


 P a g e  i  

TABLE OF CONTENTS 
1. INTRODUCTION .................................................................................................................. 1 

1.1 Purpose .......................................................................................................................................................... 1 

1.2 Contents ........................................................................................................................................................ 1 

1.3 Objectives ..................................................................................................................................................... 2 

1.4 Criteria Summary ........................................................................................................................................ 2 

1.4.1 Drainage Design and Technical Criteria ................................................................................. 2 

1.4.2 Minor and Major Drainage Systems ........................................................................................ 3 

1.4.3 Storm Runoff Computation ....................................................................................................... 4 

1.4.4 Detention ....................................................................................................................................... 4 

1.4.5 Flood Corridor Management .................................................................................................... 4 

1.4.6 NPDES Construction Site Activities ....................................................................................... 5 

1.4.7 Post Construction Stormwater Quality ................................................................................. 5 

1.4.8 Drainage Easements .................................................................................................................... 5 

1.5 Submittals ...................................................................................................................................................... 6 

1.6 Software ........................................................................................................................................................ 6 

1.7 References .................................................................................................................................................... 6 

2. HYDROLOGY ........................................................................................................................ 7 

2.1 Overview ....................................................................................................................................................... 7 

2.1.1 Hydrologic Method Selection ................................................................................................... 7 

2.1.2 Frequency Design Criteria ......................................................................................................... 7 

2.2 Rational Method .......................................................................................................................................... 8 

2.2.1 Concept and Equation ................................................................................................................ 8 

2.2.2 Application ..................................................................................................................................... 8 

2.2.3 Common Errors and Limitations ........................................................................................... 14 

2.3 NRCS Unit Hydrograph Method ........................................................................................................... 14 

2.3.1 Concepts and Equations ........................................................................................................... 14 

2.4 References .................................................................................................................................................. 22 

3. PAVEMENT DRAINAGE AND STORM SEWER ............................................................ 23 

3.1 Overview ..................................................................................................................................................... 23 

3.2 Pavement Drainage Criteria ................................................................................................................... 23 

3.2.1 Return Period ............................................................................................................................. 23 

3.2.2 Spread and Cross Street Flow ................................................................................................ 23 

3.2.3 Longitudinal Grade .................................................................................................................... 24 

3.2.4 Cross Slope ................................................................................................................................. 24 

3.2.5 Curb and Gutter ........................................................................................................................ 24 



 P a g e  i i  

3.3 Gutter Flow Calculations ........................................................................................................................ 24 

3.4 Stormwater Inlets...................................................................................................................................... 25 

3.4.1 Overview ..................................................................................................................................... 25 

3.4.2 Grate Inlets .................................................................................................................................. 25 

3.4.3 Curb Inlets ................................................................................................................................... 26 

3.5 Storm Sewer ............................................................................................................................................... 29 

3.5.1 Overview ..................................................................................................................................... 29 

3.5.2 Design Criteria ........................................................................................................................... 29 

3.5.3 Capacity Calculations ................................................................................................................ 31 

3.5.4 Energy Grade Line and Hydraulic Grade Line .................................................................... 32 

3.5.5 Manholes ...................................................................................................................................... 32 

3.6 References .................................................................................................................................................. 32 

4. OPEN CHANNELS ............................................................................................................. 33 

4.1 Overview ..................................................................................................................................................... 33 

4.2 Open Channel Flow .................................................................................................................................. 33 

4.2.1 Critical Depth ............................................................................................................................. 34 

4.2.2 Froude Number ......................................................................................................................... 35 

4.2.3 Manning’s Equation .................................................................................................................... 35 

4.3 Open Channel Design Criteria .............................................................................................................. 35 

4.3.1 General Criteria ......................................................................................................................... 35 

4.3.2 Channel Transitions .................................................................................................................. 36 

4.3.3 Return Period Design Criteria ................................................................................................ 36 

4.3.4 Velocity Limitations ................................................................................................................... 36 

4.3.5 Freeboard .................................................................................................................................... 36 

4.3.6 Grade Control Structures ....................................................................................................... 37 

4.3.7 Manning’s Equation .................................................................................................................... 37 

4.3.8 Flow in Bends .............................................................................................................................. 41 

4.3.9 Shear Stress ................................................................................................................................. 41 

4.4 Construction and Maintenance Considerations ................................................................................ 46 

4.5 References .................................................................................................................................................. 46 

5. DESIGN OF CULVERTS ..................................................................................................... 47 

5.1 Overview ..................................................................................................................................................... 47 

5.2 Engineering Design Criteria .................................................................................................................... 47 

5.2.1 Return Period ............................................................................................................................. 47 

5.2.2 Headwater Elevation ................................................................................................................. 48 

5.2.3 Tailwater Elevation .................................................................................................................... 48 



 P a g e  i i i  

5.2.4 Inlet and Outlet Control .......................................................................................................... 48 

5.2.5 Culvert Shape, Cross Section, and Material ........................................................................ 50 

5.2.6 Velocity ......................................................................................................................................... 51 

5.2.7 Culvert Sizes ............................................................................................................................... 51 

5.2.8 Manning’s n Values ..................................................................................................................... 51 

5.2.9 Length, Slope, and Alignment .................................................................................................. 51 

5.2.10 Multiple Barrels and Spans ....................................................................................................... 51 

5.2.11 End Treatments .......................................................................................................................... 52 

5.2.12 Culvert Inlet Configurations .................................................................................................... 52 

5.2.13 Broken-back Culverts ............................................................................................................... 54 

5.2.14 Debris Control ........................................................................................................................... 55 

5.2.15 Anchorage .................................................................................................................................... 55 

5.2.16 Fill Heights and Loading Requirements ................................................................................. 56 

5.2.17 Storage Routing .......................................................................................................................... 56 

5.3 References .................................................................................................................................................. 56 

6. ENERGY DISSIPATION ..................................................................................................... 57 

6.1 Overview ..................................................................................................................................................... 57 

6.2 Design Criteria........................................................................................................................................... 57 

6.2.1 Dissipator Type Selection ........................................................................................................ 57 

6.2.2 Design Limitations ..................................................................................................................... 58 

6.2.3 Design Options ........................................................................................................................... 58 

6.2.4 Related Designs .......................................................................................................................... 59 

6.3 Design Procedures .................................................................................................................................... 60 

6.4 References .................................................................................................................................................. 60 

7. STORAGE FACILITIES ...................................................................................................... 61 

7.1 Overview ..................................................................................................................................................... 61 

7.2 Detention and Retention ......................................................................................................................... 61 

7.2.1 Computer Programs ................................................................................................................. 62 

7.2.2 Plan Review ................................................................................................................................. 62 

7.2.3 Ownership and Maintenance of Storage Facilities ............................................................. 62 

7.3 Design Criteria........................................................................................................................................... 62 

7.3.1 General Criteria ......................................................................................................................... 62 

7.3.2 Release Rate ................................................................................................................................ 63 

7.3.3 Storage Volume .......................................................................................................................... 63 

7.3.4 Grading and Depth .................................................................................................................... 63 



 P a g e  i v  

7.3.5 Outlet Works ............................................................................................................................. 63 

7.3.6 Location and Downstream Analysis ...................................................................................... 64 

7.4 General Hydraulic Procedure ................................................................................................................ 64 

7.5 Safe Dams Act ............................................................................................................................................ 65 

7.6 Maintenance Considerations .................................................................................................................. 65 

7.7 Protective Treatment ............................................................................................................................... 66 

7.8 Trash Racks and Safety Grates .............................................................................................................. 66 

7.9 References .................................................................................................................................................. 66 

8. EROSION AND SEDIMENT CONTROL .......................................................................... 67 

8.1 Purpose and Scope.................................................................................................................................... 67 

8.1.1 General Information for SWPPPs .......................................................................................... 67 

8.1.2 Common SWPPP Objectives .................................................................................................. 68 

8.2 SWPPP Requirements for Construction Activity .............................................................................. 69 

8.2.1 Summary of Required SWPPP Items for Construction Activity .................................... 70 

8.2.2 SWPPP Development – Site Assessment and Planning .................................................... 72 

8.2.3 SWPPP Erosion and Sediment Control Requirements ..................................................... 74 

8.2.4 Good Housekeeping Requirements ...................................................................................... 76 

8.3 Best Management Practice (BMP) Selection ....................................................................................... 79 

8.3.1 Steps in Selection of Control Measures ............................................................................... 79 

8.4 Erosion and Sediment Control Best Management Practices .......................................................... 82 

8.4.1 Safety Fence ................................................................................................................................. 82 

8.4.2 Stabilized Construction Entrance ........................................................................................... 82 

8.4.3 Construction Road Stabilization ............................................................................................. 82 

8.4.4 Silt Fence ...................................................................................................................................... 83 

8.4.5 Storm Drain Inlet Protection .................................................................................................. 83 

8.4.6 Culvert Inlet Protection ........................................................................................................... 84 

8.4.7 Temporary Diversion Dike ..................................................................................................... 84 

8.4.8 Temporary Fill Diversion ......................................................................................................... 85 

8.4.9 Check Dams ................................................................................................................................ 85 

8.4.10 Level Spreader ............................................................................................................................ 85 

8.4.11 Temporary Slope Drain ............................................................................................................ 86 

8.4.12 Temporary Vehicular Stream Crossing ................................................................................ 86 

8.4.13 Turbidity Curtain ....................................................................................................................... 86 

8.4.14 Temporary Sediment Trap ...................................................................................................... 87 

8.4.15 Temporary Sediment Basin ..................................................................................................... 87 

8.4.16 Dust Control .............................................................................................................................. 87 





 P a g e  v i  

9.5 Platting and Site Plan Review ............................................................................................................... 110 

9.5.1 Procedures ............................................................................................................................... 110 

9.5.2 Submittals .................................................................................................................................. 110 

9.5.3 Off-Site Stormwater Mitigation ........................................................................................... 112 

9.6 Post-Construction Stormwater BMPs .............................................................................................. 112 

9.6.1 BMP Selection .......................................................................................................................... 113 

9.7 Maintenance of Controls ...................................................................................................................... 114 

9.8 Landscaping .............................................................................................................................................. 114 

9.9 References ............................................................................................................................................... 114 

 

List  of  F igures 
Figure 2-1. Intensity-Duration-Frequency Curves .......................................................................................... 11 

Figure 2-2. Unit Peak Discharge, qu .................................................................................................................... 21 

Figure 3-1. Depressed Curb Inlet ....................................................................................................................... 27 

Figure 3-2. Curb Inlet Opening Configurations ............................................................................................... 29 

Figure 4-1. High Shear Stress Zone in Bends ................................................................................................... 42 

Figure 5-1. Example Inlet Control Flow Condition ........................................................................................ 49 

Figure 5-2. Typical Outlet Control Flow Conditions ..................................................................................... 49 

Figure 5-3. Single Broken-back Culvert ............................................................................................................. 54 

Figure 5-4. Double Broken-back Culvert .......................................................................................................... 55 

 

List  of  Tables   
Table 2-1. Recommended Hydrologic Methods .............................................................................................. 7 

Table 2-2. Design Frequency Criteria................................................................................................................. 8 

Table 2-3. Maximum Sheet Flow Lengths .......................................................................................................... 9 

Table 2-4. Manning’s Roughness Coefficients for Sheet Flow .................................................................... 10 

Table 2-5. Velocity Equations for Shallow Concentrated Flow .................................................................. 10 

Table 2-6. Rainfall Intensity Tabular Data ........................................................................................................ 11 

Table 2-7. Runoff Coefficients for Developed Areas .................................................................................... 12 

Table 2-8. Runoff Coefficients for Undeveloped Areas ............................................................................... 13 

Table 2-9. 24-Hour Accumulated Rainfall Total ............................................................................................. 14 

Table 2-10. Curve Numbers for Developed Areas1 ....................................................................................... 16 

Table 2-11. Curve Numbers for Undeveloped Areas1 ................................................................................... 17 

Table 3-1. Allowable Maximum Street Encroachment ................................................................................. 23 

Table 3-2. Allowable Maximum Cross-Street Flow ...................................................................................... 24 

Table 3-3. Manning’s n Values for Street and Pavement Gutters .............................................................. 25 



 P a g e  v i i  

Table 4-1. Open Channel Manning’s Roughness Coefficients ..................................................................... 38 

Table 4-2. Ratios of Channel Side to Bottom Shear Stress ......................................................................... 42 

Table 4-3. Ratios of Channel Bend to Bottom Shear Stress ....................................................................... 43 

Table 4-4. Typical Ratios of Effective to Bottom Shear Stress ................................................................... 44 

Table 4-5. Typical Permissible Shear Stresses for Bare Soil and Stone Linings ...................................... 45 

Table 5-1. Factors Affecting Inlet and Outlet Control ................................................................................. 50 

Table 5-2. Equivalent Pipe Cross Sections ...................................................................................................... 50 

Table 5-3. Entrance Loss Coefficients, Outlet Control ............................................................................... 53 

Table 6-1. Requirements for Energy Dissipation ........................................................................................... 57 

Table 8-1 Erosion Control BMP Selection Matrix ........................................................................................ 80 

Table 8-2 Sediment Control BMP Selection Matrix ..................................................................................... 81 

Table 9-1. Rainfall Depth (P) By Region for Defined Percentile Rainfall Events ................................... 108 

Table 9-2. Water Quality Discharge Rate (Qwq) for Selected Impervious Areas by Region .......... 109 

Table 9-3. BMP Design Guidance for Various Regulatory Agencies ....................................................... 113 



 P a g e  1  

1 .  INTRODUCTION 
1 .1  Purpose 

Providing adequate drainage in urban areas is a necessary component in maintaining the overall health, 
welfare, and economic well-being of a community. Haphazard growth in an urban setting can result in 
erratic development of the urban stormwater drainage system. Problems caused by erratic development 
can include flooding, soil erosion, and pollution, which may manifest themselves in loss of life, property 
damage, increased stress on municipal budgets, and loss of the natural beauty of a community. Urban 
drainage and flood control management is a complex issue primarily because it is related to the mobility 
of the public, water supply, sanitation, aquifer recharge, irrigation, and urban layout. The urban 
stormwater drainage and flood control system in and of itself is important, but it must also mesh with 
community growth plans and regional drainage plans. 

It is the goal of the City to provide a consistent program of storm drainage and flood control, to protect 
human life and health, and to minimize property damage resulting from erosion, sedimentation, and 
flooding. 

It is also a goal of the City to plan for urban drainage and flood control to help achieve an orderly, 
efficient, pleasant, and diverse urban area, which, in turn, will complement other efforts conducive to 
public health, safety, and welfare.  

The purpose of this Drainage Criteria Manual is to provide technical drainage design criteria and 
guidance to aid in achieving these goals. This manual applies within the corporate limits of the City and 
its extraterritorial jurisdiction. 

1 .2  Contents  

This manual includes nine technical chapters that provide guidance on the major aspects of urban 
stormwater management and drainage facility design. The manual is intended to be an effective and 
practical resource that provides users with accepted engineering approaches and policies.   

It is assumed that the user has basic knowledge of hydraulics, hydrology, and stormwater management 
concepts. For additional design and engineering guidance not specified in this manual, refer to the 
current issue of the following publications: 

City of Lincoln, Nebraska: 

 Drainage Criteria Manual 

City of Omaha, Nebraska: 
 Omaha Regional Stormwater Design Criteria Manual 

Federal Highway Administration (FHWA): 

 Hydraulic Design Series 5: Hydraulic Design of Highway Culverts (HDS 5) 

 Hydraulic Engineering Circular No. 9: Debris Control Structures Evaluation and 
Countermeasures (HEC 9) 

 Hydraulic Engineering Circular No. 13: Hydraulic Design of Improved Inlets for Culverts (HEC 
13) 

 Hydraulic Engineering Circular No. 14: Hydraulic Design of Energy Dissipators for Culverts and 
Channels (HEC 14) 
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 Hydraulic Engineering Circular No. 15: Design of Roadside Channels with Flexible Linings (HEC 
15) 

 Hydraulic Engineering Circular No. 22: Urban Drainage Design Manual (HEC 22) 

Natural Resources Conservation Service (NRCS): 

 National Engineering Handbook, Part 630 Hydrology 

Nebraska Department of Transportation (NDOT):  

 Drainage Design and Erosion Control Manual 

Mile High Flood District (formerly Urban Drainage and Flood Control District): 

 Urban Storm Drainage Criteria Manual 

1 .3  Object ives  

Drainage, flood control, and water quality protection in the City is an integral part of a comprehensive 
community plan. Drainage represents only one component of a larger urban system. The objectives of 
the drainage and flood control policies and guidelines outlined in this manual are to:  

1. Employ a consistent Stormwater Management Plan for the City, to minimize adverse effects to 
the environment and to handle storm runoff safely and efficiently.  

2. Employ Stormwater Design Criteria that ensures that design of the drainage system is consistent 
with good engineering practices and minimizes stormwater interference with vehicular traffic.  

3. Reduce the exposure of people and property to flood hazards.  
4. Systematically minimize the level of flood, sediment, and erosion damage to public and private 

property.  
5. Comply with floodplain regulations as required by the Federal Emergency Management Agency 

(FEMA) and administered by the Nebraska Department of Natural Resources (NeDNR). 
6. Encourage upstream drainage area and flood plain uses which are consistent with approved land 

use plans for those areas, and coordinate with plans for the total community.  
7. Ensure that corrective works are consistent with the overall goals of the city and region and 

provide an efficient use of public funds.  
8. Manage stream and drainage channel corridors to promote environmental diversity and to protect 

buildings and facilities from damage by channel erosion.  
9. Stabilize channels in order to minimize the disruption of existing infrastructure such as bridges 

and utility lines.  
10. Maintain existing natural drainage patterns. 

1 .4  Criter ia  Summary 

1 .4 .1  Dra inage  Des ign  and  Techn ica l  Cr i te r ia  

The design criteria presented in this manual are based on accepted engineering practice for drainage and 
stormwater management. Extensive input from the State of Nebraska Department of Transportation’s 
Drainage Design and Erosion Control Manual, the City of Lincoln Drainage Criteria Manual, and the City 
of Omaha Regional Stormwater Design Criteria Manual was used in the development of this manual.   

The criteria within this manual are intended to establish guidelines, standards, and methods for effective 
planning and design. Drainage policies, procedures, and guidelines outlined in the manual are subject to 
amendment by the City as conditions warrant. They are not intended to establish legal standards. Special 
situations may call for variations from these requirements, subject to approval from the City. The City 
may set aside these criteria in the interest of the health, safety, order, and general welfare of the 
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T ab le  2 -2 .  De s ign  F requency  C r i ter ia  

Stormwater Management Facility Design Frequency 

Pavement Drainage/Inlets/Storm Sewer 10 Year Commercial/Industrial, 
5 Year Residential 

Culverts/Pavement Cross Drainage (Major System) 50 Year 

Culverts (Minor System1) 10 Year 

Open Channels (Major System) 100 Year 

Open Channels (Minor System1) 10 Year 

Storage Facilities 2, 10 & 100 Year 

Temporary Facilities2 2 Year 
1 Culverts and open channels for the minor system run parallel to the roadway and are used to 

drain the roadway in lieu of a storm sewer system. No culvert that crosses a public roadway 
is considered to be part of the minor system. 

2  These facilities shall remain in place no longer than two years. 

In some cases, particularly in municipalities located in extremely flat terrain, the 10-year 
commercial/industrial and 5-year residential design frequency for storm sewer may be impractical to 
obtain. In these cases, consideration may be given for design frequencies as low as 2-years. City approval 
must be obtained in these cases. 

2 .2  Rat ional  Method 

The rational method is the most commonly used method to estimate the peak runoff of a drainage 
basin. It can be used to estimate the peak runoff for areas as large as 200 acres.   

2 .2 .1  Concept  and Equat ion  

The rational method estimates the peak rate of runoff at any location in a watershed as a function of the 
drainage area, runoff coefficient, and mean rainfall intensity for a duration equal to the time of 
concentration. The rational method is based on the following formula: 

𝑄𝑄 = 𝐶𝐶𝐶𝐶𝐶𝐶 

Where: 𝑄𝑄 = 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑂𝑂𝐷𝐷𝐷𝐷𝑂𝑂𝑎𝑎𝑎𝑎𝐷𝐷𝑂𝑂𝑎𝑎 𝑎𝑎𝑎𝑎 𝑎𝑎ℎ𝑎𝑎 𝑇𝑇𝐷𝐷𝑇𝑇𝑎𝑎 𝑜𝑜𝑜𝑜 𝐶𝐶𝑜𝑜𝑂𝑂𝐷𝐷𝑎𝑎𝑂𝑂𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐷𝐷𝑜𝑜𝑂𝑂, 𝐷𝐷𝑜𝑜𝐷𝐷 
 𝐶𝐶 = 𝑅𝑅𝑂𝑂𝑂𝑂𝑜𝑜𝑜𝑜𝑜𝑜 𝐶𝐶𝑜𝑜𝑎𝑎𝑜𝑜𝑜𝑜𝐷𝐷𝐷𝐷𝐷𝐷𝑎𝑎𝑂𝑂𝑎𝑎 
 𝐶𝐶 = 𝐶𝐶𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑅𝑅𝑎𝑎𝐷𝐷𝑂𝑂𝑜𝑜𝑎𝑎𝑅𝑅𝑅𝑅 𝐶𝐶𝑂𝑂𝑎𝑎𝑎𝑎𝐷𝐷𝐷𝐷𝑎𝑎𝐼𝐼 𝑜𝑜𝑜𝑜𝑎𝑎 𝑎𝑎 𝐷𝐷𝑂𝑂𝑎𝑎𝑎𝑎𝑎𝑎𝐷𝐷𝑜𝑜𝑂𝑂 

                𝐸𝐸𝐸𝐸𝑂𝑂𝑎𝑎𝑅𝑅 𝑎𝑎𝑜𝑜 𝑎𝑎ℎ𝑎𝑎 𝑇𝑇𝐷𝐷𝑇𝑇𝑎𝑎 𝑜𝑜𝑜𝑜 𝐶𝐶𝑜𝑜𝑂𝑂𝐷𝐷𝑎𝑎𝑂𝑂𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐷𝐷𝑜𝑜𝑂𝑂, 𝐷𝐷𝑂𝑂/ℎ𝑎𝑎 
 𝐶𝐶 = 𝐷𝐷𝑎𝑎𝑎𝑎𝐷𝐷𝑂𝑂𝑎𝑎𝑎𝑎𝑎𝑎 𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎, 𝑎𝑎𝐷𝐷𝑎𝑎𝑎𝑎𝐷𝐷 

2 .2 .2  Appl icat ion  

Peak runoff estimated using the rational formula is very sensitive to the parameters that are used. The 
designer must use good engineering judgment in assigning values to these parameters. Each parameter 
used in the rational method is discussed below. 

