surges 

A surge is a rapid increase in the depth of flow (Figure 4.6). A surge may result from the 
sudden release of water from a dam or an incoming tide.  The lifting of a gate in a channel 
not only causes a positive surge to move downstream, it also causes a negative surge to 
move upstream (Figure 4.6). As it moves upstream, a negative surge quickly flattens out. 
See HDS 6 for more detail and the basic surge equation (Richardson et al. 2001). 

4.5 STEADY NONUNIFORM FLOW 

Steady nonuniform flow occurs when the quantity of water (discharge) remains constant, but 
the depth of flow, velocity, or cross section changes from section to section. From the 
continuity equation, the relation of all cross sections will be: 

Q = A1 V1 = A2 V2 = An Vn  (4.19) 

Velocity in steady nonuniform flow can be computed using Manning's equation if the change 
in velocity from section to section is small so that the effect of acceleration is small.  

The hydraulic design engineer needs a knowledge of nonuniform flow in order to determine 
the behavior of the flowing water when changes in channel resistance, size, cross 
section, shape, or slope occur. Typical examples might include determining water surface 
elevation changes in a channel of constant slope that goes through a short transition from a 
concrete trapezoidal cross section (with a low Manning's n) to a larger grass-lined 
trapezoidal cross section (a high Manning's n), or a stream with constant slope and 
Manning's n that is a long distance upstream of a culvert that constricts the flow. 
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Figure 4.6. Sketch of positive and negative surges. 

These two situations define two basic cases of steady nonuniform flow.  The first case is for 
relatively short distances (a few meters (feet) to several hundred meters (feet)) where 
accelerations are more important than friction. This case is called STEADY RAPIDLY 
VARIED FLOW.  The effect of friction, if it is important, is taken into account by subdividing 
the distance into shorter segments and using Manning's equation along these shorter 
segments. The second case is for long distances (hundreds to thousands of meters (feet)), 
where friction losses are more important than accelerations. This case is called 
GRADUALLY VARIED FLOW. Method of analysis and equations for these two cases will be 
given in the next two sections. 

4.6 STEADY RAPIDLY VARIED FLOW 

4.6.1 Introduction 

Steady flow through relatively short transitions where the flow is uniform before and after the 
transition can be analyzed using the energy equation.  Energy loss due to friction may be 
neglected, at least as a first approximation. Refinement of the analysis can be made in a 
second step by including friction loss. For example, the water surface elevation through a 
transition is determined using the energy equation and then modified by determining the 
friction loss effects on velocity and depth in short subsections through the transition. 
However, energy losses resulting from flow separation cannot be neglected, and transitions 
where separation may occur need special treatment which may include model studies. 
Contracting flows (converging streamlines) are less susceptible to separation than expanding 
flows. Also, any time a transition changes velocity and depth such that the Froude Number 
approaches unity, problems such as waves, blockage, or choking of the flow may occur.  If 
the approaching flow is supercritical, a hydraulic jump may result. Transitions for 
supercritical flow are discussed in the next section. 
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Transitions are used to contract or expand a channel width (Figure 4.7a), to increase or 
decrease bottom elevation (Figure 4.7b), or to change both the width and bottom elevation. 
The analysis or design of transitions is aided by the use of the depth of flow and velocity 
head terms in the energy equation (see Chapter 3). The sum of the two terms is called the 
specific energy or specific head, H, and defined as: 

V 2 q2 

H y 2 y (4.20)
2g 2gy 

where: 
H = Specific energy, m (ft) 
V = Velocity, m/s (ft/s) 
q = Unit discharge, defined as the discharge per unit width m3/s/m (ft3/s/ft) in a 

rectangular channel 
g = Acceleration of gravity, 9.81 m/s2 (32.2 ft/s2) 
y = Depth of flow, m (ft) 

The specific energy, H, is the height of the total energy above the channel bed. 

The relationship between the three terms in the specific energy equation, q, y, and H, are 
evaluated by considering q constant and determining the relationship between H and y 
(specific energy diagram) or considering H constant and determining the relationship 
between q and y (specific discharge diagram). These diagrams for a given discharge or 
energy are then used in the design or analysis of transitions or flow through bridges. They 
are explained in the next two sections. 

