WEST VIRGINIA DEPARTMENT OF TRANSPORTATION
Division of Highways

1900 Kanawha Boulevard East * Building Five * Room 110
Joe Manchin 111 Charleston, West Virginia 25305-0430 - 304/558-3505
Governor

February 2008

MEMORANDUM

TO: ALL HOLDERS OF WVDOH DRAINAGE MANUAL
FROM:  GREGORY L.BAILEY, P.E., DIRECTOR g 1’]) 0,
ENGINEERING DIVISION G b S B
2-14-0%

SUBJECT: 2007 Drainage Manual — 3™ Edition

Attached is the copy of the 3™ Edition of the WVDOH Drainage Manual which
replaces the 1984 Edition. The content of this publication was finalized in the year of 2007.
The date of implementation for the content of this publication shall be determined by one
of the following:

e This manual shall apply to any project for which the drainage analysis and design
has yet to begin.

e The entire manual or parts of the manual shall apply to any project which the
engineering and design is ongoing at the discretion of the project manager. A note
shall be provided on the contract documents “General Notes” sheet and in the
design documentation as to the point and manner of the manuals use.

Addendum one is already under development. It will include a detailed description
and instructions for the process of designing a storm water detention basin with a design
example. Example problems for hydrology, inlet spacing, storm sewer design, ditch design,
and culvert design are either planned or are currently in development.

An electronic version of this manual is available on the engineering and publications
web site at www.wvdot.com. Revisions to this manual will be distributed by mail and will
be posted on the web site. This web site contains the publications used for engineering and
construction and is updated frequently.

Any comments, complaints, or suggestions regarding the 3" Edition or the future
addendums to the manual shall be sent to drainage.manual@dot.state.wv.us. Questions
about the content or use of the 3™ Edition should be directed to the Hydraulics and
Drainage Unit at (304) 558-9756 or (304) 558-9696.

GLB:Fec
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WEST VIRGINIA DEPARTMENT OF TRANSPORTATION
Division of Highways

1900 Kanawha Boulevard East  Building Five - Room 110
Earl Ray Tomblin Charleston, West Virginia 25305-0430 » (304) 558-3505 Paul A. Mattox, Jr., P. E.
Governor Secretary of Transportation/
Commissioner of Highways

May 2, 2012

EMORANDUM

TO: All Holders of West Virginia Division of Highways
Drainage Manual, 3" Edition

FROM: Gregory L. Bailey, P. E. )&) regy- B Q%_

Director
Engineering Division

SUBJECT: Revisions to the West Virginia Division of Highways
Drainage Manual, 3™ Edition

Attached for your use are revisions to the West Virginia Division of Highways
Drainage Manual, 3™ Edition, published in 2007. Please remove and destroy the earlier
versions. This manual is also available on the West Virginia Division of Highways website
at http://www.transportation. wv.gov’hichways/Engineering/Pages/default.aspx. The date
of implementation for the revisions shall be determined by one of the following:

1. The content shall apply to any project for which the drainage analysis and design
has yet to begin.

2. The content shall apply to any project which the engineering and design is
ongoing at the discretion of the project manager. A note shall be provided on the contract
documents “General Notes” sheet and within the design documentation as the point and
manner of the contents use.

The major revisions are described as follows:
Chapter 4 — Provided the update to the USGS Regression equations, the addition of

the 1 year return period to the Rational Method IDF curves, and the isopluvial map for
the 1 year 24 hour rainfall depth for the TR-55 method.
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All Holders of West Virginia Division of Highway’s Drainage Manual, 3™ Edition
May 2, 2012
Page Two

Chapter 5 — Correction to the narrative above Table 5-1. The allowable flow
spread from the curb for a design speed less than 40 mph shall be the shoulder width plus
3 feet into the traveled way.

Chapter 8 — Provided a simplified table for the inlet control constraints, inserted

nomographs for HDPEPP pipe, and removed Chart 8-19 for Structural Plate Pipe Arch
with 10” corner radius.

Chapter 9 — Provided the update to the West Virginia Code article which denotes
the Dam Controel Act.

Chapter 10 — Added detail to the canseway material requirements, flow analysis
requirements, crest elevation, and pipe size.

Should you need any additional information, please contact Mr. Darrin Holmes at
(304) 558-9696, or Mr. Douglas Kirk at (304) 558-9756, both of the Hydraulic and Drainage
Unit of the Engineering Division.