2 . 2 .2 . 1  T ime  o f  Concent r a t io n  

The time of concentration (Tc) is the time required for water to flow from the hydraulically most 
remote point of the drainage area to the design point. The duration of rainfall is set equal to the Tc and 
is used to estimate the rainfall intensity. In some cases, for a basin with highly impervious areas, several 
different Tc’s must be calculated to determine the governing design flow. No matter how small a 
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2 . 2 .2 . 2  Ra in fa l l  I n ten s i t y  

The rainfall intensity is the average rainfall rate (inches per hour) for a duration equal to the Tc for a 
selected return period. The rainfall intensity shall be determined from Intensity-Duration-Frequency 
(IDF) curves shown on Figure 2-1 or the tabular data in Table 2-6. All rainfall intensity data provided was 
obtained from the National Oceanic and Atmospheric Administration (NOAA) Atlas 14 Point 
Precipitation Frequency Estimates. 

F igu re  2 -1 .  In tens i t y -Dura t ion -Fr equency  Cu rve s  

 

T ab le  2 -6 .  Ra in fa l l  In tens i t y  T abu la r  Data  

Duration 2 Year 5 Year 10 Year 25 Year 50 Year 100 Year 
5 Minutes 5.12 6.35 7.43 9.01 10.3 11.6 

10 Minutes 3.75 4.65 5.44 6.59 7.54 8.53 

15 Minutes 3.05 3.78 4.42 5.36 6.13 6.93 

30 Minutes 2.15 2.66 3.11 3.77 4.31 4.87 

60 Minutes 1.38 1.72 2.02 2.46 2.82 3.20 

2 Hours 0.842 1.05 1.24 1.52 1.74 1.98 

3 Hours 0.618 0.778 0.918 1.13 1.30 1.47 

6 Hours 0.360 0.453 0.534 0.654 0.752 0.855 

12 Hours 0.204 0.254 0.298 0.362 0.414 0.467 

24 Hours 0.116 0.143 0.166 0.199 0.225 0.252 
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2 . 2 .2 . 3  Runof f  Coe f f i c i en t  

The runoff coefficient value in the rational formula is the fraction of rainfall intensity, expressed as a 
decimal, which contributes to the peak discharge, occurring at the time of concentration. It does not 
represent how much of the rain becomes runoff. Runoff coefficients vary based on land use, soil type, 
imperviousness, watershed slope and rainfall intensity/duration. Runoff coefficients should be selected 
from Table 2-7 or Table 2-8, depending on the land use. Where a drainage area consists of several land 
uses, a weighted runoff coefficient should be developed to represent the entire area. 

T ab le  2 -7 .  Runo f f  Coe f f i c ien ts  for  De ve loped  Areas  

Cover Description 
Runoff Coefficients for Return Period 

2 5 10 25 50 100 
Asphalt 0.73 0.77 0.81 0.86 0.90 0.95 

Concrete/Roof 0.75 0.80 0.83 0.88 0.92 0.97 

Grass Areas (Lawns, Parks, etc.) 

Poor Condition (Grass Cover < 50%) 

Flat, 0-2% 0.32 0.34 0.37 0.40 0.44 0.47 

Average, 2-7% 0.37 0.40 0.43 0.46 0.49 0.53 

Steep, Over 7% 0.40 0.43 0.45 0.49 0.52 0.55 

Fair Condition (Grass Cover 50% to 75%) 

Flat, 0-2% 0.25 0.28 0.30 0.34 0.37 0.41 

Average, 2-7% 0.33 0.36 0.38 0.42 0.45 0.49 

Steep, Over 7% 0.37 0.40 0.42 0.46 0.49 0.53 

Good Condition (Grass Cover > 75%) 

Flat, 0-2% 0.21 0.23 0.25 0.29 0.32 0.36 

Average, 2-7% 0.29 0.32 0.35 0.39 0.42 0.46 

Steep, Over 7% 0.37 0.40 0.42 0.46 0.49 0.53 

Urban Districts: 

Commercial and Business (85% Impervious)1 0.68 0.73 0.76 0.81 0.85 0.89 

Industrial (72% Impervious)1 0.62 0.67 0.70 0.74 0.78 0.83 

Residential Districts by Average Lot Size: 

1/8 Acre or Less (Town Houses) (65% Impervious)1 0.59 0.63 0.66 0.71 0.75 0.79 

1/4 Acre (38% Impervious)1 0.46 0.50 0.53 0.58 0.61 0.65 

1/3 Acre (30% Impervious)1 0.43 0.46 0.49 0.54 0.57 0.61 

1/2 Acre (25% Impervious)1 0.41 0.44 0.47 0.51 0.55 0.59 

1 Acre (20% Impervious)1 0.38 0.42 0.45 0.49 0.52 0.56 

2 Acres (12% Impervious)1 0.35 0.38 0.41 0.45 0.48 0.52 
1 The average percent impervious shown was used to develop the composite runoff coefficients. Other 

assumptions are as follows: impervious areas are directly connected to the drainage system, impervious areas 
are considered equivalent to concrete/roof, and pervious areas are considered equivalent to grass areas in good 
condition with an average slope. 
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T ab le  2 -8 .  Runo f f  Coe f f i c ien ts  for  Undev e loped  A rea s  

Cover Description 
Runoff Coefficients for Return Period 

2 5 10 25 50 100 
Cultivated Land 

Flat, 0–2% 0.31 0.34 0.36 0.40 0.43 0.47 

Average, 2–7% 0.35 0.38 0.41 0.44 0.48 0.51 

Steep, Over 7% 0.39 0.42 0.44 0.48 0.51 0.54 

Pasture/Range 

Flat, 0–2% 0.25 0.28 0.30 0.34 0.37 0.41 

Average, 2–7% 0.33 0.36 0.38 0.42 0.45 0.49 

Steep, Over 7% 0.37 0.40 0.42 0.46 0.49 0.53 

Forest/Woodlands 

Flat, 0–2% 0.22 0.25 0.28 0.31 0.35 0.39 

Average, 2–7% 0.31 0.34 0.36 0.40 0.43 0.47 

Steep, Over 7% 0.35 0.39 0.41 0.45 0.48 0.52 

 

2 .2 .3  Common Er ror s  and  L imi tat ions  

 In some cases runoff from a portion of the drainage area which is highly impervious may result 
in a greater peak discharge than would occur if the entire area were considered. In these cases, 
adjustments can be made to the drainage area by disregarding those areas where flow time is 
too slow to add to the peak discharge. Sometimes it is necessary to estimate several times of 
concentration to determine the design flow that is critical for an application.   

 When designing a drainage system, the overland flow path is not necessarily perpendicular to 
the contours shown on available mapping. Often the land will be graded and swales will 
intercept the natural contour and conduct the water to the streets, which may reduce the time 
of concentration. 

 The rational method only provides estimates of peak runoff. It does not provide information on 
the volume or timing of runoff. Modern drainage practices often include detention of urban 
storm runoff to reduce the peak rate of runoff downstream. The rational method is not 
appropriate for use in design of stormwater detention or storage facilities. 

2 .3  NRCS Unit  Hydrograph Method 

The NRCS method uses data similar to the rational method to determine peak discharge, such as 
drainage area, a runoff factor, time of concentration, and rainfall. However, the technique is more 
sophisticated in that it also considers the time distribution of the rainfall, the initial rainfall losses to 
interception and depression storage (initial abstraction), and an infiltration rate that decreases during the 
course of a storm. It can be used to estimate the peak runoff and runoff volumes for areas from 
200 acres up to 10 square miles. The following discussion outlines the basic concepts and equations 
used in the NRCS method. 

2 .3 .1  Concept s  and Equat ions  

The following discussion outlines the basic concepts and equations utilized in the NRCS method. 
Additional details not included in this manual can be found in the NRCS National Engineering Handbook 
Hydrology Chapters (Part 630). 
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2 . 3 .1 . 1  Ra in fa l l - Runo f f  

A relationship between accumulated rainfall and accumulated runoff was derived by the NRCS from 
experimental plots for numerous soils and vegetative cover conditions. The following NRCS runoff 
equation is used to estimate direct runoff from 24-hour storm rainfall: 

𝑄𝑄 =
(𝑃𝑃 − 𝐶𝐶𝑎𝑎)2

(𝑃𝑃 − 𝐶𝐶𝑎𝑎) + 𝑆𝑆
 

Where: 𝑄𝑄 = 𝐷𝐷𝑎𝑎𝑃𝑃𝑎𝑎ℎ 𝑜𝑜𝑜𝑜 𝐷𝐷𝐷𝐷𝑎𝑎𝑎𝑎𝐷𝐷𝑎𝑎 𝑅𝑅𝑂𝑂𝑂𝑂𝑜𝑜𝑜𝑜𝑜𝑜, 𝐷𝐷𝑂𝑂𝐷𝐷ℎ𝑎𝑎𝐷𝐷 
 𝑃𝑃 = 𝐷𝐷𝑎𝑎𝑃𝑃𝑎𝑎ℎ 𝑜𝑜𝑜𝑜 𝐶𝐶𝐷𝐷𝐷𝐷𝑂𝑂𝑇𝑇𝑂𝑂𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎𝐶𝐶 𝑅𝑅𝑎𝑎𝐷𝐷𝑂𝑂𝑜𝑜𝑎𝑎𝑅𝑅𝑅𝑅 

𝑜𝑜𝑎𝑎 𝑃𝑃𝑜𝑜𝑎𝑎𝑎𝑎𝑂𝑂𝑎𝑎𝐷𝐷𝑎𝑎𝑅𝑅 𝑀𝑀𝑎𝑎𝑀𝑀𝐷𝐷𝑇𝑇𝑂𝑂𝑇𝑇 𝑅𝑅𝑂𝑂𝑂𝑂𝑜𝑜𝑜𝑜𝑜𝑜, 𝐷𝐷𝑂𝑂𝐷𝐷ℎ𝑎𝑎𝐷𝐷 
 𝐶𝐶𝑎𝑎 = 𝐶𝐶𝑂𝑂𝐷𝐷𝑎𝑎𝐷𝐷𝑎𝑎𝑅𝑅 𝐶𝐶𝐴𝐴𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎𝐷𝐷𝑎𝑎𝐷𝐷𝑜𝑜𝑂𝑂, 𝐷𝐷𝑂𝑂𝐷𝐷ℎ𝑎𝑎𝐷𝐷 
 𝑆𝑆 = 𝑀𝑀𝑎𝑎𝑀𝑀𝐷𝐷𝑇𝑇𝑂𝑂𝑇𝑇 𝑃𝑃𝑜𝑜𝑎𝑎𝑎𝑎𝑂𝑂𝑎𝑎𝐷𝐷𝑎𝑎𝑅𝑅 𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎𝑂𝑂𝑎𝑎𝐷𝐷𝑜𝑜𝑂𝑂, 𝐷𝐷𝑂𝑂𝐷𝐷ℎ𝑎𝑎𝐷𝐷 

Ia is highly variable but generally is correlated with soil and cover parameters. Through studies of many 
small agricultural watersheds, Ia was found to be approximated by the following empirical equation: 

𝐶𝐶𝑎𝑎 = 0.2𝑆𝑆 

By substituting 0.2S for Ia, the NRCS runoff equation becomes: 

𝑄𝑄 =
(𝑃𝑃 − 0.2𝑆𝑆)2

(𝑃𝑃 + 0.8𝑆𝑆)  

S is related to the soil and cover conditions of the watershed through the runoff factor (curve number, 
see Section 2.3.1.3) by the following equation: 

𝑆𝑆 = �
1000
𝐶𝐶𝐶𝐶

� − 10 

2 . 3 .1 . 2  Ra in fa l l  

The NRCS method is based on a 24-hour storm event. Rainfall depths specific for this region to be used 
for the NRCS method should be selected from Table 2-7and should be used with a Type II rainfall 
distribution. All rainfall depth data provided was obtained from the National Oceanic and Atmospheric 
Administration (NOAA) Atlas 14 Point Precipitation Frequency Estimates. 

T ab le  2 -9 .  24 -Hou r  Accu mulated  Ra in fa l l  To ta l  

Frequency 24-Hour Rainfall, inches 
1 Year 2.41 

2 Year 2.79 

5 Year 3.43 

10 Year 3.98 

25 Year 4.77 

50 Year 5.40 

100 Year 6.06 
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2 . 3 .1 . 3  Runof f  F ac to r  ( Curv e  Number )  

The principal physical watershed characteristics affecting the relationship between rainfall and runoff are 
land use, land treatment, soil types, and land slope. The NRCS method uses a combination of soil 
conditions and land uses (ground cover) to assign a runoff factor to an area. These runoff factors, called 
runoff curve numbers (CN), indicate the runoff potential of an area. The higher an area’s CN, the higher 
that area’s runoff potential will be. Soil properties influence the relationship between runoff and rainfall 
since soils have differing rates of infiltration. Based on infiltration rates, the NRCS has divided soils into 
four hydrologic soil groups (Groups A, B, C, and D), with Group A having the highest infiltration rate 
and Group D having the lowest infiltration rate. Hydrologic soil groups and other soil properties can be 
obtained online using the USDA/NRCS Web Soil Survey Tool.  

Curve numbers should be selected from Table 2-10 or Table 2-11, depending on the land use. Where a 
drainage area consists of several land uses, a weighted curve number should be developed to represent 
the entire area. When land use is expected to change over time, the most conservative land use shall be 
selected. 

Runoff curve numbers vary with antecedent moisture conditions (amount of soil moisture when rainfall 
occurs). Average antecedent soil moisture conditions (AMC II) are recommended for most hydrologic 
analysis. All curve numbers shown in this manual reflect an average antecedent soil moisture condition 
(AMC II). 
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T ab le  2 -10 .  Cu rve  Numbe rs  for  Deve loped  A rea s 1  

Cover Description Average % 
Impervious2 

CN for Hydrologic Soil Group 
A B C D 

Fully Developed Urban Areas (Vegetation Established): 

Open Space (Lawns, Parks, Golf Courses, Cemeteries, etc.)3: 

Poor Condition (Grass Cover < 50%)  68 79 86 89 

Fair Condition (Grass Cover 50% to 75%)  49 69 79 84 

Good Condition (Grass Cover > 75%)  39 61 74 80 

Urban Districts: 

Commercial and Business 85 89 92 94 95 

Industrial 72 81 88 91 93 

Residential Districts by Average Lot Size: 

1/8 Acre or Less (Town Houses) 65 77 85 90 92 

1/4 Acre 38 61 75 83 87 

1/3 Acre 30 57 72 81 86 

1/2 Acre 25 54 70 80 85 

1 Acre 20 51 68 79 84 

2 Acres 12 46 65 77 82 

Impervious Areas: 

Paved Parking Lots, Roofs, Driveways, etc. (Excluding 
Right-of-Way)  98 98 98 98 

Streets and Roads: 

Paved; Curbs and Storm Sewers (Excluding Right-
of-Way)  98 98 98 98 

Paved; Open Ditches (Including Right-of-Way)  83 89 92 93 

Gravel (Including Right-of-Way)  76 85 89 91 

Dirt (Including Right-of-Way)  72 82 87 89 

Developing Urban Areas: 

Newly Graded Areas (Pervious Areas Only, No 
Vegetation)  77 86 91 94 

1 Average runoff condition, and Ia = 0.2S. 
2 The average percent impervious shown was used to develop the composite CNs. Other assumptions are as 

follows: impervious areas are directly connected to the drainage system, impervious areas have a CN of 98, and 
pervious areas are considered equivalent to open space in good hydrologic condition. 

3 CNs shown are equivalent to those of pasture. Composite CNs may be computed for other combinations of 
open space type. 
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T ab le  2 -11 .  Cu rve  Numbe rs  for  Undeve loped  A rea s 1  

Cover Description Hydrologic 
Condition3 

CN for Hydrologic Soil Group 
Cover Type Treatment2 A B C D 

Fallow 

Bare Soil  77 86 91 94 

Crop Residue Cover (CR) 
Poor 76 85 90 93 

Good 74 83 88 90 

Row Crops 

Straight Row (SR) 
Poor 72 81 88 91 

Good 67 78 85 89 

SR + CR 
Poor 71 80 87 90 

Good 64 75 82 85 

Contoured (C) 
Poor 70 79 84 88 

Good 65 75 82 86 

C + CR 
Poor 69 78 83 87 

Good 64 74 81 85 

Contoured & Terraced (C&T) 
Poor 66 74 80 82 

Good 62 71 78 81 

C&T + CR 
Poor 65 73 79 81 

Good 61 70 77 80 

Small Grain 

SR 
Poor 65 76 84 88 

Good 63 75 83 87 

SR + CR 
Poor 64 75 83 86 

Good 60 72 80 84 

C 
Poor 63 74 82 85 

Good 61 73 81 84 

C + CR 
Poor 62 73 81 84 

Good 60 72 80 83 

C&T 
Poor 61 72 79 82 

Good 59 70 78 81 

C&T + CR 
Poor 60 71 78 81 

Good 58 69 77 80 

Close-Seeded or 
Broadcast Legumes or 
Rotation Meadow 

SR 
Poor 66 77 85 89 

Good 58 72 81 85 

C 
Poor 64 75 83 85 

Good 55 69 78 83 

C&T 
Poor 63 73 80 83 

Good 51 67 76 80 

Pasture, Grassland or 
Range – Continuous 
Forage for Grazing4 

 

Poor 68 79 86 89 

Fair 49 69 79 84 

Good 39 61 74 80 
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Cover Description Hydrologic 
Condition3 

CN for Hydrologic Soil Group 
Cover Type Treatment2 A B C D 

Meadow – Continuous 
Grass, Protected from 
Grazing and Generally 
Mowed for Hay 

 Good 30 58 71 78 

Brush-Forbs-Grass 
Mixture with Brush 
the Major Element5 

 

Poor 48 67 77 83 

Fair 35 56 70 77 

Good 306 48 65 73 

Woods-Grass 
Combination 
(Orchard or Tree 
Farm)7 

 

Poor 57 73 82 86 

Fair 43 65 76 82 

Good 32 58 72 79 

Woods8  

Poor 45 66 77 83 

Fair 36 60 73 79 

Good 30 55 70 77 

Farmstead – Buildings, 
Lanes, Driveways and 
Surround Lots 

  59 74 82 86 

Roads (Including 
Right-of-Way) 

Dirt  72 82 87 89 

Gravel  76 85 89 91 
1 Average runoff condition, and Ia = 0.2S. 
2 Crop residue cover applies only if residue is on at least 5 percent of the surface throughout the year. 
3 Hydrologic condition is based on combinations of factors that affect infiltration and runoff, including (a) density 

and canopy of vegetative areas, (b) amount of year-round cover, (c) amount of grass or close-seeded legumes, 
(d) percent of residue cover on the land surface (good >20%), and (e) degree of surface toughness. 
Poor: Factors impair infiltration and tend to increase runoff.  
Good: Factors encourage average and better than average infiltration and tend to decrease runoff. 
For conservation tillage poor hydrologic condition, 5 to 20 percent of the surface is covered with residue (less 
than 750 pounds per acre for row crops or 300 pounds per acre for small grain). 
For conservation tillage good hydrologic condition, more than 20 percent of the surface is covered with residue 
(greater than 750 pounds per acre for row crops or 300 pounds per acre for small grain). 

4 Poor: < 50% ground cover or heavily grazed with no mulch. 
 Fair: 50 to 75% ground cover and not heavily grazed.  
 Good: > 75% ground cover and lightly or only occasionally grazed. 
5 Poor: < 50% ground cover. 
 Fair: 50 to 75% ground cover. 
 Good: > 75% ground cover. 
6 If actual curve number is less than 30, use CN = 30 for runoff computation. 
7 CNs shown were computed for areas with 50 percent woods and 50 percent grass (pasture) cover. Other 

combinations of conditions may be computed from the CNs for woods and pasture. 
8 Poor: Forest litter, small trees, and brush are destroyed by heavy grazing or regular burning. 
 Fair: Woods are grazed, but not burned, and some forest litter covers the soil. 
 Good: Woods are protected from grazing, and litter and brush adequately cover the soil. 
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2 . 3 .1 . 4  T ime  o f  Concent r a t io n  

The time of concentration (Tc) is the time required for water to flow from the hydraulically most 
remote point of the drainage area to the design point. In some cases, for a basin with highly impervious 
areas several different Tc’s must be calculated to determine the governing design flow. See Section 2.2.3 
Common Errors and Limitations. For a storm drainage system, the Tc consists of the inlet time plus the 
time of flow in a pipe or open channel to the design point. The velocity method from the NRCS is 
recommended for computing Tc. See Section 2.2.2.1 for additional guidance on computing the Tc. 

2 . 3 .1 . 5  La g  T ime  

Lag time (L) can be considered as a weighted Tc and is related to the physical properties of a watershed, 
such as area, length, and slope. The NRCS derived the following empirical relationship between L and 
Tc. 