Figure 4.7. Transitions in open-channel flow (subcritical flow). 
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4.6.2 Specific Energy Diagram and Evaluation of Critical Depth 

For a given q, Equation 4.20 can be solved for various values of H and y. When y is plotted 
as a function of H, Figure 4.8 is obtained.  There are two possible depths called alternate 
depths for any H larger than a specific minimum.  Thus, for specific energy larger than the 
minimum, the flow may have a large depth with small velocity or small depth with large 
velocity. Flow for a given unit discharge (q) cannot occur with specific energy less than the 
minimum. Single depth of flow at the minimum specific energy is called the critical depth, yc, 
and the corresponding velocity, the critical velocity, Vc = q/yc. The relation for yc and Vc for a 
given q (for a rectangular channel) is: 

1/ 3 
q2 V2 

y 2 c 
c (4.21)

g 2g

Vc 1 Fr (4.22)
gyc 

V 2 
c 3H min y c y c (4.23)

2g 2 

Thus, flow at minimum specific energy has a Froude Number equal to 1. Flows with 
velocities larger than critical (Fr > 1) are called rapid or supercritical and flow with velocities 
smaller than critical (Fr < 1)  are called tranquil or subcritical. These flow conditions are 
illustrated in Figure 4.9 where a rise in the bed causes a decrease in depth when the flow is 
tranquil and an increase in depth when the flow is rapid. Furthermore there is a maximum 
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rise in the bed for a given H1 where the given rate of flow is physically possible. If the rise in 
the bed is increased beyond zmax for Hmin then the approaching flow depth y1 would have to 
increase (increasing H) or the flow would have to be decreased.  Thus, for a given flow in a 
channel, a rise in the bed level can occur up to a zmax without causing backwater. 

Figure 4.9. Changes in water surface resulting from an increase in bed elevation. 

Distinguishing between the types of flow and how the water surface reacts with changes in 
cross section is important in channel design; thus, the location of critical depth and the 
determination of critical slope for a cross section of given shape, size, and roughness 
becomes necessary. Equations for direct solution of the critical depth are available for 
several prismatic shapes (Brater and King 1976); however, some of these equations were 
not derived for use in the metric system. 

For any channel section, regular or irregular, critical depth may be found by a trial-and-error 
solution of the following equation: 

A3 Q2 
c  (4.24)

Tc g 

where Ac and Tc are the area and topwidth at critical flow.  Nomographs are available to 
solve this equation, and are particularly useful for circular sections (Figures 4.10a and b). 
An expression for the critical velocity (Vc) of any cross section at critical flow conditions is: 

Vc gyc (4.25) 

where: yc = Ac / Tc (4.26) 

Uniform flow within about 10 percent of the critical depth is unstable and should be avoided 
in design. The reason for unstable flow can be seen by referring to the specific head 
diagram (Figure 4.8). As the flow approaches the critical depth from either limb of the curve, 
a very small change in energy is required for the depth to abruptly change to the alternate 
depth on the opposite limb of the specific head curve.  If the unstable flow region cannot be 
avoided in design, the least favorable type of flow should be assumed for the design. 
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Figure 4.10a. Critical depth in a circular pipe, SI units (from HDS-5). 
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Figure 4.10b. Critical depth in a circular pipe, English units (from HDS-5). 
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4.6.3 Specific Discharge Diagram 

Equation 4.20 can be rearranged to determine q, the unit discharge, as a function of H, the 
specific energy, and y, the depth of flow. 

q y 2g(H y)  (4.27) 

For a constant H, q can be solved as a function of y and the specific discharge diagram will 
result (Figure 4.11). 

Figure 4.11. Specific discharge diagram. 

For any discharge smaller than a specific maximum q for the given H, two depths of flow are 
possible. The depth at maximum q for a given specific energy (H) is the critical depth (yc) 
and the velocity is the critical velocity (Vc). 