GLB:Fjd
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Division of Highways
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Governor Secretary of Transportation/

Commissioner of Highways

March 18, 2016

MEMORANDUM

TO: ALL HOLDERS OF WVDOH DRAINAGE MANUAL
FROM: R. J. Scites, P. E. f )g L‘)&

Director :

Engineering Divisg\

SUBJECT: Drainage Manual Revisions Addendum 2

Please know that the WVDOH Drainage Manual, dated December 2007, has been
revised with Addendum 2. The revised sheets replace all previous copies and contain the
following revisions as noted below:

e Section 1.4 — Table 1-2 change roughness coefficients for sheet flow to coincide with
HDS-2.

e Section 4.2.8.3 — Methods to account for Karst, removed manipulation of initial
abstraction values. The curve number tables, within the TR-55 method, use the
1a=0.2S relationship to relate CN to la.

e Section 4.4.2.5 — Table 4-5 changed roughness coefficients for sheet flow to coincide
with HDS-2.

e Section 4.4.3.5 — Corrected subtext for shallow concentrated flow, as it was running
together or squished.

e Section 4.4.5.1 — Added new section describing WMS and an applicable runoff curve
number table for use with the NLCD data.

e Section 4.4.5.2 — Placed a limit of 20 acres when using the Modified Rational method

hydrograph for routing through a basin. Limited use for sizing the storage area for
a basin to 200 acres.
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e Section 5.3.3 — Removed reference in text to the 5 foot parameter in the allowable
design spread. Table is correct.

e Section 8.4.5 — Corrected the last term in Form 1 of the Unsubmerged and
Submerged equation for inlet control. The slope term should not be squared.
FHWA Hydraulic Design Series 5 corrected this error in 2012.

¢ Section 8.4.6 — Changed subscript for HW above the outlet invert to avoid confusion
with HW, due to outlet control. Changed to Hwoi.

The Drainage Manual is available on the West Virginia Division of Highways
website at http://www.transportation.wv.gov/highways/engineering/pages/publications.aspx.

Should you require any additional information, please contact Mr. Todd West via e-
mail at todd.g.west@wv.gov.

RJS:Lke

cc: DDC(TGW, MDL), DD (via email), DD(MF)
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CHAPTER 1: INTRODUCTION

1.1

1.2

INTRODUCTION

Drainage has long been recognized as one of the essentials of highway
construction, operation and maintenance. Public safety and the cost involved in the
adequate removal of surface and subsurface water justifies a careful and scientific
approach for the design of drainage facilities. This 3rd Edition of the West Virginia
Division of Highways Drainage Manual provides the designer with the needed
information and tools to perform drainage analysis and design for highway facilities.
Although this is a completely new manual, it does retain many of the principles,
policies, criteria and methods from the previous editions. Additional references are
provided for drainage situations that require more detailed analysis.

The information contained in this manual is based largely on previous publications,
including but not limited to the following:

e AASHTO Model Drainage Manual, 1991, 2005
e AASHTO Highway Drainage Guidelines, 1999
e WVDOH Drainage Manual, 1963, 1984

e WVDOH Design Directives

e WVDOH Standard Specifications

e Various FHWA Hydraulic Engineering Circulars
e Various FHWA Hydraulic Design Series

e Virginia DOT Drainage Manual, 2002

COMPUTER SOFTWARE

This manual replaces previous editions which were issued in 1963 and 1984.
Developed in an era when only NASA and a few research scientists had access to
computers, the earlier manuals relied heavily on nomographs to expedite drainage
calculations. While many of the nomographs have been retained in this edition, the
equations that the nomographs were developed from are also included. This will

CHAPTER 1: INTRODUCTION ADDENDUM 2 6/2015 PAGE 1-1
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allow designers to develop computer programs and spreadsheets to accurately and
expeditiously complete drainage calculations. Computer programs available from
government agencies and private businesses are also acceptable. When using
computer programs, all input data and results must be presented in a format that is
easily understood and acceptable to the Division of Highways. The following table
lists acceptable computer programs. The Hydraulic and Drainage Unit maintains

this list.
Table 1-1
List of Acceptable Computer Programs
Program Name Supplier
HEC-RAS, HEC-HMS US Army Corps of Engineers Hydrologic
Engineering Center
TR-20, WIinTR-55 Natural Resources Conservation Service