𝐿𝐿 = 0.6𝑇𝑇𝐷𝐷 

Where:  𝐿𝐿 = 𝐿𝐿𝑎𝑎𝑎𝑎 𝑇𝑇𝐷𝐷𝑇𝑇𝑎𝑎 
 𝑇𝑇𝐷𝐷 = 𝑇𝑇𝐷𝐷𝑇𝑇𝑎𝑎 𝑜𝑜𝑜𝑜 𝐶𝐶𝑜𝑜𝑂𝑂𝐷𝐷𝑎𝑎𝑂𝑂𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐷𝐷𝑜𝑜𝑂𝑂 

In small urban areas (less than 2,000 acres), a curve number method can be used to estimate watershed 
lag time. In this method, the lag time for the runoff from an increment of excess rainfall can be 
considered as the time between the center of mass of the excess rainfall increment and the peak of its 
incremental outflow hydrograph. The equation developed by the NRCS to estimate lag time is: 

𝐿𝐿 = (𝑅𝑅0.8(𝑆𝑆 + 1)0.7)
(1900𝑌𝑌0.5)�  

Where: 𝐿𝐿 = 𝐿𝐿𝑎𝑎𝑎𝑎 𝑇𝑇𝐷𝐷𝑇𝑇𝑎𝑎, ℎ𝑜𝑜𝑂𝑂𝑎𝑎𝐷𝐷 
 𝑅𝑅 = 𝐿𝐿𝑎𝑎𝑂𝑂𝑎𝑎𝑎𝑎ℎ 𝑜𝑜𝑜𝑜 𝑀𝑀𝑎𝑎𝐷𝐷𝑂𝑂𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑇𝑇 𝐹𝐹𝑅𝑅𝑜𝑜𝐹𝐹 𝑃𝑃𝑎𝑎𝑎𝑎ℎ 𝑜𝑜𝑎𝑎𝑜𝑜𝑇𝑇 

𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎ℎ𝑎𝑎𝐷𝐷𝑎𝑎 𝐷𝐷𝑎𝑎𝑎𝑎𝐷𝐷𝑂𝑂𝑎𝑎𝑎𝑎𝑎𝑎 𝐷𝐷𝐷𝐷𝐴𝐴𝐷𝐷𝐶𝐶𝑎𝑎 𝑎𝑎𝑜𝑜 𝑎𝑎ℎ𝑎𝑎 𝑂𝑂𝑂𝑂𝑎𝑎𝑅𝑅𝑎𝑎𝑎𝑎 
 𝑆𝑆 = 1000/𝐶𝐶𝐶𝐶 − 10 
 𝐶𝐶𝐶𝐶 = 𝐶𝐶𝑅𝑅𝐶𝐶𝑆𝑆 𝐶𝐶𝑂𝑂𝑎𝑎𝐴𝐴𝑎𝑎 𝐶𝐶𝑂𝑂𝑇𝑇𝐴𝐴𝑎𝑎𝑎𝑎 
 𝑌𝑌 = 𝐶𝐶𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑆𝑆𝑅𝑅𝑜𝑜𝑃𝑃𝑎𝑎 𝑜𝑜𝑜𝑜 𝑊𝑊𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐷𝐷ℎ𝑎𝑎𝐶𝐶, 𝑃𝑃𝑎𝑎𝑎𝑎𝐷𝐷𝑎𝑎𝑂𝑂𝑎𝑎 

2 . 3 .1 . 6  N RCS Peak  D i s charg e  Ca l cu la t ion  

The following NRCS peak discharge equation can be used for estimating the peak runoff rate from a 
single watershed with homogeneous land use: 

𝑄𝑄𝑝𝑝 = 𝐸𝐸𝑢𝑢𝐶𝐶𝑄𝑄𝐹𝐹𝑝𝑝 

Where: 𝑄𝑄𝑝𝑝 = 𝑃𝑃𝑎𝑎𝑎𝑎𝑃𝑃 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎, 𝐷𝐷𝑜𝑜𝐷𝐷 
 𝐸𝐸𝑢𝑢 = 𝑈𝑈𝑂𝑂𝐷𝐷𝑎𝑎 𝑃𝑃𝑎𝑎𝑎𝑎𝑃𝑃 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎, 𝐷𝐷𝑜𝑜𝐷𝐷 𝑇𝑇𝐷𝐷2⁄ /𝐷𝐷𝑂𝑂 
 A= 𝐷𝐷𝑎𝑎𝑎𝑎𝐷𝐷𝑂𝑂𝑎𝑎𝑎𝑎𝑎𝑎 𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎, 𝑇𝑇𝐷𝐷2 
 𝑄𝑄 = 𝐷𝐷𝑎𝑎𝑃𝑃𝑎𝑎ℎ 𝑜𝑜𝑜𝑜 𝐷𝐷𝐷𝐷𝑎𝑎𝑎𝑎𝐷𝐷𝑎𝑎 𝑅𝑅𝑂𝑂𝑂𝑂𝑜𝑜𝑜𝑜𝑜𝑜, 𝐷𝐷𝑂𝑂𝐷𝐷ℎ𝑎𝑎𝐷𝐷 
 𝐹𝐹𝑝𝑝 = 𝑃𝑃𝑜𝑜𝑂𝑂𝐶𝐶 𝑎𝑎𝑂𝑂𝐶𝐶 𝑆𝑆𝐹𝐹𝑎𝑎𝑇𝑇𝑃𝑃 𝐶𝐶𝐶𝐶𝐴𝐴𝑂𝑂𝐷𝐷𝑎𝑎𝑇𝑇𝑎𝑎𝑂𝑂𝑎𝑎 𝐹𝐹𝑎𝑎𝐷𝐷𝑎𝑎𝑜𝑜𝑎𝑎 
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The input requirements are: 

1. Time of concentration, Tc (hours) 
2. Drainage area (mi2) 
3. 24-hr design rainfall  
4. CN value 
5. Pond and swamp adjustment factor (use 1.0, see below).  

Computations for the peak discharge method proceed as follows: 

1. The 24-hr rainfall depth, P, for the design storm is determined from Table 2-7. 
2. The runoff curve number (CN) is estimated from Table 2-10 and Table 2-11, with weighted 

CNs calculated as needed.  
3. Direct runoff, Q, is calculated by using the CN to solve for S and substituting into the direct 

runoff equation in Section 2.3.1.1. 
4. CN and S are used to determine initial abstraction (Ia) from the equation given in 

Section 2.3.1.1.   
5. Compute the ratio Ia/P for the return period of the design storm.  
6. The drainage area’s time of concentration (Tc) is computed using the procedures in 

Section 2.2.2.1. 
7. The computed Tc and Ia/P is used to obtain the unit peak discharge, qu, from Figure 2-2 below. If 

the ratio Ia/P lies outside the range shown, use the limiting values. 
8. The pond and swamp adjustment factor, Fp, is assumed to be equal to 1.0 (no pond or swamp 

areas), in order to be conservative. 
9. The peak discharge is computed using the equation at the beginning of this section. 
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F igu re  2 -2 .  Un i t  Peak  D i scha rge ,  q u  

 
2 . 3 .1 . 7  H ydrographs  

The NRCS method can be used to estimate the entire hydrograph for a drainage area. From this 
hydrograph, discharge rates and volumes can be determined. The NRCS has developed a tabular 
hydrograph procedure that can be used to generate the hydrograph for small drainage areas. The 
tabular hydrograph procedure uses unit discharge hydrographs that have been generated for a series of 
times of concentrations. To use the tabular hydrograph procedure, designers should refer to the NRCS 
National Engineering Handbook Hydrology Chapters (Part 630). 
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3 .  PAVEMENT DRAINAGE AND STORM SEWER 
3 .1  Overv iew  

In this chapter, guidelines are given for evaluating and designing storm drainage of the minor system. The 
minor drainage system is typically designed for more frequent storms with moderate flows and generally 
consists of storm drains and related appurtenances, such as inlets, curbs, and gutters.  

Runoff from large areas draining toward a roadway should be intercepted prior to reaching the roadway 
whenever possible. This applies to drainage from residential neighborhoods, commercial or industrial 
property, long cut slopes, side streets, and other areas along the pavement. If extraneous drainage 
cannot be intercepted prior to reaching the roadway, it should be included in the pavement drainage 
design. 

Additional design procedures for pavement drainage and storm sewer can be found in the most recent 
edition of the Hydraulic Engineering Circular No. 22: Urban Drainage Design Manual (HEC 22). 

3 .2  Pavement  Drainage  Cr iter ia  

3 .2 .1  Return  Per iod  

Since it generally is not economically feasible to design the minor system for the maximum runoff that a 
watershed is capable of producing, design storm frequency criteria must be established. The design 
storm frequency criteria for pavement drainage for the minor storm is 5 years for residential and 
10 years for downtown, commercial, and industrial areas. Pavement drainage design storm frequency for 
the major storm is 100 years. 

3 .2 .2  Spread  and Cros s  S t reet  F low 

Allowable maximum street encroachment by stormwater runoff is listed in Table 3-1 and Table 3-2. All 
freeways or expressways shall be designed per the NDOT Drainage Design and Erosion Control 
Manual. 

T ab le  3 -1 .  A l lowab le  Max imum S tr eet  Enc roachmen t  

Street 
Classification Minor Storm1 Major Storm2 

Local No curb overtopping. Runoff shall be contained within the right-of-way or 
drainage easements. The maximum allowable depth 
at the gutter is 18 inches. 

Collector No curb overtopping, spread 
may not cover crown. 

Runoff shall be contained within the right-of-way or 
drainage easements. The maximum allowable depth 
at the gutter is 18 inches. 

Arterial No curb overtopping, spread 
shall leave at least one lane 
free of water in each direction. 

Runoff shall be contained within the right-of-way or 
drainage easements. The maximum allowable depth 
at the crown is 6 inches. The maximum allowable 
depth at the gutter is 18 inches. 

1 Minor Storm: 5 year for residential and 10 year for downtown/industrial/commercial. 
2 Major Storm: 100 year. 
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T ab le  3 -2 .  A l lowab le  Max imum C ro ss -S treet  F low 

Street 
Classification Minor Storm1 Major Storm2 

Local 6-inch depth at crown. Where 
cross-pans allowed, depth shall 
not exceed 6 inches. 

Runoff shall be contained within the right-of-way or 
drainage easements. The maximum allowable depth 
at the gutter is 18 inches. 

Collector Where cross-pans allowed, 
depth shall not exceed 6 
inches. 

Runoff shall be contained within the right- of-way or 
drainage easements. The maximum allowable depth 
at the gutter is 18 inches. 

Arterial None Runoff shall be contained within the right-of-way or 
drainage easements. The maximum allowable depth 
at the crown is 6 inches. The maximum allowable 
depth at the gutter is 18 inches. 

1 Minor Storm: 5 year for residential and 10 year for downtown/industrial/commercial. 
2 Major Storm: 100 year. 

3 .2 .3  Long i tud ina l  Grade  

To provide for drainage, to avoid unacceptable stormwater spread into traffic lanes, and to avoid 
ponding in the gutter, curb and gutter grades shall not be less than 0.3 percent, except near sags in the 
roadway profile. 

3 .2 .4  Cross  S lope  

Roadway cross slopes shall be determined by the City’s standard roadway sections. 

3 .2 .5  Curb and Gut ter  

Curb and gutter dimensions shall be determined by the City’s standard details. 

3 .3  Gutter  F low Calcu lat ions  

Gutter flow capacities should be calculated using the modified form of Manning’s equation shown below 
and using Manning’s n values from Table 3-3. 

𝑄𝑄 = (0.56 𝑛𝑛⁄ )  𝑆𝑆𝑥𝑥
5 3⁄   𝑆𝑆1 2⁄   𝑇𝑇8 3⁄  

 (Use when width of spread (T) is known.) 

 Or 

 𝑄𝑄 = 0.56(𝑧𝑧 𝑛𝑛⁄ )  𝑆𝑆1 2⁄   𝑑𝑑8 3⁄  

 (Use when depth (d) is known.) 

Where:  𝑄𝑄 = 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑅𝑅𝑅𝑅𝐺𝐺𝐺𝐺, 𝑐𝑐𝑐𝑐𝑐𝑐 
 𝑛𝑛 = 𝑀𝑀𝑅𝑅𝑛𝑛𝑛𝑛𝑀𝑀𝑛𝑛𝑔𝑔′𝑐𝑐 𝑅𝑅𝐹𝐹𝐺𝐺𝑔𝑔ℎ𝑛𝑛𝐺𝐺𝑐𝑐𝑐𝑐 𝐶𝐶𝐹𝐹𝐺𝐺𝑐𝑐𝑐𝑐𝑀𝑀𝑐𝑐𝑀𝑀𝐺𝐺𝑛𝑛𝐺𝐺 
 𝑆𝑆𝑥𝑥 = 𝑃𝑃𝑅𝑅𝑃𝑃𝐺𝐺𝑃𝑃𝐺𝐺𝑛𝑛𝐺𝐺 𝐶𝐶𝐺𝐺𝐹𝐹𝑐𝑐𝑐𝑐 𝑆𝑆𝐹𝐹𝐹𝐹𝑆𝑆𝐺𝐺, 𝑐𝑐𝐺𝐺 𝑐𝑐𝐺𝐺⁄  
 𝑆𝑆 = 𝐿𝐿𝐹𝐹𝑛𝑛𝑔𝑔𝑀𝑀𝐺𝐺𝐺𝐺𝑑𝑑𝑀𝑀𝑛𝑛𝑅𝑅𝐹𝐹 𝑆𝑆𝐹𝐹𝐹𝐹𝑆𝑆𝐺𝐺, 𝑐𝑐𝐺𝐺 𝑐𝑐𝐺𝐺⁄  
 𝑇𝑇 = 𝑊𝑊𝑀𝑀𝑑𝑑𝐺𝐺ℎ 𝐹𝐹𝑐𝑐 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐹𝐹𝐺𝐺 𝑆𝑆𝑆𝑆𝐺𝐺𝐺𝐺𝑅𝑅𝑑𝑑, 𝑐𝑐𝐺𝐺 
 𝑧𝑧 = 𝑅𝑅𝐺𝐺𝑐𝑐𝑀𝑀𝑆𝑆𝐺𝐺𝐹𝐹𝑐𝑐𝑅𝑅𝐹𝐹 𝐹𝐹𝑐𝑐 𝑃𝑃𝑅𝑅𝑃𝑃𝑃𝑃𝐺𝐺𝑛𝑛𝐺𝐺 𝐶𝐶𝐺𝐺𝐹𝐹𝑐𝑐𝑐𝑐 𝑆𝑆𝐹𝐹𝐹𝐹𝑆𝑆𝐺𝐺, 1 𝑆𝑆𝑥𝑥⁄  
 𝑑𝑑 = 𝐷𝐷𝐺𝐺𝑆𝑆𝐺𝐺ℎ 𝐹𝐹𝑐𝑐 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹, 𝑐𝑐𝐺𝐺 



 P a g e  2 5  

T ab le  3 -3 .  Mann ing ’ s  n  V a lues  for  S tr eet  and  Pave men t  Gut te rs  

Type of Gutter or Pavement Manning’s n 
Concrete Gutter, Troweled Finish 0.012 

Asphalt Pavement 
Smooth Texture 0.013 

Rough Texture 0.016 

Concrete Gutter with Asphalt Pavement 
Smooth Texture 0.013 

Rough Texture 0.015 

Concrete Pavement 
Float Finish 0.014 

Broom Finish 0.016 

For gutters with small slopes, where sediment may accumulate, 
increase above values of n by: 0.002 

3 .4  Stormwater  In lets  

3 .4 .1  Overv iew 

Stormwater inlets should be placed as necessary to limit the depth or spread of runoff in the roadway to 
allowable limits as previously described. Inlets should generally be placed at the following locations: 

 At low points or sags in the gutter grade 

 Upgrade of intersections, median breaks, and pedestrian crosswalks 

 Upgrade of locations where cross slope reverses 

 Upgrade of bridges 
 Where gutter flow reaches allowable maximum spread widths 

In sag locations on collector or arterial streets, flanking inlets should be placed upstream and to both 
sides of the inlet at the low point of the sag. Flanking inlets should be placed 0.2 vertical feet higher than 
the inlet at the low point or located according to HEC 22. 

3 .4 .2  Grate  In le t s  

Grate inlets consist of an opening covered by one or more grates and may be used for parking lots, area 
drains, or similar scenarios. Grate inlets are generally not used on public streets. 

3 . 4 .2 . 1  Grat e  In l e t s  on  a  Cont i nuous  Grad e  

Generally, grate inlets placed on a continuous grade have lower efficiencies than curb inlets placed in a 
similar configuration; therefore, grate inlets are not recommended to be placed on a continuous grade 
along a public street. In situations where the installation of a grate inlet on a continuous grade is 
warranted, the interception efficiency and capacity can be calculated using the procedures found in 
HEC 22. 

3 . 4 .2 . 2  Grat e  In l e t s  i n  Sag  Lo ca t ion s  

A grate inlet in a sag location operates as a weir up to a certain depth, depending on the size of the 
grate, and as an orifice at greater depths. Grates of larger dimension will operate as weirs to greater 
depths than smaller grates. Some assumption must be made regarding the nature of clogging of a grate 
inlet in a sump condition to compute the capacity of a partially clogged grate. The clogging factor (Cf) is 
used to approximate the effects of clogging on a grate inlet. 
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The capacity of a grate inlet operating as a weir is: 

𝑄𝑄𝑖𝑖 = 𝐶𝐶𝑓𝑓𝐶𝐶𝑤𝑤𝑃𝑃𝑑𝑑1.5 

Where:  𝑄𝑄𝑖𝑖 = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐶𝐶𝑅𝑅𝑆𝑆𝑅𝑅𝑐𝑐𝑀𝑀𝐺𝐺𝐶𝐶 𝐹𝐹𝑐𝑐 𝑅𝑅𝑛𝑛 𝐼𝐼𝑛𝑛𝐹𝐹𝐺𝐺𝐺𝐺, 𝑐𝑐𝑐𝑐𝑐𝑐 

 𝐶𝐶𝑓𝑓 = 𝐶𝐶𝐹𝐹𝐹𝐹𝑔𝑔𝑔𝑔𝑀𝑀𝑛𝑛𝑔𝑔 𝐹𝐹𝑅𝑅𝑐𝑐𝐺𝐺𝐹𝐹𝐺𝐺, 0.5 𝑀𝑀𝑐𝑐 𝑅𝑅𝐺𝐺𝑐𝑐𝐹𝐹𝑃𝑃𝑃𝑃𝐺𝐺𝑛𝑛𝑑𝑑𝐺𝐺𝑑𝑑 

 𝐶𝐶𝑤𝑤 = 𝑊𝑊𝐺𝐺𝑀𝑀𝐺𝐺 𝐶𝐶𝐹𝐹𝐺𝐺𝑐𝑐𝑐𝑐𝑀𝑀𝑐𝑐𝑀𝑀𝐺𝐺𝑛𝑛𝐺𝐺 𝐸𝐸𝐸𝐸𝐺𝐺𝑅𝑅𝐹𝐹 𝐺𝐺𝐹𝐹 3.0 

 𝑃𝑃 = 𝑃𝑃𝐺𝐺𝐺𝐺𝑀𝑀𝑃𝑃𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝐹𝐹𝑐𝑐 𝐺𝐺𝐺𝐺𝑅𝑅𝐺𝐺𝐺𝐺 𝐸𝐸𝐸𝐸𝑐𝑐𝐹𝐹𝐺𝐺𝑑𝑑𝑀𝑀𝑛𝑛𝑔𝑔 𝐺𝐺ℎ𝐺𝐺 𝑆𝑆𝑀𝑀𝑑𝑑𝐺𝐺 𝐴𝐴𝑔𝑔𝑅𝑅𝑀𝑀𝑛𝑛𝑐𝑐𝐺𝐺 𝐺𝐺ℎ𝐺𝐺 𝐶𝐶𝐺𝐺𝐺𝐺𝐶𝐶, 𝑐𝑐𝐺𝐺 

 𝑑𝑑 = 𝐴𝐴𝑃𝑃𝐺𝐺𝐺𝐺𝑅𝑅𝑔𝑔𝐺𝐺 𝐷𝐷𝐺𝐺𝑆𝑆𝐺𝐺ℎ 𝐹𝐹𝑐𝑐 𝑊𝑊𝑅𝑅𝐺𝐺𝐺𝐺𝐺𝐺 𝐴𝐴𝐶𝐶𝐹𝐹𝑃𝑃𝐺𝐺 𝐺𝐺ℎ𝐺𝐺 𝑇𝑇𝐹𝐹𝑆𝑆 𝐹𝐹𝑐𝑐 𝐺𝐺ℎ𝐺𝐺 𝐺𝐺𝐺𝐺𝑅𝑅𝐺𝐺𝐺𝐺, 𝑐𝑐𝐺𝐺 

The capacity of a grate inlet operating as an orifice is: 

𝑄𝑄𝑖𝑖 = 𝐶𝐶𝑓𝑓𝐶𝐶𝑜𝑜𝐴𝐴𝑐𝑐𝑐𝑐(2𝑔𝑔𝑑𝑑)0.5 

Where:  𝐶𝐶𝑜𝑜 = 𝑂𝑂𝐺𝐺𝑀𝑀𝑐𝑐𝑀𝑀𝑐𝑐𝐺𝐺 𝐶𝐶𝐹𝐹𝐺𝐺𝑐𝑐𝑐𝑐𝑀𝑀𝑐𝑐𝑀𝑀𝐺𝐺𝑛𝑛𝐺𝐺 𝐸𝐸𝐸𝐸𝐺𝐺𝑅𝑅𝐹𝐹 𝐺𝐺𝐹𝐹 0.67 

 𝐴𝐴𝑐𝑐𝑐𝑐 = 𝐶𝐶𝐹𝐹𝐺𝐺𝑅𝑅𝐺𝐺 𝑂𝑂𝑆𝑆𝐺𝐺𝑛𝑛𝑀𝑀𝑛𝑛𝑔𝑔 𝐴𝐴𝐺𝐺𝐺𝐺𝑅𝑅 𝐹𝐹𝑐𝑐 𝐺𝐺ℎ𝐺𝐺 𝐺𝐺𝐺𝐺𝑅𝑅𝐺𝐺𝐺𝐺, 𝑐𝑐𝐸𝐸 𝑐𝑐𝐺𝐺 

 𝑔𝑔 = 𝐺𝐺𝐺𝐺𝑅𝑅𝑃𝑃𝑀𝑀𝐺𝐺𝑅𝑅𝐺𝐺𝑀𝑀𝐹𝐹𝑛𝑛𝑅𝑅𝐹𝐹 𝐶𝐶𝐹𝐹𝑛𝑛𝑐𝑐𝐺𝐺𝑅𝑅𝑛𝑛𝐺𝐺 𝐸𝐸𝐸𝐸𝐺𝐺𝑅𝑅𝐹𝐹 𝐺𝐺𝐹𝐹 32.2 𝑐𝑐𝐺𝐺 𝑐𝑐2⁄  

3 .4 .3  Curb In le t s  

Curb inlets consist of a vertical opening in the curb covered by a top slab and are typically used to drain 
public streets. 