2 V 2 

yc H 2 c (4.28)
3 2g 

and 

Vc 1 Fr (4.29)
gyc 

EXAMPLE PROBLEM 4.5 (SI Units) 

Given: Determine the critical depth in a trapezoidal shaped swale with z = 1, given a 
discharge of 9.2 m3/s and a bottom width, B = 6 m. Also, determine the critical velocity. 
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Find: Critical depth 

Velocity at critical depth 

Solution:

For a Q of 9.2 m3/s 

Ac 
3 / Tc = Q2 / g 

Ac 
3 / Tc = (9.2)2 / 9.81 = 8.63 

For a trapezoidal channel area substituting A = y (B + Z y)  and T = B + 2Z y gives 

8.63 = [y (6 + y)]3 / (6 + 2y) 

A trial and error solution yields y = 0.6 m. 

Vc = (g yc)1/2  yc = A / T = [0.6 (6 + 0.6)] / (6 + 1.2) = 0.55 m 

Vc = [9.81 (0.55)]1/2 = 2.3 m/s 

EXAMPLE PROBLEM 4.5 (English Units) 

Given: Determine the critical depth in a trapezoidal shaped swale with z = 1, given a 
discharge of 325 ft3/s and a bottom width, B = 20 ft. Also, determine the critical velocity. 
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Find: Critical depth 

Velocity at critical depth 

Solution:

For a Q of 325 ft3/s 

A 3
c  / Tc = Q2 / g 

A 3 2
c  / Tc = 325  / 32.2 = 3280.28 

For a trapezoidal channel area substituting A = y (B + Z y)  and T = B + 2Z y gives 

3280 = [y (20 + y)]3 /(20 + 2y) 

A = 1.95 (20 + (1) 1.95) = 42.80 ft2 

T = 20 + 2 (1) (1.95) = 23.90 ft 

A trial and error solution yields y = 1.95 ft. 

V = (g y )1/2
c c  yc = A / T = 42.80 / 23.9 = 1.79 ft 

Vc = [32.2 (1.79)]1/2 = 7.59 ft/s 

(end example problem) 

For maximum discharge at constant H, the Froude Number is 1.0, and the flow is critical. The 
relation between yc, Vc, H, and qmax for a constant H is: 

2 q2 V 2 

yc H 3 max 2 c (4.30)
3 g 2g 

Flow conditions for constant specific energy for a width contraction are illustrated in Figure 
4.12 assuming no geometrical effects such as eccentricity, skew, piers, scour, and 
expansion. Contraction causes a decrease in flow depth when the flow is tranquil and an 
increase when the flow is rapid. The maximum possible contraction without causing 
backwater effects occurs when the Froude Number is 1.0, the discharge per unit of width q 
is a maximum, and yc is 2/3 H. A further decrease in width will cause backwater.  That is, an 
increase in depth upstream will occur to produce a larger specific energy and increase yc in 
order to get the flow through the decreased width. 

The flow in Figure 4.12 can go from point A to C and then either back to D or down to E 
depending on the downstream boundary conditions. An increase in slope of the bed 
downstream from C and no separation would allow the flow to follow the line A to C to E. 
Similarly, the flow can go from B to C and back to E or up to D depending on boundary 
conditions. Figure 4.12 is drawn with the side boundary forming a smooth streamline. If the 
contraction was due to bridge abutments, the upstream flow would follow a natural 
streamline to the point of maximum constriction, but then downstream, the flow would 
probably separate. Tranquil approach flow could follow line A to C but the downstream flow 
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Figure 4.12. Change in water surface elevation resulting from a change in width. 

y2 1 (1 8 Fr 2 
1 ) 

1/2 1 (4.31) 
y 1 2 

(y 2 y 1 )H h L (4.32)
4 y1 y2 

probably would not follow either line C to D or C to E, but would have an undulating hydraulic 
jump. There would be interaction of the flow in the separation zone and considerable energy 
would be lost. If the slope downstream of the abutments was the same as upstream, then 
the flow could not be sustained with this amount of energy loss.  Backwater would occur, 
increasing the depth in the constriction and upstream, until the flow could go through the 
constriction and establish uniform flow downstream. 

4.6.4. Hydraulic Jump 

A hydraulic jump will occur when the flow velocity (V1) is rapid or supercritical and the slope 
is decreased to a slope for subcritical flow, or an obstruction such as an energy dissipator is 
placed in the flow. The supercritical depth is changed to a subcritical depth, called the 
sequent depth. Depending on the magnitude of the Froude Number, a considerable amount 
of energy is changed to heat. The larger the Froude Number, the more energy that is lost. 
The existence of a jump assumes adequate tailwater conditions exist. Many engineers/ 
designers assume that a jump will always occur when a change from a steep grade to a flat 
grade is encountered, such as near the outlet end of a culvert (i.e., a broken-back culvert). 
The jump will only occur with adequate downstream tailwater to maintain the sequent depth 
just below the culvert grade break. Without adequate tailwater, the jump will be swept 
downstream out of the culvert, causing a potentially large scour hole at the culvert outlet.   

The relation between the supercritical depth and the sequent depth for a rectangular flat 
channel is: 

The corresponding energy loss in a hydraulic jump is the difference between the two specific 
energies. It can be shown that this headloss is: 

3 
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Equation 4.32 has been experimentally verified along with the dependence of the jump 
length Lj and energy dissipation (headloss hL) on the Froude Number of the approaching flow 
(Fr1). The results of these experiments are given in Figure 4.13. 

When the Froude Number for rapid flow is less than 2.0, an undulating jump with large 
surface waves is produced. The waves are propagated for a considerable distance 
downstream. In addition, when the Froude Number of the approaching flow is less than 3.0, 
the energy dissipation of the jump is not large and jets of high velocity flow can exist for 
some distance downstream of the jump. These waves and jets can cause erosion a 
considerable distance downstream of the jump.  For larger values of the Froude Number, the 
rate of energy dissipation in the jump is very large and Figure 4.13 is recommended. 

EXAMPLE PROBLEM 4.6 (SI Units) 

Given: A hydraulic jump occurs in a 5-m wide rectangular channel at a flow depth of 0.5m. 
Determine the downstream water surface elevation needed to cause the jump. Also 
calculate the headloss due to the jump. Given Q = 20 m3/s. 

Figure 4.13. Hydraulic jump characteristics as a function of the upstream Froude Number. 
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Find:

(1) Determine the required downstream WSEL to initiate a jump 
(2) Determine the headloss across the jump 

Solution:

(1) Using the formula for a hydraulic jump (Equation 4.31), find y2. 

From continuity V1 = Q / A1 = 20 / [5 (0.5)] = 8 m/s 

yy2 
1 [(1 8Fr 2 1/ 2

2 1 ) 1]; Fr = V1 / (g y 1/2 1/2
1)  = 8 / [9.81 (0.5)]  = 3.6

0.5 y [(1 (8)(3.6 2 )] 1/2
2 1 2.3 m

2 

(2) Find the headloss, hL, across the jump (Equation 4.32) 

(y y )3
h 2 1

L 4 y1 y2

hL = (2.3 – 0.5)  / [4 (2.3) (0.5)] = 1.27 m 

EXAMPLE PROBLEM 4.6 (English Units) 

Given: A hydraulic jump occurs in a 16.4 ft  wide rectangular channel at a flow depth of 1.64 
ft. Determine the downstream water surface elevation needed to cause the jump.  Also 
calculate the headloss due to the jump. Given Q = 700 ft3/s. 

3
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Find:

(1) Determine the required downstream WSEL to initiate a jump 
(2) Determine the headloss across the jump 

Solution:

(1) Using the formula for a hydraulic jump (Equation 4.31), find y2. 

From continuity V1 = Q / A1 = 700 / [1.64 (16.4)] = 26.03 ft/s 
yy 1 (1 8 Fr2 ) 1/2 1  ; Fr = V  / (g y )1/2 = 26.03 / [32.2 (1.64)]1/2

2 1 1 1  = 3.58 

1.64 y2 { [ (1 (8)(3.58 2 )] 1/ 2 1} 7.52 ft 
2 

(2) Find the headloss, hL, across the jump (Equation 4.32) 

2 1hL 4 y1 y2 

(y y )3 

h 3
L = (7.52 – 1.64)  / [4 (7.52) (1.64)] = 4.12 ft 

4.6.5 Subcritical Flow in Bends 

When subcritical flow goes around a bend, the water surface is elevated on the outside of the 
bend and lowered on the inside of the bend (Figure 4.14).  The approximate difference in 
elevation ( Z) between the water surface along the sides of the curved channel can be found 
by the following equations. 