3 . 4 .3 . 1  Curb  In l e t s  on  a  Cont in uous  Grade  

The length of the curb inlet required for total interception of gutter flow on a pavement section with a 
uniform cross slope is expressed by: 

𝐿𝐿𝑇𝑇 = 𝐾𝐾𝑄𝑄0.42𝑆𝑆0.3[1 (𝑛𝑛𝑆𝑆𝑥𝑥)⁄ ]0.6 

Where: 𝐿𝐿𝑇𝑇 = 𝐶𝐶𝐺𝐺𝐺𝐺𝐶𝐶 𝐼𝐼𝑛𝑛𝐹𝐹𝐺𝐺𝐺𝐺 𝐿𝐿𝐺𝐺𝑛𝑛𝑔𝑔𝐺𝐺ℎ 𝑅𝑅𝐺𝐺𝐸𝐸𝐺𝐺𝑀𝑀𝐺𝐺𝐺𝐺𝑑𝑑 𝐺𝐺𝐹𝐹 𝐼𝐼𝑛𝑛𝐺𝐺𝐺𝐺𝐺𝐺𝑐𝑐𝐺𝐺𝑆𝑆𝐺𝐺 100% 𝐹𝐹𝑐𝑐 𝐺𝐺ℎ𝐺𝐺 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹, 𝑐𝑐𝐺𝐺 

 𝐾𝐾 = 0.6 

 𝑄𝑄 = 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹, 𝑐𝑐𝐺𝐺 𝑐𝑐𝐺𝐺 𝑐𝑐𝐺𝐺𝑐𝑐⁄  

 𝑆𝑆 = 𝐿𝐿𝐹𝐹𝑛𝑛𝑔𝑔𝑀𝑀𝐺𝐺𝐺𝐺𝑑𝑑𝑀𝑀𝑛𝑛𝑅𝑅𝐹𝐹 𝑆𝑆𝐹𝐹𝐹𝐹𝑆𝑆𝐺𝐺, 𝑐𝑐𝐺𝐺 𝑐𝑐𝐺𝐺⁄  

 𝑛𝑛 = 𝑀𝑀𝑅𝑅𝑛𝑛𝑛𝑛𝑀𝑀𝑛𝑛𝑔𝑔′𝑐𝑐 𝑅𝑅𝐹𝐹𝐺𝐺𝑔𝑔ℎ𝑛𝑛𝐺𝐺𝑐𝑐𝑐𝑐 𝐶𝐶𝐹𝐹𝐺𝐺𝑐𝑐𝑐𝑐𝑀𝑀𝑐𝑐𝑀𝑀𝐺𝐺𝑛𝑛𝐺𝐺 

 𝑆𝑆𝑥𝑥 = 𝑃𝑃𝑅𝑅𝑃𝑃𝐺𝐺𝑃𝑃𝐺𝐺𝑛𝑛𝐺𝐺 𝐶𝐶𝐺𝐺𝐹𝐹𝑐𝑐𝑐𝑐 𝑆𝑆𝐹𝐹𝐹𝐹𝑆𝑆𝐺𝐺, 𝑐𝑐𝐺𝐺 𝑐𝑐𝐺𝐺⁄  

The efficiency of curb inlets shorter than the length required for total interception is expressed by: 

𝐸𝐸 = 1 − [1 − (𝐿𝐿 𝐿𝐿𝑇𝑇⁄ )]1.8 

Where: 𝐸𝐸 = 𝐶𝐶𝑅𝑅𝑆𝑆𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝐸𝐸𝑐𝑐𝑐𝑐𝑀𝑀𝑐𝑐𝑀𝑀𝐺𝐺𝑛𝑛𝑐𝑐𝐶𝐶 𝐹𝐹𝑐𝑐 𝑅𝑅 𝐶𝐶𝐺𝐺𝐺𝐺𝐶𝐶 𝐼𝐼𝑛𝑛𝐹𝐹𝐺𝐺𝐺𝐺 

 𝐿𝐿 = 𝐶𝐶𝐺𝐺𝐺𝐺𝐶𝐶 𝐼𝐼𝑛𝑛𝐹𝐹𝐺𝐺𝐺𝐺 𝐿𝐿𝐺𝐺𝑛𝑛𝑔𝑔𝐺𝐺ℎ, 𝑐𝑐𝐺𝐺 
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The length of inlet required for total interception by depressed curb inlets or curb openings in 
depressed gutter sections can be found by the use of an equivalent cross slope, Se, in place of Sx. Se is 
expressed by: 

𝑆𝑆𝑒𝑒 = 𝑆𝑆𝑥𝑥 + 𝑆𝑆𝑤𝑤
′ 𝐸𝐸𝑜𝑜 

Where: 𝑆𝑆𝑒𝑒 = 𝐸𝐸𝐸𝐸𝐺𝐺𝑀𝑀𝑃𝑃𝑅𝑅𝐹𝐹𝐺𝐺𝑛𝑛𝐺𝐺 𝐶𝐶𝐺𝐺𝐹𝐹𝑐𝑐𝑐𝑐 𝑆𝑆𝐹𝐹𝐹𝐹𝑆𝑆𝐺𝐺, 𝑐𝑐𝐺𝐺/𝑐𝑐𝐺𝐺 

 𝑆𝑆𝑤𝑤
′ = 𝐶𝐶𝐺𝐺𝐹𝐹𝑐𝑐𝑐𝑐 𝑆𝑆𝐹𝐹𝐹𝐹𝑆𝑆𝐺𝐺 𝐹𝐹𝑐𝑐 𝐺𝐺ℎ𝐺𝐺 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑀𝑀𝐺𝐺𝑅𝑅𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺𝑑𝑑 𝑐𝑐𝐺𝐺𝐹𝐹𝑃𝑃 𝐺𝐺ℎ𝐺𝐺 

        𝐶𝐶𝐺𝐺𝐹𝐹𝑐𝑐𝑐𝑐 𝑆𝑆𝐹𝐹𝐹𝐹𝑆𝑆𝐺𝐺 𝐹𝐹𝑐𝑐 𝐺𝐺ℎ𝐺𝐺 𝑃𝑃𝑅𝑅𝑃𝑃𝐺𝐺𝑃𝑃𝐺𝐺𝑛𝑛𝐺𝐺, 𝑐𝑐𝐺𝐺/𝑐𝑐𝐺𝐺 

 𝐸𝐸𝑜𝑜 = 𝑅𝑅𝑅𝑅𝐺𝐺𝑀𝑀𝐹𝐹 𝐹𝐹𝑐𝑐 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑀𝑀𝑛𝑛 𝐺𝐺ℎ𝐺𝐺 𝐷𝐷𝐺𝐺𝑆𝑆𝐺𝐺𝐺𝐺𝑐𝑐𝑐𝑐𝐺𝐺𝑑𝑑 𝑆𝑆𝐺𝐺𝑐𝑐𝐺𝐺𝑀𝑀𝐹𝐹𝑛𝑛 𝐺𝐺𝐹𝐹 𝐺𝐺ℎ𝐺𝐺 𝑇𝑇𝐹𝐹𝐺𝐺𝑅𝑅𝐹𝐹 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 
    𝐷𝐷𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑃𝑃𝑀𝑀𝑛𝑛𝐺𝐺𝑑𝑑 𝐶𝐶𝐶𝐶 𝐺𝐺ℎ𝐺𝐺 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝐶𝐶𝐹𝐹𝑛𝑛𝑐𝑐𝑀𝑀𝑔𝑔𝐺𝐺𝐺𝐺𝑅𝑅𝐺𝐺𝑀𝑀𝐹𝐹𝑛𝑛 𝑈𝑈𝑆𝑆𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺𝑅𝑅𝑃𝑃 𝐹𝐹𝑐𝑐 𝐺𝐺ℎ𝐺𝐺 𝐼𝐼𝑛𝑛𝐹𝐹𝐺𝐺𝐺𝐺 

F igu re  3 -1 .  Dep res sed  Cu rb  In le t  

 

The cross slope of the depressed gutter measured from the cross slope of the pavement is expressed 
by: 

𝑆𝑆𝑤𝑤
′ = 𝑅𝑅 𝑊𝑊⁄  

Where: 𝑅𝑅 = 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝐷𝐷𝐺𝐺𝑆𝑆𝐺𝐺𝐺𝐺𝑐𝑐𝑐𝑐𝑀𝑀𝐹𝐹𝑛𝑛, 𝑐𝑐𝐺𝐺 

 𝑊𝑊 = 𝑊𝑊𝑀𝑀𝑑𝑑𝐺𝐺ℎ 𝐹𝐹𝑐𝑐 𝐺𝐺ℎ𝐺𝐺 𝐷𝐷𝐺𝐺𝑆𝑆𝐺𝐺𝐺𝐺𝑐𝑐𝑐𝑐𝐺𝐺𝑑𝑑 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺, 𝑐𝑐𝐺𝐺 

The ratio of flow in the depressed section to the total gutter flow determined by the gutter 
configuration upstream of the inlet is expressed by: 

𝐸𝐸𝑜𝑜 = 𝑄𝑄𝑤𝑤 𝑄𝑄⁄ = 1 − (1 − 𝑊𝑊 𝑇𝑇⁄ )2.67 

Where: 𝑄𝑄𝑤𝑤 = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑀𝑀𝑛𝑛 𝑊𝑊𝑀𝑀𝑑𝑑𝐺𝐺ℎ 𝐹𝐹𝑐𝑐 𝐷𝐷𝐺𝐺𝑆𝑆𝐺𝐺𝐺𝐺𝑐𝑐𝑐𝑐𝐺𝐺𝑑𝑑 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺, 𝑊𝑊, 𝑐𝑐𝑐𝑐𝑐𝑐 

 𝑄𝑄 = 𝑇𝑇𝐹𝐹𝐺𝐺𝑅𝑅𝐹𝐹 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹, 𝑐𝑐𝑐𝑐𝑐𝑐 

 𝑇𝑇 = 𝑆𝑆𝑆𝑆𝐺𝐺𝐺𝐺𝑅𝑅𝑑𝑑 𝐹𝐹𝑐𝑐 𝑇𝑇𝐹𝐹𝐺𝐺𝑅𝑅𝐹𝐹 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹, 𝑐𝑐𝐺𝐺 

3 . 4 .3 . 2  Curb  In l e t s  i n  Sa g  Lo ca t ion s  

The capacity of a curb inlet in a sag depends on water depth at the curb, the curb opening length, and 
the height of the curb opening, including any depression. The inlet operates as a weir to depths equal to 
the curb opening height and as an orifice at depths greater than 1.4 times the opening height. At depths 
between 1.0 and 1.4 times the opening height, flow is in a transition stage. 
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The equation for interception capacity of a non-depressed curb inlet operating as a weir is shown 
below. The depth limitation for operation as a weir is the depth at the curb must be less than or equal 
to the height of the curb opening (𝑑𝑑 ≤ ℎ). 

𝑄𝑄𝑖𝑖 = 𝐶𝐶𝑤𝑤𝐿𝐿𝑑𝑑1.5 

Where: 𝑄𝑄𝑖𝑖 = 𝐼𝐼𝑛𝑛𝐺𝐺𝐺𝐺𝐺𝐺𝑐𝑐𝐺𝐺𝑆𝑆𝐺𝐺𝑀𝑀𝐹𝐹𝑛𝑛 𝐶𝐶𝑅𝑅𝑆𝑆𝑅𝑅𝑐𝑐𝑀𝑀𝐺𝐺𝐶𝐶 𝐹𝐹𝑐𝑐 𝑅𝑅𝑛𝑛 𝐼𝐼𝑛𝑛𝐹𝐹𝐺𝐺𝐺𝐺, 𝑐𝑐𝑐𝑐𝑐𝑐 

 𝐶𝐶𝑤𝑤 = 𝑊𝑊𝐺𝐺𝑀𝑀𝐺𝐺 𝐶𝐶𝐹𝐹𝐺𝐺𝑐𝑐𝑐𝑐𝑀𝑀𝑐𝑐𝑀𝑀𝐺𝐺𝑛𝑛𝐺𝐺 𝐸𝐸𝐸𝐸𝐺𝐺𝑅𝑅𝐹𝐹 𝐺𝐺𝐹𝐹 3.0 

 𝐿𝐿 = 𝐶𝐶𝐺𝐺𝐺𝐺𝐶𝐶 𝐼𝐼𝑛𝑛𝐹𝐹𝐺𝐺𝐺𝐺 𝐿𝐿𝐺𝐺𝑛𝑛𝑔𝑔𝐺𝐺ℎ, 𝑐𝑐𝐺𝐺 

 𝑑𝑑 = 𝐷𝐷𝐺𝐺𝑆𝑆𝐺𝐺ℎ 𝑅𝑅𝐺𝐺 𝐶𝐶𝐺𝐺𝐺𝐺𝐶𝐶 𝑀𝑀𝐺𝐺𝑅𝑅𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺𝑑𝑑 𝑐𝑐𝐺𝐺𝐹𝐹𝑃𝑃 𝐺𝐺ℎ𝐺𝐺 𝑁𝑁𝐹𝐹𝐺𝐺𝑃𝑃𝑅𝑅𝐹𝐹 𝐶𝐶𝐺𝐺𝐹𝐹𝑐𝑐𝑐𝑐 𝑆𝑆𝐹𝐹𝐹𝐹𝑆𝑆𝐺𝐺, 𝑐𝑐𝐺𝐺 
 (𝑑𝑑 = 𝑇𝑇𝑆𝑆𝑥𝑥) 

At curb inlet lengths greater than 12 feet, the equation for non-depressed inlet (above) produces 
intercepted flows that exceed the values for the equation for depressed inlets (below). Since depressed 
inlets will perform at least as well as non-depressed inlets of the same length, the equation for 
non-depressed curb inlets (above) should be used for all curb inlets having lengths greater than 12 feet. 

The equation for the interception capacity of a depressed curb inlet operating as a weir is shown below. 
The depth limitation for operation as a weir is the depth at the curb must be less than or equal to the 
height of the curb opening plus the depth of the depression (𝑑𝑑 ≤ ℎ + 𝑅𝑅). 

𝑄𝑄𝑖𝑖 = 𝐶𝐶𝑤𝑤(𝐿𝐿 + 1.8𝑊𝑊)𝑑𝑑1.5 

Where: 𝐶𝐶𝑤𝑤 = 𝑊𝑊𝐺𝐺𝑀𝑀𝐺𝐺 𝐶𝐶𝐹𝐹𝐺𝐺𝑐𝑐𝑐𝑐𝑀𝑀𝑐𝑐𝑀𝑀𝐺𝐺𝑛𝑛𝐺𝐺 𝐸𝐸𝐸𝐸𝐺𝐺𝑅𝑅𝐹𝐹 𝐺𝐺𝐹𝐹 2.3 

 𝑊𝑊 = 𝑊𝑊𝑀𝑀𝑑𝑑𝐺𝐺ℎ 𝐹𝐹𝑐𝑐 𝐺𝐺ℎ𝐺𝐺 𝐷𝐷𝐺𝐺𝑆𝑆𝐺𝐺𝐺𝐺𝑐𝑐𝑐𝑐𝐺𝐺𝑑𝑑 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺, 𝑐𝑐𝐺𝐺 

Curb inlets operate as orifices at depths greater than approximately 1.4 times the opening height. The 
equation for the interception capacity of a curb inlet acting as an orifice is shown below. This equation is 
applicable to depressed and non-depressed curb inlets. The depth at the inlet includes any gutter 
depression. 

𝑄𝑄𝑖𝑖 = 𝐶𝐶𝑜𝑜ℎ𝐿𝐿(2𝑔𝑔𝑑𝑑𝑜𝑜)0.5 

Where: 𝐶𝐶𝑜𝑜 = 𝑂𝑂𝐺𝐺𝑀𝑀𝑐𝑐𝑀𝑀𝑐𝑐𝐺𝐺 𝐶𝐶𝐹𝐹𝐺𝐺𝑐𝑐𝑐𝑐𝑀𝑀𝑐𝑐𝑀𝑀𝐺𝐺𝑛𝑛𝐺𝐺 𝐸𝐸𝐸𝐸𝐺𝐺𝑅𝑅𝐹𝐹 𝐺𝐺𝐹𝐹 0.67 

 ℎ = 𝐻𝐻𝐺𝐺𝑀𝑀𝑔𝑔ℎ𝐺𝐺 𝐹𝐹𝑐𝑐 𝐶𝐶𝐺𝐺𝐺𝐺𝐶𝐶 𝑂𝑂𝑆𝑆𝐺𝐺𝑛𝑛𝑀𝑀𝑛𝑛𝑔𝑔, 𝑐𝑐𝐺𝐺 

 𝑔𝑔 = 𝐺𝐺𝐺𝐺𝑅𝑅𝑃𝑃𝑀𝑀𝐺𝐺𝑅𝑅𝐺𝐺𝑀𝑀𝐹𝐹𝑛𝑛𝑅𝑅𝐹𝐹 𝐶𝐶𝐹𝐹𝑛𝑛𝑐𝑐𝐺𝐺𝑅𝑅𝑛𝑛𝐺𝐺 𝐸𝐸𝐸𝐸𝐺𝐺𝑅𝑅𝐹𝐹 𝐺𝐺𝐹𝐹 32.2 𝑐𝑐𝐺𝐺 𝑐𝑐2⁄  

 𝑑𝑑𝑜𝑜 = 𝐸𝐸𝑐𝑐𝑐𝑐𝐺𝐺𝑐𝑐𝐺𝐺𝑀𝑀𝑃𝑃𝐺𝐺 𝐻𝐻𝐺𝐺𝑅𝑅𝑑𝑑 𝐹𝐹𝑛𝑛 𝐺𝐺ℎ𝐺𝐺 𝐶𝐶𝐺𝐺𝑛𝑛𝐺𝐺𝐺𝐺𝐺𝐺 𝐹𝐹𝑐𝑐 𝐺𝐺ℎ𝐺𝐺 𝑂𝑂𝐺𝐺𝑀𝑀𝑐𝑐𝑀𝑀𝑐𝑐𝐺𝐺 𝑇𝑇ℎ𝐺𝐺𝐹𝐹𝑅𝑅𝐺𝐺, 𝑐𝑐𝐺𝐺 
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F igu re  3 -2 .  Cu rb  In le t  Open ing  Con f igu rat ions  

 

3 .5  Storm Sewer  

3 .5 .1  Overv iew 

The installation of storm sewer systems is required when the other parts of the minor system (i.e., curb, 
gutter, and roadside ditches) no longer have capacity for additional runoff, so that spread widths and 
flow depths exceed requirements previously presented. It should be recognized that the rate of 
discharge to be carried by any section of storm sewer is not necessarily the sum of the inlet design 
discharge rates of all inlets above that section of pipe, but as a general rule is somewhat less than this 
total. The time of concentration is most influential, and as the time of concentration grows larger, the 
proper rainfall intensity to be used in the design grows smaller.   
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3 .5 .2  Des ign  Cr i ter ia  

Hydraulic design of storm sewers shall be in accordance with the following: 

3 . 5 .2 . 1  Mater ia l  a nd  Capac i t y  

 All storm sewer pipe shall have smooth interior walls. 
 All storm sewer pipe shall be reinforced concrete pipe (RCP), high density polyethylene pipe – 

smooth interior (HDPE-SI), or polyvinyl chloride pipe (PVC). Reinforced concrete pipe shall 
have a pipe class determined according to the actual depth of cover over the pipe. Pipe joints 
and construction shall conform with the requirements of the City standard specifications. 

 Storm sewers shall be designed using a Manning’s n value of 0.012. See Chapter Five for 
Manning’s n values of pipe materials other than RCP to evaluate the hydraulic capacity of 
existing systems. 

 The minimum pipe size for storm sewer is 15 inches. 

 Storm sewers should be designed to flow full at the design runoff for the minor storm. To 
prevent silt accumulation, a full flow velocity of 3 feet per second should be maintained in the 
storm sewer. The full flow velocity should not exceed 20 feet per second. 

 The hydraulic grade line shall be 0.75 feet below the intake lip of any affected inlet, any manhole 
cover, or the flow line of the highest pipe of any entering non-pressurized system. 

 The energy grade line shall not rise above the intake lip of any affected inlet, any manhole cover, 
or the flow line of any such entering non-pressurized system. 

 Storm sewer pipes will remain the same size or increase in size going downstream within a 
system. 

3 . 5 .2 . 2  A l i gnment  an d  Depth  o f  Cov e r  

 Storm sewers should be constructed on a straight (tangent) alignment between manholes and 
inlets. Storm sewers should not be constructed on curves. 

 Pipe crowns shall be matched at manholes and inlets unless a drop manhole is being used to 
control the velocity. 

 The maximum spacing of access points to the storm sewer shall not exceed 500 feet. 

 The minimum physical pipe slope shall be 0.5 percent. Flatter slopes, especially for large‐
diameter storm sewer, may be used in design if scour velocity is maintained and if approved by 
the City. 

 The desired depth of cover above a storm sewer pipe shall be 2 to 3 feet, with 1.5 feet being 
the absolute minimum. Cover greater than 3 feet should generally be avoided due to the 
possibility of the storm sewer blocking access of sanitary sewer service lines. 

 Storm sewers should be laid a minimum of 10 feet horizontally from any existing or proposed 
water main (measured edge to edge). In cases where it is not practical to maintain a 10-foot 
separation, the Nebraska Department of Health and Human Services (NDHHS) may allow 
installation of the sewer closer to the water main, provided that the sewer is laid in a separate 
trench or on an undisturbed earth shelf located on one side of the water main or at such an 
elevation that the bottom of the sewer is at least 18 inches above the top of the water main. 
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 When crossing a water main, the edge of the storm sewer shall be a minimum vertical distance 
of 18 inches from the outside edge of the water main. This shall be the case whether the sewer 
is above or below the water main. At crossings, one full length of water pipe shall be located so 
that both joints will be at least 10 feet from the sewer, or 20 feet of the water main shall be 
enclosed by casing centered on the sewer. 

 The NDHHS must specifically approve any variance from the requirements of these instructions 
when it is impossible to obtain the specified separation distances. 