VZ Z o Z i (r o r 
g i ) (4.33)

rc 

2 

2 

where: 
Z = Elevation of the water surface, m (ft) 
V = Average velocity in the channel, m/s (ft/s) 
g = Acceleration of gravity, 9.81 m/s2 (32.2 ft/s2) 
rc = Radius of curvature to the centerline of the channel, m (ft) 
r0 = Radius of curvature to the outside flow line around the bend, m (ft) 
ri = Radius of curvature to the inside flow line around the bend, m (ft) 

Figure 4.14. Superelevation of water surface in a bend. 
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2 2
V2

max ri r Z  2   c  (4.34) 
2g r c ro 

1tan  (4.35)
3Fr 

In channel design, superelevation is accounted for by adding Z/2 to the normal depth to 
define the maximum water surface depth at the outside of the bend. 

This equation gives values of Z somewhat lower than will occur in natural channels 
because of the assumption of uniform velocity and uniform curvature, but the computed 
value will be generally less than 10 percent in error.  Equation 4.34 (HDS 6, Richardson et al. 
2001) is more accurate, but the difference in superelevation obtained by using the two 
equations is small, and in alluvial channels the resulting erosion of the concave bank and 
deposition on the convex bank leads to further error in computing superelevation. 

It is recommended that Equation 4.33 be used to compute superelevation in alluvial 
channels. For lined canals with strong curvature and large velocities, superelevation should 
be computed using Equation 4.34. 

Other problems introduced by curved alignment of channel in subcritical flow include spiral 
flow, changes in velocity distribution, and increased friction losses within the curved channel 
as contrasted with the straight channel. For more information on flow-around bends see 
Rouse (1950), Chow (1959), or Richardson et al. (2001). 

4.6.6 Supercritical Flow in Bends 

Changes in alignment of supercritical flow are difficult to make. Water traveling at 
supercritical velocities around bends builds up waves which may "climb out" of the channel. 
Waves that are set up may continue downstream for a long distance. Also, sharp changes in 
alignment may set up a hydraulic jump with the flow overtopping the banks. Changes in 
alignment, whenever possible, should be made near the upper end of the section before the 
supercritical velocity has developed. If a change in alignment is necessary in a channel 
carrying supercritical flow, the channel should be rectangular in cross section, and preferably 
enclosed. On small chutes, experiments have shown that an angular variation ( ) of 
rectangular flow boundaries (expansion) should not exceed that produced by the equation: 

Changes in alignment of open channels can and should be designed to reduce the wave 
action, resulting from the change in direction in flow (see Richardson et al. 2001). Often 
designs involving supercritical flow should be model tested to develop the best design, or 
even a design that will work. 

EXAMPLE PROBLEM 4.7 (SI Units) 

Given: During high runoff, a 2.0 m deep mountain stream flows near bank full with a normal 
depth and velocity of 1.8m and 3.4 m/s, respectively. At a sharp bend ro = 12 m, rc = 10 m, 
ri = 8 m. Will flow overtop the bend? 
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Find: Z 

Solution:  Use the superelevation formula 

V2 3.42 
Z (r r ) Z (12 8) 0.47m 

grc 
o i (9.81)(10) 

The water surface raises approximately (0.47/2) m on the outside of the bend and lowers by 
that same amount on the inside of the bend. The maximum flow depth in the bend will be: 

youtside = 1.8 + (0.47 / 2) = 2.04 m 

which is greater than the channel depth (2.0 m) and overtopping will occur. 

EXAMPLE PROBLEM 4.7 (English Units) 

Given: During high runoff, a 6.56 ft deep mountain stream flows near bank full with a normal 
depth and velocity of 5.91 ft and 11.15 ft/s, respectively. At a sharp bend ro = 39.37 ft, rc = 
32.81 ft, ri = 26.25 ft. Will flow overtop the bend? 
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V 11.15Z  (r0  ri )  (39.37  26.25)  1.54 feet 
grc (32.2)(32.81) 

 102  
n y 3

 o 1   dy n  y    S o
o  (4.36) 

dx 3yc 1  
y   

Find: Z 

Solution:  Use the superelevation formula 
2 2 

The water surface raises approximately (1.54/2) ft on the outside of the bend and lowers by 
that same amount on the inside of the bend. The maximum flow depth in the bend will be 

youtside = 5.9 + (1.54 / 2) = 6.67 ft 

which is greater than the channel depth (6.56 ft) and overtopping will occur. 

4.7 GRADUALLY VARIED FLOW 

4.7.1 Introduction 

In this section, a second type of steady nonuniform flow is considered, gradually varied flow. 
In gradually varied flow, changes in depth and velocity take place slowly over large 
distances, resistance to flow dominates, and acceleration forces are neglected. Analysis of 
gradually varied flow involves: (1) the determination of the general characteristics of the 
water surface; and (2) the elevation of the water surface or depth of flow. 

In gradually varied flow, the actual flow depth, y, is either larger or smaller than the normal 
depth, yo, and either larger or smaller than the critical depth, yc. The water surface profiles, 
which are often called backwater curves, depend on the magnitude of the actual depth of 
flow, y, in relation to the normal depth, yo, and the critical depth, yc. Normal depth, yo, is the 
depth of flow that would exist for steady-uniform flow as determined using Manning's velocity 
equation, and the critical depth is the depth of flow when the Froude Number equals 1.0. 
Reasons for the depth being different than the normal depth are changes in slope of the bed, 
changes in cross section, obstruction to flow, and imbalances between gravitational forces 
accelerating the flow and shear forces retarding the flow. In working with gradually varied 
flow, the first step is to determine what type of water surface profile would exist. The second 
step is to perform the numerical computations. An excellent gradually flow reference is 
Chow (1959). 

4.7.2 Types of Water Surface Profiles 

The types of water surface profiles are obtained by analyzing the change of the various 
terms in the gradually varied flow equation: 
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The slope of the water surface dy/dx depends on the slope of the bed So, the ratio of the 
normal depth yo to the actual depth y and the ratio of the critical depth yc to the actual depth 
y. The difference between flow resistance for steady uniform flow no to flow resistance for
steady nonuniform flow n is small and the ratio is taken as 1.0. With n = no, there are 12 
types of water surface profiles. The 12 types are subdivided into 5 classes which depend on 
the bed slope. These are illustrated in Figure 4.15 and summarized in Table 4.1.  

Figure 4.15. Classification of water surface profiles. 

When y  yc, the assumption that acceleration forces can be neglected no longer holds. 
Equation 4.36 indicates that dy/dx is perpendicular to the bed slope when y  yc. For 
locations close to the cross-section where flow is critical, a distance from 3 to 20 m, (10 to 65 
ft) curvilinear flow analysis and experimentation must be used to determine the actual values 
of y. When analyzing long distances, 30 to 100 m or longer, (100 to 300 ft or longer) one can 
assume qualitatively that y reaches yc. In general, when the flow is rapid (Fr > 1), the flow 
cannot become tranquil or subcritical without a hydraulic jump occurring.  In contrast, 
subcritical flow can become rapid, or supercritical, (cross the critical depth line).  This is 
illustrated in Figure 4.16. 

When there is a change in cross section or slope or an obstruction to the flow, the qualitative 
analysis of the flow profile depends on locating the control points, determining the type of 
water surface profile upstream and downstream of the control points, and then sketching 
these profiles. It must be remembered that when flow is supercritical (Fr > 1), the control 
depth is upstream and the water surface profile analysis proceeds in the downstream 
direction. When flow is subcritical (Fr < 1), the control depth is downstream and the 
computations must proceed upstream. Water surface profiles that result from a change in 
slope of the bed are illustrated in Figure 4.16. 
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Figure 4.16. Examples of water surface profiles. 
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Table 4.1. Characteristics of Water Surface Profiles. 