3 .5 .3  Capac i t y  Ca lcu lat ions  

The most widely used formula for determining the hydraulic capacity of storm sewer pipes is Manning’s 
equation expressed by: 

𝑉𝑉 = �1.486𝑅𝑅2 3⁄ 𝑆𝑆1 2⁄ � 𝑛𝑛⁄  

Where: 𝑉𝑉 = 𝐴𝐴𝑃𝑃𝐺𝐺𝐺𝐺𝑅𝑅𝑔𝑔𝐺𝐺 𝑉𝑉𝐺𝐺𝐹𝐹𝐹𝐹𝑐𝑐𝑀𝑀𝐺𝐺𝐶𝐶 𝐹𝐹𝑐𝑐 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹, 𝑐𝑐𝐺𝐺/𝑐𝑐 

 𝑅𝑅 = 𝐻𝐻𝐶𝐶𝑑𝑑𝐺𝐺𝑅𝑅𝐺𝐺𝐹𝐹𝑀𝑀𝑐𝑐 𝑅𝑅𝑅𝑅𝑑𝑑𝑀𝑀𝐺𝐺𝑐𝑐, 𝑐𝑐𝐺𝐺  

    = 𝑇𝑇ℎ𝐺𝐺 𝐴𝐴𝐺𝐺𝐺𝐺𝑅𝑅 𝐹𝐹𝑐𝑐 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐷𝐷𝑀𝑀𝑃𝑃𝑀𝑀𝑑𝑑𝐺𝐺𝑑𝑑 𝐵𝐵𝐶𝐶 𝐺𝐺ℎ𝐺𝐺 𝑊𝑊𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑑𝑑 𝑃𝑃𝐺𝐺𝐺𝐺𝑀𝑀𝑃𝑃𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 (𝐴𝐴 𝑊𝑊𝑃𝑃⁄ ) 

 𝑆𝑆 = 𝑇𝑇ℎ𝐺𝐺 𝑆𝑆𝐹𝐹𝐹𝐹𝑆𝑆𝐺𝐺 𝐹𝐹𝑐𝑐 𝐺𝐺ℎ𝐺𝐺 𝐻𝐻𝐶𝐶𝑑𝑑𝐺𝐺𝑅𝑅𝐺𝐺𝐹𝐹𝑀𝑀𝑐𝑐 𝐺𝐺𝐺𝐺𝑅𝑅𝑑𝑑𝐺𝐺 𝐿𝐿𝑀𝑀𝑛𝑛𝐺𝐺, 𝑐𝑐𝐺𝐺 𝑐𝑐𝐺𝐺⁄  

 𝑛𝑛 = 𝑀𝑀𝑅𝑅𝑛𝑛𝑛𝑛𝑀𝑀𝑛𝑛𝑔𝑔′𝑐𝑐 𝑅𝑅𝐹𝐹𝐺𝐺𝑔𝑔ℎ𝑛𝑛𝐺𝐺𝑐𝑐𝑐𝑐 𝐶𝐶𝐹𝐹𝐺𝐺𝑐𝑐𝑐𝑐𝑀𝑀𝑐𝑐𝑀𝑀𝐺𝐺𝑛𝑛𝐺𝐺 

In terms of discharge, Manning’s equation becomes: 

𝑄𝑄 = �1.486𝐴𝐴𝑅𝑅2/3𝑆𝑆1/2� 𝑛𝑛⁄  

 𝑄𝑄 = 𝑅𝑅𝑅𝑅𝐺𝐺𝐺𝐺 𝐹𝐹𝑐𝑐 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹, 𝑐𝑐𝑐𝑐𝑐𝑐 

 𝐴𝐴 = 𝐶𝐶𝐺𝐺𝐹𝐹𝑐𝑐𝑐𝑐 𝑆𝑆𝐺𝐺𝑐𝑐𝐺𝐺𝑀𝑀𝐹𝐹𝑛𝑛𝑅𝑅𝐹𝐹 𝐴𝐴𝐺𝐺𝐺𝐺𝑅𝑅 𝐹𝐹𝑐𝑐 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹, 𝑐𝑐𝐸𝐸 𝑐𝑐𝐺𝐺 

For pipes flowing full, the above equations become: 

𝑉𝑉 = �0.590𝐷𝐷2/3𝑆𝑆1/2� 𝑛𝑛⁄  

𝑄𝑄 = �0.463𝐷𝐷8/3𝑆𝑆1/2� 𝑛𝑛⁄  

Where: 𝐷𝐷 = 𝐷𝐷𝑀𝑀𝑅𝑅𝑃𝑃𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝐹𝐹𝑐𝑐 𝑃𝑃𝑀𝑀𝑆𝑆𝐺𝐺, 𝑐𝑐𝐺𝐺 
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3 .5 .4  Energy  Grade  L ine  and  Hydraul i c  Grade  L ine  

The energy grade line (EGL) is an imaginary line that represents the total energy along a channel or 
conduit carrying water. Total energy includes elevation (potential) head, velocity head, and pressure 
head. The calculation of the EGL for the full length of the system is critical to the evaluation of a storm 
sewer. To develop the EGL, it is necessary to calculate all of the losses through the system. The energy 
equation states that the energy head at any cross section must equal that in any other downstream 
section plus the intervening losses. The intervening losses are typically classified as either friction losses 
or form losses. Knowledge of the location of the EGL is critical to understanding and calculating the 
location of the hydraulic grade line (HGL). 

The HGL is a line coinciding with the level of flowing water at any point along an open channel. In closed 
conduits flowing under pressure, the HGL is the level to which water would rise in a vertical tube at any 
point along the pipe. The HGL is determined by subtracting the velocity head (V2/2g) from the EGL. The 
HGL is used to aid the designer in determining the acceptability of a proposed storm drainage system by 
establishing the elevation to which water will rise when the system is operating under design conditions. 

The methodology in HEC 22 should be used for the calculation of the energy losses, the energy grade 
line, and the hydraulic grade line for a storm sewer system. 

3 .5 .5  Manho les  

Manholes provide access to storm drains for inspection and cleanout and are used for changing 
direction, grade, or convergence. Care should be taken to ensure the diameter of the manhole is 
adequate to accommodate all entering and exiting pipes. The designer should use supplier’s 
recommendations and lay out the geometrics of the pipes and manhole to verify the diameter is 
adequate. The crowns of all storm sewer pipes entering and leaving a manhole shall be at the same 
elevation. Manholes should generally be placed at the following locations: 

 Convergence of two or more storm sewers 

 Intermediate points along tangent sections 

 Change in pipe size 

 Change in pipe alignment 

 Change in pipe grade 

3 .6  References  

 City of Brookings, South Dakota, 2006. Storm Drainage Design and Technical Criteria Manual. 

 City of Lincoln Public Works and Utilities Department, 2000. Drainage Criteria Manual. 
 City of Omaha Environmental Quality Control Division, 2014. Omaha Regional Stormwater Design 

Manual. 
 Federal Highway Administration, 2009. Hydraulic Engineering Circular No. 22, Third Edition, Urban 

Drainage Design Manual. 
 Nebraska Department of Transportation, 2006. Drainage Design and Erosion Control Manual. 
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4 .  OPEN CHANNELS 
4 .1  Overv iew 

Open channels are the cornerstone of most major drainage systems, providing conveyance of drainage 
and floodwaters through natural and manmade drainageways. This chapter discusses the fundamentals of 
open channel hydraulics and includes procedures for the design of open channels. The designer should 
consult the most recent editions of Hydraulic Design Series No. 4: Introduction to Highway Hydraulics 
(HDS 4) and Hydraulic Engineering Circular No. 15: Design of Roadside Channels with Flexible Linings 
for detailed explanations of specialized procedures and methods pertaining to open channel hydraulics.  

Use of natural channels is encouraged whenever possible, particularly for the major drainage system, as 
there can be advantages in terms of cost, capacity, and multiple use (i.e., recreation, wildlife habitat, etc.). 
Where natural channels are not well defined, drainage paths can usually be determined by topography 
and inspection, and these paths can be used as the basis for location and construction of channels. For 
any open channel conveyance, channel stability must be evaluated to determine what measures may be 
needed to prevent bottom scour and bank cutting or incising. Channels shall be designed for long-term 
stability but be left in as near natural condition as possible. Even where streams retain a relatively natural 
state, streambanks may need to be stabilized while vegetation recovers. To preserve riparian 
characteristics of channels, channel improvement or stabilization projects should minimize the use of 
visible concrete, riprap, or other hard stabilization materials.   

Hydraulic analysis software such as the US Army Corps of Engineers HEC-RAS or Federal Highway 
Administration’s Hydraulic Toolbox may be useful for preliminary and final channel analysis and design. 
Channel alignment revisions will require a Corps of Engineers 404 permit if the work is on a 
jurisdictional channel.  

4 .2  Open Channel  F low 

Several types of flow are possible in open channels, which can be classified as: 

 Uniform or Non-uniform 

 Steady or Unsteady 
 Subcritical, Critical, or Supercritical 

Uniform flow is defined as a flow with a constant depth, cross-section, and velocity as it travels the 
length of channel. Non-uniform flow is one where the flow depth, cross-section, and/or velocity 
changes as it travels a length of channel. 

Steady flow is defined as a flow with a constant discharge over time. Unsteady flow is one where the 
amount of discharge changes over time. 

Subcritical flow is defined as a flow with a Froude number less than one (Fr < 1.0) and the depth of the 
channel flow is greater than the critical depth for the channel. Water flowing in a subcritical state has a 
relatively low velocity and is often described as tranquil. Subcritical flows will allow downstream losses 
to be transferred upstream. 

Supercritical flow is defined as a flow with a Froude number greater than one (Fr > 1.0) and the depth 
of the channel flow is less than the critical depth for the channel. Water flowing in a supercritical state 
has a high velocity and is often described as rapid or shooting. Supercritical flows do not transfer 
downstream losses upstream. 
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Critical flow is defined as a flow with a Froude number equal to one (Fr = 1). 

Non-uniform, unsteady, subcritical flow is the most common type of flow in open channels. 
However, due to the complexity and difficulty involved in the analysis of this type of flow, most hydraulic 
computations are made with certain simplifying assumptions that allow the application of steady, uniform 
(or gradually varied) flow principles. 

The use of steady flow methods assumes that the discharge at a point does not change with time, and 
the use of uniform flow methods assumes that there is no change in velocity, in magnitude, or in 
direction with distance along a streamline. Steady, uniform flow is thus characterized by constant 
velocity and flow rate from section to section along the channel. 

Steady, uniform flow is an idealized concept of open channel flow, which seldom occurs in natural 
channels and is difficult to obtain even in model channels. However, for most practical applications, the 
flow is assumed to be steady, and changes in width, depth, or direction (resulting in non-uniform flow) 
are sufficiently small that flow can be considered uniform. For these reasons, use of uniform flow theory 
is usually within acceptable degrees of accuracy. 

4 .2 .1  Cr i t i ca l  Depth  

Critical depth is the depth at which a given quantity of water flows with the minimum content of energy. 
In a given channel, critical depth occurs when the specific energy (depth + velocity head) is at a 
minimum. Critical depth is important as a hydraulic “control point,” which is a location along the channel 
or culvert where depth of flow can be computed directly. 

Critical depth is particularly helpful in the hydraulic analysis of culverts. Since flow must pass through 
critical depth when changing from subcritical flow to supercritical flow, critical depth typically occurs at 
the following locations: 

 Abrupt changes in channel or culvert slope when a flat slope is sharply increased to a steep 
slope (as in broken-back culverts) 

 A channel constriction such as a culvert entrance 

 The unsubmerged outlet of a culvert on subcritical slope, discharging into a wide channel or free 
outfall (no tailwater present at the outlet) 

 The crest of an overflow dam or weir 

The following relationship is used to calculate critical depth: 

𝐴𝐴3
𝑇𝑇� = 𝑄𝑄2

𝑔𝑔�  

where: 𝐴𝐴 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠 𝐴𝐴𝐶𝐶𝑠𝑠𝑠𝑠 𝐶𝐶𝑜𝑜 𝐶𝐶ℎ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, 𝑜𝑜𝑠𝑠2 
 𝑇𝑇 = 𝑇𝑇𝐶𝐶𝑇𝑇𝑇𝑇𝑠𝑠𝑇𝑇𝑠𝑠ℎ 𝐶𝐶𝑜𝑜 𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝐶𝐶 𝑆𝑆𝑆𝑆𝐶𝐶𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠, 𝑜𝑜𝑠𝑠 
 𝑄𝑄 = 𝐷𝐷𝑠𝑠𝐶𝐶𝑠𝑠ℎ𝑠𝑠𝐶𝐶𝑔𝑔𝑠𝑠, 𝑠𝑠𝑜𝑜𝐶𝐶 

 𝑔𝑔 = 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝐶𝐶𝑠𝑠 𝐶𝐶𝑜𝑜 𝐺𝐺𝐶𝐶𝑠𝑠𝐺𝐺𝑠𝑠𝑠𝑠𝐺𝐺 = 32.2 𝑜𝑜𝑠𝑠
𝐶𝐶𝑠𝑠𝑠𝑠2�  

As can be seen from this equation, critical depth is dependent on channel geometry (shape) and 
discharge only. It is independent of channel slope and roughness. This means that for a given flow rate 
and channel cross-section, critical depth remains constant throughout the channel or culvert length, 
even though the channel slope may change. 
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4 .2 .2  F roude  Number  

The Froude number is a dimensionless number that represents the ratio of inertial to gravitational 
forces. It is defined by the following equation: 

𝐹𝐹𝐶𝐶 = 𝑉𝑉
(𝑔𝑔𝐷𝐷)0.5�  

where: 𝐹𝐹𝐶𝐶 = 𝐹𝐹𝐶𝐶𝐶𝐶𝑆𝑆𝑇𝑇𝑠𝑠 𝑁𝑁𝑆𝑆𝑁𝑁𝑁𝑁𝑠𝑠𝐶𝐶 

 𝑉𝑉 = 𝑉𝑉𝑠𝑠𝑠𝑠𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝐺𝐺 𝑠𝑠𝑠𝑠 𝐶𝐶ℎ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, 𝑜𝑜𝑠𝑠
𝐶𝐶𝑠𝑠𝑠𝑠�  

 𝑔𝑔 = 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝐶𝐶𝑠𝑠 𝐶𝐶𝑜𝑜 𝐺𝐺𝐶𝐶𝑠𝑠𝐺𝐺𝑠𝑠𝑠𝑠𝐺𝐺 = 32.2 𝑜𝑜𝑠𝑠
𝐶𝐶𝑠𝑠𝑠𝑠2�  

 𝐷𝐷 = 𝐻𝐻𝐺𝐺𝑇𝑇𝐶𝐶𝑠𝑠𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠 𝐷𝐷𝑠𝑠𝑇𝑇𝑠𝑠ℎ, 𝑜𝑜𝑠𝑠 = 𝐹𝐹𝑠𝑠𝐶𝐶𝑇𝑇 𝐴𝐴𝐶𝐶𝑠𝑠𝑠𝑠
𝑇𝑇𝐶𝐶𝑇𝑇 𝑊𝑊𝑠𝑠𝑇𝑇𝑠𝑠ℎ�  

 Critical flow exists when inertial forces and gravity are equal, (Fr = 1.0). 
 Supercritical flow (Shallow, Rapid flow) exists when the inertial forces are greater than gravity 

forces (High Velocity), (Fr > 1.0). 
 Subcritical flow (Deep, Tranquil flow) exists when inertial forces are less than gravity forces 

(Low Velocity), (Fr < 1.0). 

4 .2 .3  Manning ’ s  Equat ion  

An open channel must be designed to convey the peak runoff rate for the selected design storm 
frequency. The hydraulic capacity of an open channel can be determined from Manning’s equation for 
evaluating uniform flow in open channels. See Section 4.3.7 for Manning’s equation and further 
discussion on open channel flow criteria. 

4 .3  Open Channel  Des ign Cr iter ia  

4 .3 .1  Genera l  Cr i t e r ia  

The following criteria should be used for open channel design:  

 Trapezoidal cross sections are preferred; triangular shapes should be avoided.  

 Channel side slopes shall be stable throughout the entire length and side slope shall depend on 
the channel material. A maximum of 4H:1V is recommended for vegetation and 2H:1V for 
riprap, unless otherwise justified by calculations.  

 If relocation of a stream channel is unavoidable, the cross-sectional shape, meander, pattern, 
roughness, sediment transport, and slope should generally conform to the existing conditions, 
taking increased flows from urbanization into consideration. Energy dissipation or grade control 
may be necessary.  

 Streambank stabilization should be provided, when appropriate and should include upstream and 
downstream banks, as well as the local project site.  

 A low flow or trickle channel may be needed for grass-lined channels.  
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4 .3 .2  Channe l  Trans i t ions  

The following criteria should be considered at channel transitions:  

 Transitions from one channel section to another should be smooth and gradual to avoid 
turbulence and eddies.  

 Energy losses in transitions should be accounted for as part of the water surface profile 
calculations.  

 Scour downstream from rigid-to-natural and steep-to-mild slope transition sections should be 
accounted for through velocity-slowing and energy-dissipating devices. 

4 .3 .3  Return  Per iod  Des i gn  Cr i ter ia  

Open channels, including floodplains, shall be sized to handle the 100-year storm. The 100-year storm 
event shall not encroach on buildable lots and shall be contained in out-lots or easements when not 
confined to the channel itself. When comprising the minor drainage system, open channels shall be sized 
to handle the 5-year storm in residential areas and the 10-year storm in downtown, commercial, and 
industrial areas. If a low flow channel is incorporated into the channel cross section, it shall be designed 
to convey 1 percent of the 100-year storm. 

4 . 3 .3 . 1  Approx imat e  F loo d  L im i t s  Dete rm inat ion  

The approximate flood limits of the 100-year storm shall be determined for all open channels and all 
areas inundated shall be protected from development through out-lots or easements as directed by the 
City. Using the Manning’s Equation may be an acceptable procedure to determine flood limits for small 
and intermediate open channels. The City may require a hydraulic model to determine flood limits for 
large and/or complex channels where steady, uniform flow assumptions may provide inaccurate results. 

4 .3 .4  Ve loc i t y  L imi tat ions  

Sediment transport requirements must be considered for conditions of flow below the design frequency. 
Minimum channel flow velocity for the 2-year storm shall be 2 feet per second. A low flow channel 
component within a larger channel can reduce maintenance by increasing the velocity of small storms to 
improve sediment transport in the channel.  

4 .3 .5  F reeboard  

A minimum freeboard of 1 foot should be provided between the water surface and top of bank or the 
elevation of the lowest opening of adjacent structures. Freeboard should be determined based on the 
100-year storm water surface elevation under mature channel conditions. 
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4 .3 .6  Grade  Cont ro l  S t ructures  

Grade control structures are used to prevent streambed degradation. This is accomplished in two ways. 
First, the structures provide a firm structural flowline elevation that prevents bed erosion and 
subsequent slope increases. Second, some structures provide controlled dissipation of energy between 
upstream and downstream sides of the structure. Structure choice depends on existing or anticipated 
erosion, cost, and environmental objectives. Design guidance for grade control structures can be found 
in the most recent editions of Hydraulic Engineering Circular No. 14: Hydraulic Design of Energy 
Dissipators for Culverts and Channels (HEC 14) and Hydraulic Engineering Circular No. 23: Bridge 
Scour and Stream Instability Countermeasures. 

4 .3 .7  Manning ’ s  Equat ion  

An open channel must be designed to convey the peak runoff rate for the selected design storm 
frequency. The hydraulic capacity of an open channel can be determined from Manning’s equation for 
evaluating uniform flow in open channels. 

𝑄𝑄 = 𝑉𝑉𝐴𝐴 

Where:  𝑄𝑄 = 𝐷𝐷𝑠𝑠𝐶𝐶𝑠𝑠ℎ𝑠𝑠𝐶𝐶𝑔𝑔𝑠𝑠, 𝑠𝑠𝑜𝑜𝐶𝐶 
𝐴𝐴 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠 𝐴𝐴𝐶𝐶𝑠𝑠𝑠𝑠 𝐶𝐶𝑜𝑜 𝐶𝐶ℎ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, 𝑜𝑜𝑠𝑠2 

 𝑉𝑉 = 𝑉𝑉𝑠𝑠𝑠𝑠𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝐺𝐺 𝑠𝑠𝑠𝑠 𝐶𝐶ℎ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, 𝑜𝑜𝑠𝑠
𝐶𝐶𝑠𝑠𝑠𝑠�  

V =
1.486

n
R2

3� S1
2�  

Where:  𝑅𝑅 = 𝐻𝐻𝐺𝐺𝑇𝑇𝐶𝐶𝑠𝑠𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠 𝑅𝑅𝑠𝑠𝑇𝑇𝑠𝑠𝑆𝑆𝐶𝐶, 𝑜𝑜𝑠𝑠 = 𝐴𝐴
𝑊𝑊𝑊𝑊�  

 𝑊𝑊𝑊𝑊 = 𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑇𝑇 𝑊𝑊𝑠𝑠𝐶𝐶𝑠𝑠𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝐶𝐶, 𝑜𝑜𝑠𝑠 
 𝑆𝑆 = 𝑆𝑆𝑠𝑠𝐶𝐶𝑇𝑇𝑠𝑠 𝐶𝐶𝑜𝑜 𝐻𝐻𝐺𝐺𝑇𝑇𝐶𝐶𝑠𝑠𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠 𝐺𝐺𝐶𝐶𝑠𝑠𝑇𝑇𝑠𝑠 𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠, 𝑜𝑜𝑠𝑠

𝑜𝑜𝑠𝑠�  

       (𝐶𝐶𝑠𝑠𝑠𝑠 𝑁𝑁𝑠𝑠 𝐴𝐴𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐴𝐴𝑠𝑠𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑇𝑇 𝑁𝑁𝐺𝐺 𝐶𝐶ℎ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑆𝑆𝑠𝑠𝐶𝐶𝑇𝑇𝑠𝑠) 
 𝑠𝑠 = 𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑔𝑔′𝐶𝐶 𝑅𝑅𝐶𝐶𝑆𝑆𝑔𝑔ℎ𝑠𝑠𝑠𝑠𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝑠𝑠𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 

If a channel cross section is irregular in shape, such as a channel with a relatively narrow, deep main 
channel and wide, shallow overbank channels, the cross section should be subdivided, and the discharge 
computed separately for the main channel and the overbank channels. The same procedure is used 
when parts of the cross section have different roughness coefficients. In computing the hydraulic radius 
of the subsections, the water depth common to adjacent subsections is not counted as wetted 
perimeter. 
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T ab le  4 -1 .  Open  Channe l  Mann ing ’ s  Roughne ss  Coe f f i c ient s  

Lined, Straight Alignment Manning’s n Range 

Concrete with Surface as 
Indicated 

Formed, No Finish 0.013 – 0.017 

Trowel Finish 0.012 – 0.014 

Float Finish 0.013 – 0.015 

Float Finish, Some Gravel on Bottom 0.015 – 0.017 

Gunite, Good Section 0.016 – 0.019 

Gunite, Wavy Section 0.018 – 0.022 

Concrete, Bottom Float 
Finished, Sides as 
Indicated 

Dressed Stone in Mortar 0.015 – 0.017 

Random Stone in Mortar 0.017 – 0.020 

Cement Rubble Masonry 0.020 – 0.025 

Cement Rubble Masonry, Plastered 0.016 – 0.020 

Dry Rubble (Riprap) 0.020 – 0.030 

Gravel Bottom, Sides as 
Indicated 

Formed Concrete 0.017 – 0.020 

Random Stone in Mortar 0.020 – 0.023 

Dry Rubble (Riprap) 0.023 – 0.033 

Asphalt 
Smooth 0.013 

Rough 0.016 

Concrete Lined 
Excavated Rock 

Good Section 0.017 – 0.020 

Irregular Section 0.022 – 0.027 

Excavated, Straight Alignment, Natural Lining Manning’s n Range 

Earth, Uniform Section 

Clean, Recently Completed 0.016 – 0.018 

Clean, After Weathering 0.018 – 0.020 

With Short Grass, Few Weeds 0.022 – 0.027 

In Gravelly Soil, Uniform Section, Clean 0.022 – 0.025 

Earth, Fairly Uniform 
Section 

No Vegetation 0.022 – 0.025 

Grass, Some Weeds 0.025 – 0.030 

Dense Weeds or Aquatic Plants in Deep Channels 0.030 – 0.035 

Sides Clean, Gravel Bottom 0.025 – 0.030 

Sides Clean, Cobble Bottom 0.030 – 0.040 

Dragline Excavated or 
Dredged 

No Vegetation 0.028 – 0.033 

Light Brush on Banks 0.035 – 0.050 

Rock 

Based on Design Section 0.035 

Based on Actual Mean Section, Smooth and Uniform 0.035 – 0.040 

Based on Actual Mean Section, Jagged and Irregular 0.040 – 0.045 

Channels not 
Maintained, Weeds and 
Brush Uncut 

Dense Weeds, High as Flow Depth 0.080 – 0.120 

Clean Bottom, Brush on Sides 0.050 – 0.080 

Clean Bottom, Brush on Sides, Highest Stage of Flow 0.070 – 0.110 

Dense Brush, High Stage 0.100 – 0.140 
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Channels & Swales with Maintained Vegetation (2-6 ft/s) Manning’s n Range 

Depth of Flow up 
to 0.7 Foot 

Bermudagrass, Kentucky 
Bluegrass, Buffalograss 

Mowed to 2 Inches 0.045 – 0.070 

Length 4-6 Inches 0.050 – 0.090 

Good Stand, Any Grass 
Length 12 Inches 0.090 – 0.180 

Length 24 Inches 0.150 – 0.300 

Fair Stand, Any Grass 
Length 12 Inches 0.080 – 0.140 

Length 24 Inches 0.130 – 0.250 

Depth of Flow 0.7 – 
1.5 Feet 

Bermudagrass, Kentucky 
Bluegrass, Buffalograss 

Mowed to 2 Inches 0.030 – 0.050 

Length 4-6 Inches 0.040 – 0.060 

Good Stand, Any Grass 
Length 12 Inches 0.070 – 0.120 

Length 24 Inches 0.100 – 0.200 

Fair Stand, Any Grass 
Length 12 Inches 0.060 – 0.100 

Length 24 Inches 0.090 – 0.170 

Natural Stream Channels Manning’s n Range 

Minor Streams, 
Surface Width at 
Flood Stage Less 
than 100 Feet 

Fairly Regular Section 

Some Grass & Weeds, Little 
or No Brush 0.030 – 0.035 

Dense Growth of Weeds, 
Depth of Flow Materially 
Greater than Weed Height 

0.035 – 0.050 

Some Weeds, Light Brush on 
Banks 0.035 – 0.050 

Some Weeds, Heavy Brush 
on Banks 0.050 – 0.070 

Some Weeds, Dense 
Willows on Banks 0.060 – 0.080 

For Trees within Channel 
with Branches Submerged at 
High Stage, Increase all 
Above Values by: 

0.010 – 0.020 

Irregular Sections w/ Pools & Channel Meander, Increase all 
Above Values by: 0.010 – 0.020 
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Natural Stream Channels Manning’s n Range 

Floodplains 
Adjacent to Natural 
Streams 

Pasture, No Brush Short Grass 0.030 – 0.035 

High Grass 0.035 – 0.050 

Cultivated Areas No Crop 0.030 – 0.040 

Mature Row Crops 0.035 – 0.045 

Mature Field Crops 0.040 – 0.050 

Heavy Weeds, Scattered Brush 0.050 – 0.070 

Light Brush & Trees Winter 0.050 – 0.060 

Summer 0.060 – 0.080 

Medium to Dense Brush Winter 0.070 – 0.110 

Summer 0.100 – 0.160 

Dense Willows, Summer, Not Bent by Current 0.150 – 0.200 

Cleared Land w/ Tree 
Stumps 

No Sprouts 0.040 – 0.050 

Heavy Growth of Sprouts 0.060 – 0.080 

Heavy Timber, Little Brush Depth Below Branches 0.100 – 0.120 

Depth Reaches Branches 0.120 – 0.160 

Major Streams, Surface Width at Flood Stage More than 100 Feet, No Boulders or 
Brush (1) 0.028 – 0.033 

(1) Roughness coefficient is usually less than for minor streams of similar description on account of less 
effective resistance offered by irregular banks or vegetation on banks. Values of n may be somewhat 
reduced. 
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4 .3 .8  F low in  Bends  

Flow around a bend in an open channel induces centrifugal forces because of the change in flow 
direction. This results in a super elevation of the water surface at the outside of bends and can cause the 
flow to splash over the side of the channel if adequate freeboard is not provided. This super elevation 
can be estimated by the following equation. 

∆𝑇𝑇 = 𝑉𝑉2𝑇𝑇
𝑔𝑔𝑅𝑅𝑐𝑐

�  

Where:  ∆𝑇𝑇 = 𝐷𝐷𝑠𝑠𝑜𝑜𝑜𝑜𝑠𝑠𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠 𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝐶𝐶 𝑆𝑆𝑆𝑆𝐶𝐶𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠 𝐸𝐸𝑠𝑠𝑠𝑠𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝐶𝐶𝑠𝑠 
𝐵𝐵𝑠𝑠𝑠𝑠𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝐶𝐶 & 𝑂𝑂𝑆𝑆𝑠𝑠𝑠𝑠𝐶𝐶 𝐵𝐵𝑠𝑠𝑠𝑠𝐵𝐵𝐶𝐶 

 𝑉𝑉 = 𝐴𝐴𝐺𝐺𝑠𝑠𝐶𝐶𝑠𝑠𝑔𝑔𝑠𝑠 𝑉𝑉𝑠𝑠𝑠𝑠𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝐺𝐺, 𝑜𝑜𝑠𝑠
𝐶𝐶𝑠𝑠𝑠𝑠�  

 𝑇𝑇 = 𝑆𝑆𝑆𝑆𝐶𝐶𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠 𝑊𝑊𝑠𝑠𝑇𝑇𝑠𝑠ℎ 𝐶𝐶𝑜𝑜 𝐶𝐶ℎ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, 𝑜𝑜𝑠𝑠 
 𝑔𝑔 = 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝐶𝐶𝑠𝑠 𝐶𝐶𝑜𝑜 𝐺𝐺𝐶𝐶𝑠𝑠𝐺𝐺𝑠𝑠𝑠𝑠𝐺𝐺 = 32.2 𝑜𝑜𝑠𝑠

𝐶𝐶𝑠𝑠𝑠𝑠2�  
 𝑅𝑅𝑐𝑐 = 𝑅𝑅𝑠𝑠𝑇𝑇𝑠𝑠𝑆𝑆𝐶𝐶 𝐶𝐶𝑜𝑜 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝐶𝐶𝑜𝑜 𝐶𝐶ℎ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, 𝑜𝑜𝑠𝑠 

The elevation of the water surface at the outer channel bank will be ∆d/2 higher than the centerline 
water surface elevation (the average water surface elevation immediately before the bend) and the 
elevation of the water surface at the inner channel bank will be ∆d/2 lower than the centerline water 
surface elevation. Flow around a channel bend also imposes higher shear stress on the channel bottom 
and banks and may impact channel stability as described in the following sections.  

4 .3 .9  Shear  St r es s  

The hydrodynamic force created by water flowing in a channel causes a shear stress on the channel 
bottom. The bed material, in turn, resists this shear stress by developing a tractive force. Tractive force 
theory states that the flow-induced shear stress should not produce a force greater than the tractive 
resisting force of the bed material. This tractive resisting force of the bed material creates the 
permissible or critical shear stress of the bed material. 

4 . 3 .9 . 1  Sh ear  S t r e s s  i n  S t ra i gh t  Channe l s  

The maximum shear stress for a straight channel occurs on the channel bed and is less than or equal to 
the shear stress at maximum depth. The maximum shear stress is computed as: 

𝜏𝜏𝑑𝑑 = 𝛾𝛾𝑇𝑇𝑆𝑆𝑜𝑜 

Where: 𝜏𝜏𝑑𝑑 = 𝑀𝑀𝑠𝑠𝐴𝐴𝑠𝑠𝑁𝑁𝑆𝑆𝑁𝑁 𝑆𝑆ℎ𝑠𝑠𝑠𝑠𝐶𝐶 𝑆𝑆𝑠𝑠𝐶𝐶𝑠𝑠𝐶𝐶𝐶𝐶, 𝑠𝑠𝑁𝑁 𝑜𝑜𝑠𝑠2�  

 𝛾𝛾 = 𝑈𝑈𝑠𝑠𝑠𝑠𝑠𝑠 𝑊𝑊𝑠𝑠𝑠𝑠𝑔𝑔ℎ𝑠𝑠 𝐶𝐶𝑜𝑜 𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝐶𝐶, 62.4 𝑠𝑠𝑁𝑁 𝑜𝑜𝑠𝑠3�  

 𝑇𝑇 = 𝑀𝑀𝑠𝑠𝐴𝐴𝑠𝑠𝑁𝑁𝑆𝑆𝑁𝑁 𝑇𝑇𝑠𝑠𝑇𝑇𝑠𝑠ℎ 𝐶𝐶𝑜𝑜 𝐹𝐹𝑠𝑠𝐶𝐶𝑇𝑇, 𝑜𝑜𝑠𝑠 
 𝑆𝑆𝑜𝑜 = 𝐴𝐴𝐺𝐺𝑠𝑠𝐶𝐶𝑠𝑠𝑔𝑔𝑠𝑠 𝐵𝐵𝑠𝑠𝑇𝑇 𝑆𝑆𝑠𝑠𝐶𝐶𝑇𝑇𝑠𝑠 𝐶𝐶𝐶𝐶 𝐸𝐸𝑠𝑠𝑔𝑔𝑠𝑠𝐶𝐶𝐺𝐺 𝑆𝑆𝑠𝑠𝐶𝐶𝑇𝑇𝑠𝑠, 𝑜𝑜𝑠𝑠

𝑜𝑜𝑠𝑠�  
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4 . 3 .9 . 2  Sh ear  S t r e s s  o f  Channe l  S id e s  

Shear stress is generally reduced on the channel sides compared with the channel bottom. The 
maximum shear on the side of a channel is given by the following equation for trapezoidal channels: 

𝜏𝜏𝑠𝑠 = 𝐾𝐾1𝜏𝜏𝑑𝑑 

Where: 𝜏𝜏𝑠𝑠 = 𝑆𝑆𝑠𝑠𝑇𝑇𝑠𝑠 𝑆𝑆ℎ𝑠𝑠𝑠𝑠𝐶𝐶 𝑆𝑆𝑠𝑠𝐶𝐶𝑠𝑠𝐶𝐶𝐶𝐶, 𝑠𝑠𝑁𝑁 𝑜𝑜𝑠𝑠2�  

 𝐾𝐾1 = 𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝐶𝐶 𝐶𝐶𝑜𝑜 𝐶𝐶ℎ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑆𝑆𝑠𝑠𝑇𝑇𝑠𝑠 𝑠𝑠𝐶𝐶 𝐵𝐵𝐶𝐶𝑠𝑠𝑠𝑠𝐶𝐶𝑁𝑁 𝑆𝑆ℎ𝑠𝑠𝑠𝑠𝐶𝐶 𝑆𝑆𝑠𝑠𝐶𝐶𝑠𝑠𝐶𝐶𝐶𝐶 

T ab le  4 -2 .  Rat ios  o f  Channe l  S ide  to  Bo t tom Shea r  St re ss  

Value of K1 Channel Side Slope 
0.77 Z ≤ 1.5 

0.066Z + 0.67 1.5 < Z < 5 

1.0 5 ≤ Z 

The Z value represents the horizontal dimension Z:1 (H:V). Use of side slopes steeper than 3:1 (H:V) is 
not encouraged for flexible linings other than riprap or gabions because of the potential for erosion of 
the side slopes.  

4 . 3 .9 . 3  Sh ear  S t r e s s  i n  Bends  

Flow around a bend creates secondary currents, which impose higher shear stresses on the channel 
sides and bottom compared to a straight reach as shown on Figure 4-1. At the beginning of the bend, 
the maximum shear stress is near the inside and moves toward the outside as the flow leaves the bend. 
The increased shear stress caused by a bend persists downstream of the bend.  

F igu re  4 -1 .  H igh  Shea r  S tre ss  Zon e  in  Bend s  
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The maximum shear stress in a bend is computed as: 

𝜏𝜏𝑏𝑏 = 𝐾𝐾𝑏𝑏𝜏𝜏𝑑𝑑 

Where: 𝜏𝜏𝑏𝑏 = 𝑆𝑆ℎ𝑠𝑠𝑠𝑠𝐶𝐶 𝑆𝑆𝑠𝑠𝐶𝐶𝑠𝑠𝐶𝐶𝐶𝐶 𝑠𝑠𝑠𝑠 𝑠𝑠 𝐵𝐵𝑠𝑠𝑠𝑠𝑇𝑇, 𝑠𝑠𝑁𝑁 𝑜𝑜𝑠𝑠2�  

 𝐾𝐾𝑏𝑏 = 𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝐶𝐶 𝐶𝐶𝑜𝑜 𝐶𝐶ℎ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝐵𝐵𝑠𝑠𝑠𝑠𝑇𝑇 𝑠𝑠𝐶𝐶 𝐵𝐵𝐶𝐶𝑠𝑠𝑠𝑠𝐶𝐶𝑁𝑁 𝑆𝑆ℎ𝑠𝑠𝑠𝑠𝐶𝐶 𝑆𝑆𝑠𝑠𝐶𝐶𝑠𝑠𝐶𝐶𝐶𝐶 

The maximum shear stress in a bend is a function of the ratio of channel curvature to the top (water 
surface) width, RC/T. As RC/T decreases, that is as the bend becomes sharper, the maximum shear stress 
in the bend tends to increase. Kb can be determined from Table 4-3. 

T ab le  4 -3 .  Rat ios  o f  Channe l  B end  to  Bot tom Shea r  St re ss  

Value of Kb 
𝑹𝑹𝑪𝑪

𝑻𝑻�  

2.00 𝑅𝑅𝐶𝐶
𝑇𝑇�  ≤ 2 

2.38 − 0.206 �𝑅𝑅𝐶𝐶
𝑇𝑇� � + 0.0073 �𝑅𝑅𝐶𝐶

𝑇𝑇� �
2
 2 < 𝑅𝑅𝐶𝐶

𝑇𝑇�  < 10 

1.05 10 ≤ 𝑅𝑅𝐶𝐶
𝑇𝑇�  

The added stress induced by bends does not fully attenuate until some distance downstream of the 
bend. If added lining protection is needed to resist the bend stresses, this protection should continue 
downstream a length given by: 

𝐿𝐿𝑝𝑝 = 𝛼𝛼 �
𝑅𝑅7 6⁄

𝑠𝑠 � 

Where: 𝐿𝐿𝑝𝑝 = 𝐿𝐿𝑠𝑠𝑠𝑠𝑔𝑔𝑠𝑠ℎ 𝐶𝐶𝑜𝑜 𝑊𝑊𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐶𝐶𝑠𝑠, 𝑜𝑜𝑠𝑠 
 𝑅𝑅 = 𝐻𝐻𝐺𝐺𝑇𝑇𝐶𝐶𝑠𝑠𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠 𝑅𝑅𝑠𝑠𝑇𝑇𝑠𝑠𝑆𝑆𝐶𝐶, 𝑜𝑜𝑠𝑠 = 𝐴𝐴

𝑊𝑊𝑊𝑊�  
 𝑠𝑠 = 𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑔𝑔′𝐶𝐶 𝑅𝑅𝐶𝐶𝑆𝑆𝑔𝑔ℎ𝑠𝑠𝑠𝑠𝐶𝐶𝐶𝐶 𝑜𝑜𝐶𝐶𝐶𝐶 𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑔𝑔 𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠 𝐵𝐵𝑠𝑠𝑇𝑇 
 𝛼𝛼 = 𝑈𝑈𝑠𝑠𝑠𝑠𝑠𝑠 𝐶𝐶𝐶𝐶𝑠𝑠𝐺𝐺𝑠𝑠𝐶𝐶𝐶𝐶𝑠𝑠𝐶𝐶𝑠𝑠 𝐶𝐶𝐶𝐶𝑠𝑠𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 0.60 

4 . 3 .9 . 4  Ef fe c t i ve  Shear  S t r e s s  i n  Gra s s  L ined  Channe l s  

Grass linings move shear stress away from the soil surface. The remaining shear at the soil surface is 
termed the effective shear stress. When the effective shear stress is less than the allowable shear for the 
soil surface, then erosion of the soil surface will be controlled. Grass linings provide shear reduction in 
two ways. First, the grass stems dissipate shear force within the canopy before it reaches the soil 
surface. Second, the grass plant (both the root and stem) stabilizes the soil surface against turbulent 
fluctuations. This process model for the effective shear at the soil surface is given by the following 
equation. 

𝜏𝜏𝑒𝑒 = 𝜏𝜏𝑑𝑑𝐾𝐾𝑒𝑒 

Where:  𝜏𝜏𝑒𝑒 = 𝐸𝐸𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐺𝐺𝑠𝑠 𝑆𝑆ℎ𝑠𝑠𝑠𝑠𝐶𝐶 𝑆𝑆𝑠𝑠𝐶𝐶𝑠𝑠𝐶𝐶𝐶𝐶 𝐶𝐶𝑠𝑠 𝑠𝑠ℎ𝑠𝑠 𝑆𝑆𝐶𝐶𝑠𝑠𝑠𝑠 𝑆𝑆𝑆𝑆𝐶𝐶𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠, 𝑠𝑠𝑁𝑁 𝑜𝑜𝑠𝑠2�  

 𝐾𝐾𝑒𝑒 = 𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝐶𝐶 𝐶𝐶𝑜𝑜 𝐸𝐸𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐺𝐺𝑠𝑠 𝑠𝑠𝐶𝐶 𝐵𝐵𝐶𝐶𝑠𝑠𝑠𝑠𝐶𝐶𝑁𝑁 𝑆𝑆ℎ𝑠𝑠𝑠𝑠𝐶𝐶 𝑆𝑆𝑠𝑠𝐶𝐶𝑠𝑠𝐶𝐶𝐶𝐶 
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Table 4-4 provides typical examples of Ke for common grass linings. See the most recent edition of 
Hydraulic Engineering Circular No. 15: Design of Roadside Channels with Flexible Linings (HEC 15) for 
effective shear stress development for grasses not provided in Table 4-4. 

T ab le  4 -4 .  T yp ica l  Ra t ios  o f  E f fec t i ve  to  Bo ttom Shea r  St re ss  

Grass Type Grass Length Flow Depth Ke 

Bermudagrass, Kentucky 
Bluegrass, Buffalograss 

Mowed to 2 Inches 

4 Inches 0.013 

8 Inches 0.016 

12 Inches 0.021 

18 Inches 0.028 

Length 4-6 Inches 

4 Inches 0.010 

8 Inches 0.012 

12 Inches 0.015 

18 Inches 0.016 

Fair Stand, Any Grass 
(Includes Native Grasses) 

Length 12 Inches 

4 Inches 0.021 

8 Inches 0.026 

12 Inches 0.033 

18 Inches 0.038 

Length 24 Inches 

4 Inches 0.008 

8 Inches 0.010 

12 Inches 0.014 

18 Inches 0.017 

Good Stand, Any Grass 

Length 12 Inches 

4 Inches 0.008 

8 Inches 0.010 

12 Inches 0.012 

18 Inches 0.013 

Length 24 Inches 

4 Inches 0.003 

8 Inches 0.004 

12 Inches 0.005 

18 Inches 0.006 

Good Stand, Wetland 
Mixture (Cattails) Uncut 

4 Inches 0.001 

8 Inches 0.001 

12 Inches 0.001 

18 Inches 0.001 
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4 . 3 .9 . 5  Permi s s i b l e  S hear  S t r e s s  

Flexible linings (grass, riprap, etc.) act to reduce the shear stress on the underlying soil surface. For 
example, a long-term lining of vegetation in good condition can reduce the shear stress on the soil 
surface by over 90 percent. Transitional linings (erosion control blankets, transition mats, etc.) act in a 
similar manner as vegetative linings to reduce shear stress. Performance of these products depends on 
their properties: thickness, cover density, and stiffness.  

The erodibility of the underlying soil, therefore, is a key factor in the performance of flexible linings. The 
erodibility of soils is a function of particle size, cohesive strength, and soil density. The erodibility of 
non-cohesive soils (defined as soils with a plasticity index of less than 10) is due mainly to particle size, 
while fine-grained cohesive soils are controlled mainly by cohesive strength and soil density. For most 
construction, the density of the embankment is controlled by compaction rather than the natural density 
of the undisturbed ground. However, when the ditch is lined with topsoil, the placed density of the 
topsoil should be used instead of the density of the compacted embankment soil.  

For stone linings, the permissible shear stress, τp, indicates the force required to initiate movement of 
the stone particles. Prior to movement of stones, the underlying soil is relatively protected. Therefore, 
permissible shear stress is not significantly affected by the erodibility of the underlying soil. However, if 
the lining moves, the underlying soil will be exposed to the erosive force of the flow. 

Table 4-5 provides typical examples of permissible shear stress for bare soil and selected linings. See 
HEC 15 for permissible shear stress development for linings not provided in Table 4-5. 

T ab le  4 -5 .  T yp ica l  Pe rm is s ib le  Shea r  St re sse s  fo r  Ba re  So i l  and  
S tone  L in ing s  

Lining Category Lining Type 
Permissible Shear 

Stress, 𝒍𝒍𝒍𝒍 𝒇𝒇𝒇𝒇𝟐𝟐�  

Bare Soil, Cohesive (PI = 10) 

Clayey Sands 0.037-0.095 

Inorganic Silts 0.027-0.110 

Silty Sands 0.024-0.072 

Bare Soil, Cohesive (PI ≥ 20) 

Clayey Sands 0.094 

Inorganic Silts 0.083 

Silty Sands 0.072 

Inorganic Clays 0.140 

Bare Soil, Non-cohesive (PI < 10) 

Finer than Coarse Sand, D75 < 0.05 inch 0.02 

Fine Gravel, D75 = 0.3 inch 0.12 

Gravel, D75 = 0.6 inch 0.24 

Gravel Mulch 
Course Gravel, D50 = 1.0 inch 0.4 

Very Course Gravel, D50 = 2.0 inch 0.8 

Rock Riprap 

NDOT, Type A, D50 = 0.77 feet 3.1 

NDOT, Type B, D50 = 1.02 feet 4.1 

NDOT, Type C, D50 = 1.28 feet 5.1 

Concrete Riprap NDOT, D50 = 1.10 feet 4.4 
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4 .4  Construct ion and Maintenance  Cons iderat ions  

Open channels can lose hydraulic capacity without adequate maintenance. Brush, sediment, or debris 
can reduce design capacity and can harm or kill vegetative linings, thus creating the potential for erosion 
damage during large storm events. Maintenance may include repairing erosion damage, mowing grass, 
cutting brush, removing sediment or debris, applying fertilizer appropriately, irrigating during dry 
periods, and reseeding or resodding to restore the viability of damaged areas. Ample sizing of channels 
should be used to account for future vegetation growth. 