Class Bed Slope Depth Type Classification
Mild So > O Y > yo > yc 1 M1
Mild So > O yo > y > yc 2 M2
Mild So > O yo > yc > y 3 M3 

Critical So > O Y > yo = yc 1 C1
Critical So > O Y < yo = yc 3 C3
Steep So > O Y > yc > yo 1 S1
Steep So > O yc > y > yo 2 S2
Steep So > O yc > yo > y 3 S3 

Horizontal So = O y > yc 2 H2
Horizontal So = O yc > y 3 H3 
Adverse So < O y > yc 2 A2
Adverse So < O yc > y 3 A3 

Note: 

1. With a type 1 curve (M1, S1, C1), the actual depth of flow y is greater than both the
normal depth yo and the critical depth yc. Because flow is tranquil, control of the flow
is downstream.

2. With a type 2 curve (M2, S2, A2, H2), the actual depth y is between the normal depth
yo and the critical depth yc. The flow is tranquil for M2, A2, and H2 and thus the
control is downstream. Flow is rapid for S2 and the control is upstream.

3. With a type 3 curve (M3, S3, C3, A3, H3), the actual depth y is smaller than both the
normal depth yo and the critical depth yc. Because the flow is rapid control is
upstream.

4. For a mild slope, So is smaller than Sc and yo > yc.
5. For a steep slope, So is larger than Sc and yo < yc.
6. For a critical slope, So equals Sc and yo = yc.
7. For an adverse slope, So is negative.
8. For a horizontal slope, So equals zero.

9. The case where y  yc is of special interest because the denominator in Equation
4.36 approaches zero.

To determine if the hydraulic jump occurs on the steep or mild slope, calculate the sequent 
depth (y2) for the y1 depth using the hydraulic jump equation.  If y2 from the hydraulic jump is 
larger than the normal depth y0 from Manning's equation on the mild slope, then there will be 
an M3 curve on the mild slope until the y2 equals the depth that corresponds to the initial 
depth needed for the jump to occur. If y2 is smaller than the depth that would balance with 
the downstream depth, the jump will occur on the steep slope and an S1 curve will occur to 
connect with the normal depth at the control section. 
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EXAMPLE PROBLEM 4.8 (SI Units) 

Given: A 5 m wide, rectangular channel goes from a very steep grade to a mild slope.  The 
design discharge is 24.8 m3/s and the normal depth and velocity on the steep slope were 
calculated to be 0.33 m and 15 m/s, respectively. On the mild slope, the normal depth and 
velocity were calculated to be 2.96 m and 1.68 m/s, respectively. Determine the type of flow 
occurring in both channels. If a hydraulic jump occurs, evaluate the depth downstream of the 
hydraulic jump, the location of the jump, and the water surface profile classification. 

V = 1.68 m/s 

2.
96

 m
 

Potential water surface 
profile 2 (S1) 

Potential water surface 
profile 1 (M3) 

Mild Slope 

Q = 24.8 m3/s

Find:

1. Find the critical depth, yc, on the steep slope.

q2  3
yc = q = Q/B where B is the channel width

 g  
1 1

 (Q /B)2  3  (24.8/5)2  3
y    c = ; yc = =1.36m

 g   9.81  

On the steep slope, the normal depth is 0.33 m.  Since y < yc, supercritical flow occurs on the 
steep slope. Note that the unit discharge (q) is the same for the mild slope and hence, yc, is 
the same for the steep and mild slope sections. On the mild slope, the normal depth is 2.96 
m. Since y > yc, subcritical flow occurs on the mild slope.  Therefore, a hydraulic jump
should occur. 