Implementation of a successful maintenance program is directly related to the accessibility of the channel 
system and the easements necessary for maintenance activities. The easement cross‐section must 
accommodate the depth and width of flow for the 100‐year storm. The width must also be designed to 
allow access of maintenance equipment. 

4 .5  References  

 City of Lincoln Public Works and Utilities Department, 2004. Drainage Criteria Manual. 
 City of Omaha Environmental Quality Control Division, 2014. Omaha Regional Stormwater Design 

Manual. 
 Federal Highway Administration, 2008. Hydraulic Design Series No. 4, Third Edition, Introduction to 

Highway Hydraulics. 
 Federal Highway Administration, 2006. Hydraulic Engineering Circular No. 14, Third Edition, 

Hydraulic Design of Energy Dissipators for Culverts and Channels. 
 Federal Highway Administration, 2005. Hydraulic Engineering Circular No. 15, Third Edition, Design 

of Roadside Channels with Flexible Linings. 
 Federal Highway Administration, 2009. Hydraulic Engineering Circular No. 23, Third Edition, Bridge 

Scour and Stream Instability Countermeasures. 
 Nebraska Department of Transportation, 2006. Drainage and Erosion Control Manual. 
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5 .  DESIGN OF CULVERTS 
5 .1  Overv iew 

Culverts are enclosed conduits used to convey water through embankments such as highways, streets, 
and driveways. In addition to their hydraulic function, culverts must also support earth loads, traffic, and 
construction equipment. Therefore, culvert design involves both hydraulic and structural design. They 
must be designed to protect the traveling public and adjacent property from flood hazards in a 
reasonable and prudent manner. 

Primary considerations for the final selection of any drainage structure are that its design be based on 
appropriate hydraulic principles, economy, and that it has allowable design storm headwater depth and 
outlet velocity. The allowable headwater elevation is that elevation above which unacceptable impacts 
may be caused to adjacent property and/or the roadway. It is this allowable headwater depth that is the 
primary basis for sizing a culvert. In addition to sound hydraulic design, sound structural design, site 
design and construction practices are necessary for a culvert to function properly.  

Any structure that measures less than 20 feet from the inside face of the exterior wall to the inside face 
of the exterior wall (including interior walls) along the centerline of the roadway is classified as a culvert. 
Any structure that measures 20 feet or greater for the same dimensions is classified as a bridge or major 
structure. 

5 .2  Eng ineer ing Des ign  Cr iter ia  

The engineering design criteria described in this chapter are based on the most recent edition of 
Hydraulic Design Series 5: Hydraulic Design of Highway Culverts (HDS 5). See HDS 5 for additional 
design procedures not found in this manual.  

Hydraulic analysis of culverts includes the computation of: 

 Drainage area  Design flow 

 Allowable headwater  Headwater at design flow 

 Outlet velocity  

Culvert design also involves the consideration of the following factors: 

 Inlet and outlet control  Culvert shape and cross section 

 Culvert length and extensions  End treatments 

 Multiple installations  Inlet improvement 

 Outlet velocity  Culvert size 

 Slope and alignment  Camber 
 Bedding and fill requirements  

5 .2 .1  Return  Per iod  

Since it is generally not economically feasible to design culverts for the maximum runoff that a 
watershed is capable of producing, design storm frequency criteria must be established. The design 
storm frequency criteria for culverts is 50 years for the major system and 10 years for the minor 
system. The minor system consists of culverts and open channels that run parallel to the roadway and 
are used to drain the roadway in lieu of a storm sewer system. 
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5 .2 .2  Headwater  E levat ion  

Any culvert that constricts the natural stream flow will cause a rise in the upstream water depth to 
some extent. The depth of water in the stream measured from the culvert inlet invert (flowline) is 
termed headwater. 

The maximum allowable headwater elevation for culverts will be the lowest of the following: 

 One foot below the top of all roadway curbs or edges of roadway pavement. 

 One foot above the top of the culvert. 

 Elevations that could damage adjacent property. 

 Elevations established to delineate floodplain zoning at the culvert. 

 Ditch elevation of the terrain that would permit flow to divert around the culvert. 

The headwater shall also be checked for the 100-year design storm to ensure compliance with street 
cross flow criteria established for the major storm in Chapter 3 of this manual, to ensure compliance 
with floodplain management regulations, and to avoid increasing the water surface elevation on an 
adjacent property. 

5 .2 .3  Ta i lwater  E levat ion  

Tailwater is the flow depth in the downstream channel measured from the invert at the culvert outlet. It 
can be an important factor in culvert hydraulic design because a submerged outlet may cause the culvert 
to flow full rather than partially full.  

A field inspection of the downstream channel should be made to determine whether there are 
obstructions that will influence the flow depth. Tailwater depth may be controlled by the stage in 
another stream, headwater from structures downstream of the culvert, reservoir water surface 
elevations, or other downstream features. 

5 .2 .4  In le t  and Out let  Cont ro l  

Based on laboratory tests and field observations there are two major types of culvert flow: 

 Flow with inlet control 
 Flow with outlet control 

For each type of control, different factors and formulas are used to compute the hydraulic capacity of a 
culvert. Hydraulic analysis of a culvert design includes determining the headwater elevation at the design 
discharge. This is done by comparing the inlet control headwater elevation against the outlet control 
headwater elevation and selecting the higher value. For additional information, see HDS 5. 

5 . 2 .4 . 1  I n l e t  Co nt ro l  

In inlet control, the discharge capacity of a culvert is controlled by the conditions at the culvert 
entrance. Inlet control generally occurs when the culvert opening is not capable of accepting as much 
flow as the culvert barrel is able to convey. Flow passes through critical depth shortly after entering the 
culvert, becoming high-velocity, shallow (supercritical) flow in the culvert. Under inlet control, the 
cross-sectional area of the culvert opening, the inlet shape, entrance configuration (projecting, 
headwalls, wingwalls) and depth of the headwater at the entrance are of primary importance. Hydraulic 
characteristics downstream of the inlet control section do not affect the culvert capacity. The efficiency 
of the culvert inlet can be enhanced by beveling or tapering the opening (see Section 5.2.11, Culvert 
Inlet Configurations and HDS 5). 
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F igu re  5 -1 .  Examp le  In le t  Contro l  F low Cond i t ion  

 

5 . 2 .4 . 2  Out le t  Cont ro l  

In outlet control, the discharge capacity of a culvert is controlled by the barrel exit or downstream 
conditions. Outlet control generally occurs when the culvert barrel is not capable of conveying as much 
flow as the inlet opening will accept. Water flows through the culvert as low-velocity, deep (subcritical) 
flow, or pressure flow. The culvert may flow completely or partially full. Under outlet control, in 
addition to the parameters affecting inlet control, the barrel slope, length, and roughness are important. 
Also of importance is the tailwater elevation of the outlet.  

F igu re  5 -2 .  T yp ica l  Out l e t  Con tro l  F low Cond i t ion s  
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Table 5-1 summarizes factors affecting inlet and outlet control conditions at a culvert. 

Table  5 -1 .  Factors  Af fect ing  In let  and Out let  Contro l  

Inlet Control Outlet Control 

Headwater Depth 
Headwater Depth 
Tailwater Depth 

Inlet Edge 
Cross Sectional Area 
Shape 

Inlet Edge 
Cross Sectional Area 
Shape 

n/a 
Slope 
Length 
Roughness 

5 .2 .5  Culver t  Shape ,  Cros s  Sect ion ,  and  Mater ia l  

Culvert type selection includes the shape and cross section, choice of materials, and number of culvert 
barrels or spans. The following shapes and cross sections are acceptable for culverts:  

 Circular: Most common; standard lengths and strength classes are available. 

 Pipe Arch and Elliptical: Typically used where cover is limited. 

 Box or Rectangle: Typically used for larger culverts where pipes are not adequate. A longer 
construction time is required for cast-in-place construction; precast construction may be 
considered. 

Table 5-2 shows equivalent pipe cross sections. 

T ab le  5 -2 .  Equ iva lent  P ipe  Cros s  Sec t ion s  

Circular Pipe Concrete Pipe 
Horizontal – Elliptical 

Concrete Pipe 
Arch 

Corrugated Metal Pipe 
Arch (2 2/3 in x 1/2 in) 

Diameter 
(in) 

Area 
(ft2) 

Span 
(in) 

Rise 
(in) 

Area 
(ft2) 

Span 
(in) 

Rise 
(in) 

Area 
(ft2) 

Span 
(in) 

Rise 
(in) 

Area 
(ft2) 

15 1.23 — — — — — — — — — 
18 1.77 23 14 1.84 22 13 1/2 1.6 — — — 
21 2.41 — — — — — — 25 16 2.16 
24 3.14 30 19 3.28 28 1/2 18 2.8 29 18 2.83 
27 3.98 34 22 4.14 — — — — — — 
30 4.91 38 24 5.12 36 1/4 22 1/2 4.4 36 22 4.42 
33 5.94 42 27 6.31 — — — — — — 
36 7.07 45 29 7.37 43 3/4 26 5/8 6.4 43 27 6.36 
42 9.62 53 34 10.21 51 1/8 31 5/16 8.8 50 31 8.65 
48 12.57 60 38 12.92 58 1/2 36 11.4 58 36 11.30 
54 15.90 68 43 16.6 65 40 14.3 65 40 14.34 
60 19.64 76 48 20.5 73 45 17.7 72 44 17.7 
66 23.76 83 53 24.8 88 54 25.6 — — — 
72 28.27 91 58 29.5 — — — — — — 



 P a g e  5 1  

Allowable materials for culverts, most commonly reinforced concrete, smooth or corrugated metal, and 
smooth or corrugated PVC or HDPE, can be found in the City’s Standard Specifications. 

5 . 2 .6  Ve loc i t y  

A minimum velocity of 2 feet per second should be maintained in the culvert to preclude settlement of 
silts and other solids. Velocities greater than 10 feet per second should be avoided when possible. See 
Chapter 6 of this manual for energy dissipation measures for outlet velocities greater than 10 feet per 
second. 

5 .2 .7  Culver t  S izes  

Culvert sizes will be determined in accordance with the charts and methods contained in HDS 5 or 
from computer programs based on HDS 5, such as FHWA’s HY-8 culvert analysis program. Minimum 
culvert sizes shall be as follows: 

 18-inch pipes for roadways 

 15-inch pipes for driveways 

 4-feet by 4-feet for box culverts 

5 .2 .8  Manning ’ s  n  Va lues  

The recommended Manning’s n value for design purposes when using corrugated pipe is 0.024. The 
recommended Manning’s n value for smooth interior pipes is 0.012. When it is necessary to determine 
the true magnitude of the pipe outlet flow velocity, designers should use the actual Manning’s n value 
recommended by the manufacturer to perform computations. When both corrugated and smooth pipe 
are selected as options, the designer shall use a Manning’s n value of 0.024. A Manning’s n value of 0.012 
shall be used when only smooth interior pipe is specified. 

5 .2 .9  Length ,  S lope ,  and  A l ignment  

Since the capacity of culverts in outlet control will be affected by the length of the culvert, their length 
should be kept to a minimum and existing facilities shall not be extended without determining the 
decrease in capacity that may occur. In addition, the culvert length and slope should be chosen to 
generally match existing topography.  

To the degree practicable, the culvert invert should be aligned with the channel bottom and the skew 
angle of the stream. The culvert entrance should fit with the geometry of the roadway embankment. 
Culvert skews shall not exceed 45 degrees as measured from a line perpendicular to the roadway 
centerline without approval of the City. 

5 .2 .10  Mult ip le  Bar re l s  and  Spans  

In the case of box culverts, it is usually more economical to use a multiple span structure than a wide 
single span, due to a reduction in the thickness of the top slab. In some locations, multiple spans tend to 
catch debris and clog the waterway. They are also susceptible to ice jams and the deposition of silt in 
one or more spans. Alignment of the culvert face normal to the approach flow and installation of debris 
control structures can help to alleviate these problems.   

In the case of pipe culverts, multiple pipe installations often exhibit settlement after construction. Use of 
multiple pipes should be avoided whenever possible. However, if multiple pipes are used, sufficient space 
between pipes must be provided to allow proper backfill and compaction to eliminate the settlement 
problem. Multiple pipe installations should desirably have 5 feet or greater clearance from outside of 
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pipe to outside of pipe. Backfill material for the minimum clear spacing of one foot shall be flowable fill. 
Proper indigenous soils may be used for backfill material where spacing is greater than 5 feet.  

Headwalls are preferred to flared end sections for multiple pipe installations where the headwall does 
not present an obstacle, (e.g., is outside the clear zone). Flared end sections are also available that 
permit one foot minimum clear spacing between pipes. 

5 .2 .11  End Treatments  

Flared end sections are preferred over a headwall for single pipe culverts from a safety standpoint and 
shall be used whenever feasible. The material of the flared end section generally shall match the pipe 
material unless plastic pipe is used, which requires a metal flared end section. Flared end sections may 
prove to be unsatisfactory for skewed culverts with low fills and the use of a headwall may be necessary. 
Installation of flared end sections on multiple pipe installations is preferred over cast-in-place concrete 
headwalls within the clear zone.   

Headwalls may be used for:   

 Multiple pipe installations.  

 Culverts with skews of 30° or more.  

 Culverts with slopes too steep for flared end sections.  

 Broken-back culverts where the possibility of slippage exists (e.g., drop pipes in backslopes).  

Headwalls with a deeper footing are needed for culverts placed on steep grades or in areas of potential 
head cutting. 

5 .2 .12  Culver t  In l e t  Conf i gurat ions  

The culvert inlet configuration is the cross-sectional area and shape of the culvert face and the type of 
inlet edge. When a culvert operates in inlet control, headwater depth and the inlet configuration 
determine the culvert capacity and the culvert barrel usually flows only partially full. Inlet geometry 
refinements or inlet improvements can be used to reduce the contraction losses at the inlet and to 
increase the capacity of the culvert without increasing the headwater depth.  

Culverts operating in outlet control usually flow full at the design flow rate. Therefore, inlet 
improvements on these culverts only reduce the entrance loss coefficient, which results in only a small 
decrease in the required headwater elevation.  

Common conventional culvert inlets include projecting inlets, groove-end projecting inlets, square-edge 
inlets in a headwall with wingwalls, mitered inlets with slope paving and flared end inlets. Recommended 
entrance loss coefficients for inlets can be found in Table 5-2. 
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T ab le  5 -3 .  Entrance  Lo s s  Coe f f i c ien t s ,  Out le t  Con tro l  

Type of Structure and Design of Entrance Coefficient, Ke 

Pipe, Concrete 

Projecting from Fill, Socket End (Groove-end) 0.2 

Project from Fill, Square Cut End 0.5 

Headwall or Headwall and Wingwalls 

Socket End (Groove-End) 0.2 

Square-edge 0.5 

Rounded (Radius = D/12) 0.2 

Mitered to Conform to Fill Slope 0.7 

*Flared End Section Conforming to Fill Slope 0.5 

Beveled Edges, 33.7o or 45o Bevels 0.2 

Side- or Slope-tapered Inlets 0.2 

Pipe or Pipe-Arch, 
Corrugated Metal 

Projecting from Fill 0.9 

Headwall or Headwall and Wingwalls, Square-edge 0.5 

Mitered to Conform to Fill Slope, Paved or Unpaved 0.7 

*Flared End Section Conforming to Fill Slope 0.5 

Beveled Edges, 33.7o or 45o Bevels 0.2 

Side- or Slope-Tapered Inlet 0.2 

Box, Reinforced Concrete 

Headwall Parallel to Embankment (No Wingwalls) 

Square-edge on 3 Edges 0.5 

Rounded on 3 Edges to Radius of D/12 or B/12 or 
Beveled Edge on 3 Sides 0.2 

Wingwalls at 30o to 75o to Barrel 

Square-edge at Crown 0.4 

Crown Edge Rounded to Radius of D/12 or Beveled 0.2 

Wingwalls at 10o to 25o to Barrel, Squared-edge at Crown 0.5 

Wingwalls Parallel (Extension of Sides) 

Square-edge at Crown 0.7 

Side- or Slope-tapered Inlet 0.2 

*Note: Flared end sections conforming to fill slope, made of either metal or concrete, are the section 
commonly available from manufacturers. From limited hydraulic tests, they are equivalent in operation to a 
headwall in both inlet and outlet control. Some flared end sections incorporating a closed taper in their design 
have a superior hydraulic performance. These latter sections can be designed using the information given for the 
beveled inlet. 
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5 . 2 .12 .1  Impro ved  In l e t s  

Even though the construction of an improved inlet will increase the labor and material costs for the inlet 
portion of a new culvert, a substantial savings may be attained by a reduction in the size of the barrel 
that represents the major portion of the structure. Improved inlets may also be installed on existing 
culverts with inadequate flow capacity, thus avoiding the replacement of the entire structure or the 
addition of a new parallel structure. The greatest savings usually result from the use of improved inlets 
on culverts with long barrels. Short barrels, however, should also be checked, especially when an 
improved inlet might increase the capacity sufficiently to avoid replacement of an existing structure. 

Improved inlets include bevel-edged, side-tapered, and slope-tapered inlets. Additional information and 
design procedures for improved inlets can be found in HDS 5. 

5 .2 .13  Broken-back  Cul ve r t s  

Abrupt changes in slope or direction are not typically desirable from a maintenance and construction 
standpoint. However, at locations where the inlet is substantially higher than the outlet, culverts 
referred to as “broken-back” (with either one or two breaks in the vertical alignment), are commonly 
constructed to effectively control the drop in flow line and the outlet velocity. 

F igu re  5 -3 .  S ing le  Broken-back  Cu lver t  
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F igu re  5 -4 .  Doub le  Brok en-back  Cu lve rt  

 

The total hydraulic performance of these culverts is difficult to analyze without the aid of a computer 
program written for such a purpose. The hydraulics of circular and rectangular broken-back culverts can 
be analyzed using the FHWA HY-8 software or the Broken-back Culvert Analysis Program (BCAP) 
software from the Nebraska Department of Transportation. 

Many broken-back culverts are constructed to control head cut erosion, when there is great differential 
between the inlet and outlet elevations. In broken-back culverts, velocity of flow is greatest at the lower 
break due to acceleration in the steeply sloped segment; however, subcritical flow is desirable at the 
culvert outlet to reduce the erosive potential of the flow as it exits the culvert. A hydraulic jump will 
occur within a broken-back culvert when there is sufficient roughness within the culvert barrel, sufficient 
tailwater at the outlet, or both. It is often advantageous to specify corrugated interior pipes for these 
culverts to help reduce velocity between the lower break point and the culvert outlet. In many cases, 
HY-8 or BCAP can be used to optimize the length of the outlet section and provide for velocity 
reduction between the lower break point and the culvert outlet. 

5 .2 .14  Debr i s  Cont ro l  

The need for debris control should be considered for each culvert, but in general, debris control shall 
not be used on entrances for culverts unless approved by the City and should never be installed at the 
outlet of a culvert. Upstream property management is generally preferred over a debris control 
structure. See HDS 5 for design of debris control structures. 

5 .2 .15  Anchorage  

Anchorage at the culvert entrance or at the outlet of the culvert may be necessary for the following:  

 Protect the inlet and especially the outlet from undermining by scour.  

 Protect against buoyant forces or uplift.  
 Protect against separation of concrete pipe joints.  

End anchorage can be in the form of headwalls, slope paving, or piling. These techniques protect the 
slope from scour and preclude undermining of the culvert end. The culvert barrel, however, must be 
anchored to the end treatment to be effective.  



 P a g e  5 6  

Buoyant forces are produced when the pressure outside the culvert is greater than the pressure in the 
barrel. This condition can occur in a culvert in inlet control with a submerged upstream end and in 
culverts placed in areas of high groundwater.   

Culvert ends projected through levees are also susceptible to failure from buoyant forces if flap gates 
are used on the end. Generally, flexible barrel materials are most vulnerable to this type of failure 
because of their light weight and lack of resistance to longitudinal bending. Installation of headwalls and 
wingwalls will increase the dead load on the end of the culvert and protect it from uplift.  

Rigid concrete pipe susceptible to separation of the pipe joints can be protected by installation of pipe 
couplers. 

5 .2 .16  F i l l  He ight s  and Load ing  Requ i rements  

Fill height over a culvert determines the amount of dead or live loads imposed on the culvert structure. 
Minimum fill height is defined as the vertical fill distance measured from the top of the conduit to the 
bottom of the pavement or the shoulder surface at its lowest point. Maximum fill height is defined as the 
vertical distance measured from the top of the conduit to the top of the pavement at its highest. 
Minimum fill height for all culverts is one foot.   

All culverts shall be designed, as a minimum, for HS20 live load with the appropriate impact factor and 
dead load. Dead load shall be based on the depth of earth cover plus pavement above the top of the 
culvert. 

5 .2 .17  Storage  Rout ing  

A significant storage capacity behind a roadway embankment may attenuate a flood hydrograph. Because 
of the reduction of the peak discharge associated with such attenuation, the required capacity of the 
culvert, and its size, may be reduced. If significant storage is anticipated behind a culvert, the design may 
be checked by routing the design hydrographs through the culvert to determine the discharge and stage 
behind the culvert. If credit for storage attenuation is taken during culvert design, the facility should be 
designed as a storage facility according to Chapter 7 of this Manual and measures should be taken to 
ensure the area inundated by floodwater is not encroached upon in the future. Additional routing 
procedures are also outlined in HDS 5. No roadway embankment shall be designed as a storage facility 
without prior approval of the City. 

5 .3  References  

 City of Lincoln Public Works and Utilities Department, 2000. Drainage Criteria Manual. 
 City of Omaha Environmental Quality Control Division, 2014. Omaha Regional Stormwater Design 

Manual. 
 Federal Highway Administration, 2012. Hydraulic Design Series Number 5, Third Edition, Hydraulic 

Design of Highway Culverts. 
 Nebraska Department of Transportation, 2006. Drainage Design and Erosion Control Manual. 
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6 .  ENERGY DISSIPATION 
6 .1  Overv iew 

The failure or damage of many culverts, storm sewer outfalls, and detention basin outlet structures can 
be traced to unchecked erosion and scour. When the outlet velocity from a culvert or storm sewer 
outfall cannot be reduced to acceptable levels by other means, the flow energy should be dissipated 
before the discharge is returned to the downstream channel. Prior to designing an energy dissipator, the 
designer should try to reduce outlet velocity of the culvert by:  

 Choosing gentler slopes, if possible.  
 Installing a “soil saver” or depressed inlet end section at the inlet and lowering the slope of the 

culvert.  
 Designing a broken back culvert with a flat outlet section (See Chapter 5: Design of Culverts for 

more information on culvert design). 
 Installing a drop manhole at the last manhole upstream of the storm sewer outfall. 

6 .2  Design Cr i ter ia  

An energy dissipator should be constructed when the outlet velocity of a culvert exceeds the values 
shown in Table 6-1. The flood frequency used in the design of the energy dissipator shall be the same 
flood frequency used for the culvert or storm sewer design. 

T ab le  6 -1 .  Requ i remen ts  fo r  Energy  D i ss ipat ion  

Design Flow Outlet Velocity Energy Dissipation Requirement 
Less than 8 ft/sec Not Required 
8 to 10 ft/sec Evaluate on a Case-by-Case Basis 
Greater than 10 ft/sec Required 

6 .2 .1  Dis s ipator  Type  Se lect ion  

The dissipator type selected for a site must be appropriate to the location. In this chapter, the terms 
“internal” and “external” are used to indicate the location of the dissipator in relationship to the culvert. 
An internal dissipator is located within the culvert barrel, and an external dissipator is located outside 
the culvert. For internal energy dissipation, the hydraulic jump occurs within the culvert barrel; for 
external energy dissipation, the hydraulic jump occurs outside the barrel. 

For many designs, the following external energy dissipators provide sufficient protection at a reasonable 
cost and can be used when the following outlet conditions exist. Design procedures for these and other 
energy dissipators can be found in the most recent edition of Hydraulic Engineering Circular No. 14: 
Hydraulic Design of Energy Dissipators for Culverts and Channels (HEC 14). 

 Riprap Apron 
• A riprap apron consists of riprap placed at the outlet of a drainage structure and reduces 

velocity by increasing the roughness of the outlet channel. Riprap aprons may be applicable if 
the outlet Froude number is 2.5 or lower. Refer to Chapter 4 Open Channels for a 
discussion of the Froude number. In general, riprap aprons prove economical for transitions 
from stormwater conveyance facilities to overland sheet flow at terminal outlets but may 
also be used for transitions from conveyance outlets to stable channel sections. Riprap 
aprons are typically used for storm sewer or culverts up to 60 inches in diameter. Stability 
of the surface at the termination of the apron needs to be considered. 
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 Riprap Basin (or Pre-formed Scour Hole)  

• A riprap basin or preformed scour hole is an excavated hole or depression that is lined with 
riprap of a stable size and designed to prevent scouring at a culvert outlet. The depression 
provides both a vertical and lateral expansion of the flow and a temporary stilling pool at the 
culvert outlet. The depth of the depression for the preformed scour hole is based on the 
flow velocity and depth at the culvert outlet, and the size of the riprap used to line the 
depression. A riprap basin may be applicable if the outlet Froude number is 3.0 or lower. 
Refer to Chapter 4 Open Channels for a discussion of the Froude number. Riprap basins are 
generally used for transitions from pipe outlets to stable channels. Since they function by 
creating a hydraulic jump to dissipate energy, their design is impacted by tailwater 
conditions. 

 USBR Type VI Impact Basin 

• The U.S. Bureau of Reclamation (USBR) Type VI impact basin is contained in a relatively 
small box-like structure that dissipates energy through impact and turbulence and requires 
no tailwater for successful performance. Although the emphasis in this manual is on its use 
at culvert outlets, the structure may also be used in open channels. Type VI Impact Basins 
may be used for outlet flow rates as high as 400 cubic feet per second and velocities as high 
as 50 feet per second. Impact basins may be used at both terminal outlet and channel outlet 
transitions. 

6 .2 .2  Des ign  L imi tat ions  

6 . 2 .2 . 1  I ce  Bu i l d up  

If ice buildup within a culvert pipe or a box culvert is a factor, it shall be mitigated by sizing the structure 
to not obstruct the winter low flow and by using external dissipators. 

6 . 2 .2 . 2  De br i s  Cont ro l  

Design and installation of debris control, consistent with the guidance of the most recent edition of 
Hydraulic Engineering Circular No. 9: Debris Control Structures (HEC 9), shall be considered where 
clean-out access is limited and if the dissipator type selected cannot pass debris. 

6 . 2 .2 . 3  Ta i lwat e r  Re la t ion sh ip  

The hydraulic conditions downstream shall be evaluated to determine a tailwater depth and the 
maximum velocity for a range of discharges according to Chapter 4: Open Channels. Tailwater depths at 
a lake, a pond or a large water body shall be evaluated using the high-water elevations that have the 
same frequency as the design storms for the conveyance outlet. 

6 .2 .3  Des ign  Opt ions  

6 . 2 .3 . 1  Mater ia l  Se l e c t ion  

The material selected for the dissipator shall be based on a comparison of the total cost over the design 
life of alternate materials and shall not be made using first cost as the only criteria. This comparison shall 
consider replacement cost and the difficulty of construction as well as traffic delay. 
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6 . 2 .3 . 2  P ipe  Out le t  T ype  

In choosing a dissipator, the selected pipe end treatment has the following implications: 

 Pipe ends that are projecting or mitered to the fill slope offer no outlet protection. 
 Headwalls provide embankment stability and erosion protection. They provide protection from 

buoyancy and reduce damage to the culvert. 
 Commercial end sections add little cost and may require less maintenance, retard embankment 

erosion, and incur less damage from maintenance. 

 Concrete aprons do not reduce outlet velocity; if used, they should not protrude above the 
normal streambed elevation. 

 Wingwalls are used where the side slopes of the channel are unstable, where an outlet is 
skewed to the normal channel flow, to redirect outlet velocity or to retain fill. 

6 . 2 .3 . 3  Sa f e ty  Cons ide ra t ion s .  

Traffic shall be protected from external energy dissipators by locating them outside the appropriate 
“clear zone” distance per the AASHTO Roadside Design Guide or shielding them with a traffic barrier. 
Protection of the general public (children, bicyclists, skaters, etc.) should also be carefully considered 
whenever energy dissipators are located in or near parks or other public places. 

6 . 2 .3 . 4  Weep  Ho l e s  

If weep holes are used to relieve uplift pressure, they shall be designed in a manner similar to underdrain 
systems. 

6 .2 .4  Related  Des igns  

6 . 2 .4 . 1  Cu lv e r t s  and  S to rm Se wer  

Culverts and storm sewer shall be designed independently of the dissipator design. The design shall be 
completed before the outlet protection is designed and shall include computation of outlet velocity. 

6 . 2 .4 . 2  Do wns t ream Channe l  

Necessary downstream channel protection shall be designed concurrently with dissipator design. A 
channel that will receive flow from a stormwater outfall or energy dissipator that is to be installed 
should be analyzed and, if necessary to be stable, designed and stabilized for the distance that it may be 
affected by the installation of the outfall. 
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6 .3  Design Procedures  

Design procedures for energy dissipators described in this chapter, as well as additional energy 
dissipators, can be found in the most recent edition of HEC 14: Hydraulic Design of Energy Dissipators 
for Culverts and Channels. 

The computer software HY-8 from the Federal Highway Administration contains an energy dissipator 
module that can be used to analyze most types of energy dissipators described in HEC 14. 

6 .4  References  
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7 .  STORAGE FACILITIES 
7 .1  Overv iew 

As communities grow and change through new construction, development or redevelopment, 
modifications in land use can affect the amounts of permeable and impermeable surfacing in a drainage 
basin. Increases in impermeable surface areas from roofs or pavement in streets and parking lots, for 
example, can affect the rate of stormwater runoff. New construction or reconstruction in a basin often 
increases the amount of impermeable surfacing in the basin and also peak flow downstream. These 
increased flows may overwhelm an existing downstream storm sewer system or cause downstream 
flooding.  

In addition to reducing or maintaining downstream peak flows, storage of stormwater runoff provides a 
water quality benefit as well. Slowing and temporarily storing runoff can allow sediment and other 
pollutants to settle out before being discharged to a stream or other water feature. 

Storage facilities can range in size from small facilities contained in parking lots or other on-site facilities 
to large regional facilities, lakes, and reservoirs. Unless the master planning process or regional analysis 
has shown that the detention requirements can be transferred to a regional facility approved by the City, 
on-site storage facilities to maintain or reduce existing peak flows are required. Any approved transfer or 
combining of detention requirements must occur within the same watershed as defined by the City’s master 
plan. Even if detention requirements can be transferred to a regional facility, on-site facilities may still be 
necessary to maintain receiving stream channel stability, maintenance, and water quality.  

The location of storage facilities must be carefully considered. The designer must keep in mind how the 
facility controls runoff within a defined basin as well as its effect on other drainage features and 
infrastructure within the larger urban environment. Consideration may also be given to larger 
stormwater storage basins being multi-use facilities. Some basins may function as sports fields when dry 
or ponds for parks and urban areas if they are designed to maintain a permanent pool of water. 

In addition to guidance outlined in the following sections, methods and procedures for design of 
stormwater detention facilities can be found in Hydraulic Engineering Circular No. 22, Urban Drainage 
Design Manual.  

7 .2   Detent ion and Retent ion 

Stormwater storage facilities may be referred to as detention facilities or retention facilities. Detention 
basins are stormwater runoff storage facilities that usually have a dry bottom except during and for a 
temporary period after a storm event. A detention basin may be a swale, ditch, dry pond, hard-surfaced 
basin, or underground facility.  

Retention basins are stormwater runoff storage facilities that have a permanent pool of water and have 
capacity to store additional runoff when required. Retention basins are often ponds or small lakes. 

Some stormwater storage basins function as water quality sedimentation basins to separate pollutants, 
suspended solids, and debris from stormwater. Sedimentation basins can be incorporated into the design 
of detention or retention basins. Chapter 8 of this manual provides guidance on sedimentation basins.  

Since design principles are primarily the same for detention and retention basins, the term “storage 
facilities” in this manual will refer to both. The specific terms “detention” or “retention” will be used in 
the case where one or the other is specifically indicated.  
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7 .2 .1  Computer  Programs  

Routing calculations for design of storage facilities can be time-consuming and repetitive. To assist with 
these calculations, reservoir routing computer programs such as Hydraflow Hydrographs or the U.S. Army 
Corps of Engineers HEC-HMS are available. Storage facilities shall be designed and analyzed using the 
NRCS Curve Number method for inflow hydrograph development and Storage Indication or modified Puls 
method for reservoir routing calculations.  

7 .2 .2  P lan Rev iew 

If required, the owner shall submit storage facility construction plans to the Nebraska Department of 
Natural Resources (NeDNR) for approval. See Section 7.5 for dam classification and requirements. 

Plan submittal to the City for review and approval shall include: 

 Supporting calculations for hydrologic and hydraulic analysis and design. At a minimum, 
supporting calculations shall include design storm inflow and outflow hydrographs, 
stage-storage-discharge curves, and cumulative inflow and outflow elevation curves for the 
design storms. 

 Appropriate soil investigation (i.e., suitability for water storage, settlement potential, slope 
stability, and influence of groundwater) for the structure hazard classification. 

 Construction plans for storage, including the outlet structure. 

At the end of construction, a licensed surveyor or engineer shall submit a separate written statement to 
the City documenting that the grading and construction of storage facilities has been completed in 
conformance with the approved construction plans. 

7 .2 .3  Ownersh ip  and Maintenance  o f  Storage  Fac i l i t ie s  

Storage facilities in a development, along with all inlet and outlet structures and/or channels, are to be 
owned and maintained by the developer or a property-owners’ association unless the City has approved 
an alternative ownership/maintenance arrangement. Because the downstream storm sewer drainage 
system will be designed assuming detention storage upstream, a storage facility in the storm sewer 
drainage system shall remain permanently functional as a storage facility site unless or until the City 
relieves the owner of such responsibility in writing. Documentation of the storage facility and owner 
maintenance responsibility will be made in permanent records such as a plat, agreement, or other record 
acceptable to the City. 

7 .3  Design Cr i ter ia  

7 .3 .1  Genera l  Cr i t e r ia  

As described in Section 7.1, storage of stormwater runoff may be concentrated in regional facilities or 
distributed in on-site facilities throughout an urban drainage system. Regardless of their location, storage 
facilities shall be designed to attenuate the post-project runoff peak flow rate so that it is equal to or less 
than the existing 2-year, 10-year, and 100-year peak flow rates of the project. When storage of 
stormwater runoff is required, detention facilities should be used to attenuate the peak flow rate from 
developed areas. Retention may be considered case by case with prior approval by the City. The design 
criteria for storage facilities shall include the following: 

 Release rate  Storage volume 

 Grading and depth  Outlet works 

 Location and downstream analysis  
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7 .3 .2  Release  Rate  

Release rates from the outlet of  a storage facility shall be such that the runoff peak flow rate at the 
downstream property line or downstream limit of a proposed project is equal to or less than the 
existing peak flow rate for the 2-year, 10-year, and 100-year discharges. Upon meeting these criteria, 
runoff from intermediate storm return periods can be assumed to be adequately controlled. 

7 .3 .3  Storage  Vo lume 

The storage volume of a facility shall be adequate to attenuate the runoff peak flow rate at the 
downstream property line or downstream limit of the proposed project so that it is equal to or less 
than the existing peak flow rate for the 2-year, 10-year, and 100-year storms. Routing calculations must 
be provided to demonstrate that the storage volume is adequate. If the storage facility will also be used 
for water quality, the storage volume required to attenuate the runoff peak flow rate shall be provided 
in addition to the water quality control volume (WQCV). See Chapter 9 of this manual for additional 
information on treatment of the WQCV. If sedimentation during construction causes loss of storage 
volume, design dimensions shall be restored before completion of the project. 

7 .3 .4  Grading  and Depth  

Storage facilities shall be designed and constructed to meet the following grading and depth criteria. 

 Side slopes shall be no steeper than 4:1 (horizontal to vertical). 

 The top width of any embankment shall be no narrower than 14 feet. 

 Traversable vehicle access for maintenance purposes shall be provided from public right-of-way. 

 The bottom area of storage facilities shall be sloped at a minimum of 1% to a centralized low 
flow channel. The low flow channel shall be sloped at a minimum of 0.5% from the inlet to the 
outlet of the storage facility.  

 Storage facilities that fall under the jurisdiction of the Nebraska Dam Safety Program shall be 
reviewed and permitted by NeDNR.  

7 .3 .5  Out le t  Works  

Outlet works selected for storage facilities shall include a principal spillway and an emergency overflow. 
The discharge from a principal spillway must be released in a nonerosive manner and can be controlled 
through a combination of drop inlets, pipes, weirs, orifices, chutes, and channels. Slotted-riser-pipe 
outlets are sometimes used (typically for water quality treatment) but may be prone to clogging 
problems if not properly designed and protected. Storage facilities shall be designed to pass all required 
design storms without allowing flow to enter the emergency overflow. Outlet works that provide 
control for a range of stormwater runoff events, including those smaller than the 2-year design storm, 
are preferred. 

The emergency overflow crest elevation shall be set a minimum of one foot above the maximum water 
surface elevation for the 100-year design storm being conveyed through the primary spillway. The 
emergency overflow shall, at minimum, be designed to convey the 100-year discharge with one foot of 
freeboard above the maximum water surface elevation for the 100-year design storm being conveyed 
entirely through the emergency overflow. For large storage facilities, selecting a flood magnitude for 
sizing the emergency overflow shall be consistent with the potential threat to downstream life and 
property if the basin embankment were to fail. Large storage facilities that fall under the jurisdiction of 
the Nebraska Dam Safety Program may also have more stringent requirements for the emergency 
overflow. The emergency overflow for a storage facility shall be armored or protected from erosion to 
prevent failure of the facility during large events. 



 P a g e  6 4  

Outlet works must operate without requiring attendance or operation. The outlet works for storage 
facilities shall be designed to drain temporarily stored runoff within 72 hours. If the storage facility will 
also be used for water quality, minimum time requirements to drain the WQCV from Chapters 8 and 9 
of this manual shall be adhered to. 

7 .3 .6  Locat ion  and Downst ream Ana lys i s  

Although storage facilities are designed to control the discharge of stormwater runoff at the outlet 
works, consideration of the timing of these discharges from the proposed facility and other facilities in 
the same basin can be critical to the function of the overall stormwater system. The City may require 
the discharges of the proposed facility to be routed through the downstream stormwater system to 
ensure that peak discharges from the storage basin do not cause adverse effects downstream. 

For developments that discharge directly into or very near major receiving waters (e.g., major rivers), 
delaying the peak and extending the receding limb of the hydrograph may result in a higher peak on the 
major drainageway or receiving water. If a routing analysis of the entire drainage basin shows that a 
storage facility would have adverse effects on the overall stormwater system and all downstream 
stormwater infrastructure is sized appropriately to convey runoff for the 100-year storm from the 
proposed project conditions, and all areas in the basin will have similar runoff timing, the City may 
consider an exemption of these storage facility requirements. 

7 .4  General  Hydraul ic  Procedure 

For the design of storage facilities, a stage-storage-discharge analysis is used, routing the inflow 
hydrograph through the facility with different basin and outlet geometry until the desired outflow 
hydrograph is achieved. A general procedure for the design of storage facilities follows. Additional 
information on this procedure, preliminary storage estimates, detailed hydraulic principles for outlet 
works, stage/storage and stage/discharge relationships can be found in the most recent edition of the 
Hydraulic Engineering Circular No. 22: Urban Drainage Design Manual. 

1. Compute the inflow hydrograph for stormwater runoff for the 2-year, 10-year, and 100-year 
design storms using the NRCS Unit Hydrograph method described in Chapter 2: Hydrology. 
Both existing and post-development hydrographs are required. 

2. Perform preliminary calculations to estimate storage requirements for the hydrographs from 
Step 1. 

3. Determine the physical dimensions necessary to hold the estimated storage volume from 
Step 2, including freeboard. The maximum storage requirement calculated from Step 2 shall be 
used. 

4. Size the outlet works. The estimated peak stage will occur for the estimated volume from 
Step 2; the outlet works shall be sized to convey the allowable discharge at this stage. 

5. Perform routing calculations using inflow hydrographs from Step 1 to check the preliminary 
design using storage routing equations or an appropriate computer program. If any of the 
routed post-development runoff peak discharges from the 2-year, 10-year, or 100-year design 
storms exceed the corresponding existing runoff peak discharges or if the peak stage varies 
from the estimated peak stage from Step 4, revise the estimated volume and basin geometry 
and return to Step 3. 

6. Design the emergency overflow with established freeboard requirements. 

7. Evaluate the downstream effects of storage facility releases to ensure that the routed 
hydrograph does not cause downstream flooding. 

8. Evaluate the outlet works and emergency overflow exit velocities and provide channel and bank 
stabilization as needed to prevent erosion downstream. 
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7 .5  Safe  Dams Act  

National responsibility for the promotion and coordination of dam safety lies with the Federal 
Emergency Management Agency (FEMA). The provisions of the Federal Dam Safety Act are administered 
by NeDNR through the Nebraska Dam Safety Program.  

State of Nebraska regulations define a dam as an artificial barrier with the ability to impound water that 
a) is 25 feet or greater in height from the maximum storage elevation to the downstream toe of the 
embankment or b) has a maximum storage volume of 50 acre-feet or more (including surcharge 
storage). Further information on embankments that may function as a dam should be obtained from 
NeDNR.  

NeDNR classifies dams as indicated below: 

 High Hazard Dam: A dam located in areas where failure or misoperation would likely result in 
the loss of human life. Failure may cause serious damage to homes, industrial or commercial 
buildings, four-lane highways, or major railroads. Failure may cause shallow flooding of hospitals, 
nursing homes, or schools. 

 Significant Hazard Dam: A dam located in areas where failure or misoperation of the dam would 
result in no probable loss of human life but could result in major economic loss, environmental 
damage, or disruption of lifeline facilities. Failure may result in shallow flooding of homes and 
commercial buildings or damage to main highways, minor railroads, or important public utilities. 

 Low Hazard Dam: A dam located in areas where failure would likely result in no probable loss 
of human life and in low economic loss. Failure may damage storage buildings, agricultural land, 
and county roads. 

 Minimal Hazard Dam: A dam located in areas where failure or misoperation would likely result 
in no economic loss beyond the cost of the structure itself and losses would be principally 
limited to the owner’s property. 

Storage facilities that fall under the jurisdiction of the NeDNR must be designed, reviewed, permitted, 
and constructed in accordance with the Nebraska Dam Safety Program. An owner proposing a storage 
facility shall submit documentation of compliance with the Nebraska Dam Safety Program or 
documentation why the facility does not fall under NDNR jurisdiction.  

7 .6  Maintenance Cons iderat ions  

Proper design of storage facilities must take long-term maintenance requirements into account. To 
provide for acceptable performance and function, storage facilities shall be designed to minimize 
maintenance problems typical of urban detention facilities and address:  

 Weed growth  Bank stabilization 

 Sedimentation control and removal 

 Protection from blockage of outlet structures 

 Litter accumulation 

 Provisions for outlet structures allowing 
complete drainage of retention basins for 
maintenance or inspection 

 Maintenance vehicle access 

 Grass and vegetation overgrowth 

 Maintenance of fences and perimeter 
plantings 
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7 .7  Protect ive  Treatment  

Protective treatment may be required to prevent entry to facilities that present a hazard to children or 
others. Fences and/or a safety bench may be required where one or more of the following conditions 
exist:  

 Rapid stage increases would limit possibility of escape.  

 Water depths either exceed 2.5 ft for more than 24 hours or are permanently wet. 

 Large and/or deep facilities. 

 A low-flow watercourse or ditch passing through the detention area has a depth greater than 
5 feet or a flow velocity greater than 5 feet per second. 

In some cases, it may be advisable to fence the watercourse or ditch rather than the detention area. 
Fencing should be considered for normally dry storage facilities with design depths in excess of 2.5 ft for 
24 hours, unless the area is within a fenced, limited access facility. 

7 .8  Trash  Racks  and  Sa fety  Grates  

Trash racks and safety grates may be required for large storage facilities. Trash racks trap large debris 
well away from the entrance to the outlet works so that they will not clog the critical portions of the 
outlet. They also trap debris in such a way that simplifies removal. Well-designed trash racks serve these 
purposes without interfering significantly with the hydraulic capacity of the system. 

Safety grates at inlets keep people and large animals out of confined conveyance structures. Their use 
should be evaluated, along with hydraulic forces and clogging potential, to assure that effective flow is 
maintained. Grating should not be installed at the outlet of a confined conveyance structure as it may 
cause clogging or hamper rescue efforts.  

Further information on trash racks and safety grates can be found in the Mile High Flood District’s Urban 
Storm Drainage Criteria Manual. 
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