2. Next, determine if the jump will occur on the steep slope or on the mild slope.

To determine if the hydraulic jump occurs on the steep or mild slope, calculate the sequent 
depth (y2) for the steep slope y1  depth using the hydraulic jump equation. If y2 from the 
hydraulic jump is larger than the normal depth  y0  from Manning's equation on the mild 
slope, then there will be an M3 curve on the mild slope until the  y2  equals the critical depth. 
If y2  is smaller than y0 on the mild slope, then the jump may occur on the steep slope and 
an S1 curve will occur to connect with the normal depth at the control section. 

yy = 1  1+ 8 Fr2
2 1 - 1  

2

V 15Fr = ; Fr = = 8.34
gy 9.81(0.33)

1
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0.33 y2  1  8(8.34) 2  1 3.73m
2  

Compare parameters and determine the type of water surface classification. 

Since the sequent depth (y2) is greater than the mild slope normal depth (i.e., 3.73 > 2.96), 
the mild slope channel will have an M3 curve until the hydraulic jump occurs. 

EXAMPLE PROBLEM 4.8 (English Units) 

Given: A 16 ft wide, rectangular channel goes from a very steep grade to a mild slope. The
design discharge is 875 ft3/s and the normal depth and velocity on the steep slope were 
calculated to be 1.0 ft and 54.7 ft/s, respectively. On the mild slope, the normal depth and 
velocity were calculated to be 9.71 ft and 5.6 ft/s, respectively.  Determine the type of flow 
occurring in both channels. If a hydraulic jump occurs, evaluate the depth downstream of the 
hydraulic jump, the location of the jump, and the water surface profile classification. 

V = 5.6 ft/s 

9.
71

 ft
 

Potential water surface 
profile 2 (S1) 

Potential water surface 
profile 1 (M3) 

Mild Slope 

Q = 875 ft3/s

Find:

1. Find the critical depth, yc, on the steep slope.

q2  3
y =c q = Q/B where B is the channel width

 g  
1 1

 (Q /B)2  3  (875/16)2  3
y = c yc = = 4.52ft

 g   32.2  

1

On the steep slope, the normal depth is 1.0 ft.  Since y < yc, supercritical flow occurs on the 
steep slope. Note that the unit discharge (q) is the same for the mild slope and hence, yc, is 
the same for the steep and mild slope sections. On the mild slope, the normal depth is 9.71 
ft. Since y > yc, subcritical flow occurs on the mild slope.  Therefore, a hydraulic jump should 
occur.

2. Next, determine if the jump will occur on the steep slope or on the mild slope.

To determine if the hydraulic jump occurs on the steep or mild slope, calculate the sequent 
depth (y2) for the steep slope y1 depth using the hydraulic jump equation. If y2 from the 
hydraulic jump is larger than the normal depth y0 from Manning's equation on the mild slope, 
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y
y 2 = 1  1+ 8 Fr2 

1 - 1  
2 

V 54.7Fr =  ; Fr = = 9.64
gy 32.2 (1.0) 

1.0 y2  1  8(9.64) 2  1 13.14 ft
2  

then there will be an M3 curve on the mild slope until the y2 equals the critical depth. If y2 is 
smaller than y0 on the mild slope, then the jump may occur on the steep slope and an S1 
curve will occur to connect with the normal depth at the control section. 

Compare parameters and determine the type of water surface classification. 

Since the sequent depth (y2) is greater than the mild slope normal depth (i.e., 13.14 > 9.71), 
the mild slope channel will have an M3 curve until the hydraulic jump occurs. 

4.7.3 Standard Step Procedure 

The standard step method is a simple computational procedure to determine the water 
surface profile in gradually varied flow. Prior knowledge of the type of water surface profile 
as determined in the preceding section would be useful to determine whether the analysis 
should proceed up- or downstream. 

The standard step method is derived from the energy equation. The equation is: 

H H L  1 2

S o Sf

where: 
L = Distance between Sections 1 and 2, m (ft) 

H = Specific energy at Sections 1 and 2, m (ft) 
So = Slope of the bed 
Sf = Friction slope 

The above equation is used in the standard step method. An example of the use of the 
standard step method is given Chow (1959) and Richardson et al. (2001). 

Although computer programs (such as HEC-RAS) are commonly used to compute water 
surface profiles, it is recommended that a qualitative sketch of the water surface profiles be 
made using the information given in the preceding section. This is particularly useful in 
complicated profiles where the channel slopes change from steep to mild or mild to steep. 
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