HY-8, Visual Urban (HY-22), . - .
SU ( ) Federal Highway Administration

Hydraulic Toolbox, WMS, HMS

Culvertmaster, Flowmaster, Civilstorm Bentley/Haestead
HydroCAD Applied Microcomputer Systems
RIVERMorph RIVERMorph, LLC

PAGE 1-2 ADDENDUM 2 6/2015 CHAPTER 1: INTRODUCTION
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1.3 GENERAL DRAINAGE CONSIDERATIONS

The following issues should be considered in the drainage design process:

e Degree of current and future development adjacent to the project and in the
watershed

o Effect of the proposed project on the existing drainage pattern

e Potential impact of backwater caused by the highway project

e Impact of concentrated flows from the highway on vehicle and pedestrian safety
e Adverse effects to downstream property owners

e Need for permanent drainage easements

e Potential for damage to receiving streams

e Soil permeability

e Presence of karst topography

e Potential impact to social, cultural, environmental and archaeological resources
e Compliance with applicable laws and regulations

e Initial and long-term cost

CHAPTER 1: INTRODUCTION ADDENDUM 2 6/2015 PAGE 1-3
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1.4 MANNING’'S ROUGHNESS VALUES

Several chapters in this manual reference Manning’s Roughness values (n values).
To make it convenient for the designer, n values of various materials were compiled

into Table 1-2.
Table 1-2
Table of Manning’s Roughness (n) Values
Manning's Roughness Coefficient for Surfaces
Caoncrete Surface (smooth) 0.012
Caoncrete (rough), Lined Channel aor Qverlaid Surface 0.013
Asphalt Surface (smooth) 0.011
Asphalt Surface (rough), Lined Channel or Overlaid Surface 0.016
Gravel Surface 0.024
May Use Values Between Those Provided
Accompany with a Description
Broken soil, Clean, No Residual Vegetation 0.05
Broken Soil, with Vegetation Cover = 20% 0.06
Sparse Coarse Grass, Shrubby Vegetation, Bare Earth Present, Drier Less Fertile Soil 0.13
Short Grass, No Trees, Drier Less Fertile Soil D15
Broken Soil, Vegetation Cover = 20%, Fertile Soil 017
Medium Height Grass, Coarse, Possibly Trees, Fertile Soil 0.24
Forest Area, Light Density of Coarse Grass, Some Shrubs, Bushes, Small Trees 0.40
Dense Lawn Grass with Fertile Soil, Typical for a Golf Course 041
Forest Area, Dense Amount of Coarse Grass, Shrubs, Bushes, Small Trees 0.80
Manning's Roughness Coefficient for Ditches
Existing Vegetative Lining Recommended Value Range
MNearly bare, light grass 0.03 0.030 - 0.035
Grass, weeds, and light brush 0.04 0.030 - 0.050
Thick grass, thick brush, small trees 0.075 0.050 - 0.100
Planned DOH Vegetative Lining Recommended Value Range
Type B Seed Mixture (mowed) 0.042 0.036 - 0.050
Type C-1 Seed Mixture (mowed) 0.036 0.030 - 0.040
Type C-2 Seed Mixture (mowed) 0.027 0.022 - 0.033
Type B Seed Mixture (unmowed) 0.09 0.050 - 0140
Type C-1 Seed Mixture (unmowed) 0.08 0.050 - 0120
Type C-2 Seed Mixture (unmowed) 0.03 0.025 - 0.040
Based on Depth of Flow
Mon Vegetative Lining 0-0% 05-20 =20
Concrete Lined Ditch or channel 0.015 0.013 0.013
Grouted Rock Lined Ditch or channel 0.04 0.03 0.028
Bare Soil with little or no vegetation 0.023 0.02 0.02
Bare Rock or Rock Cut Ditch 0.045 0.035 0.025
Rock Lined Ditch or channel D50 = 4 inches 0.09 0.058 0.035
Rock Lined Ditch or channel D50 = 6 inches 0.104 0.069 0.035
Rock Lined Ditch or channel D50 = 12 inches - 0.078 0.04

PAGE 1-4 ADDENDUM 2 6/2015 CHAPTER 1: INTRODUCTION
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Manning's Roughness Coefficient for Pipes

Corrugated Metal

Recommended Value Range

Annular Circular 2 203" x 112" 0.024
Annular Arch 2 213" x 112" 0.026
Annular Structural Plate 6" x 2" 0.033 0.028 - 0.033
Annular Structural Plate 9" x 212" 0.035 0.033 -0.037
Helical 24" dia_ or less 2 203" x 12" 0015 0012-0015
Helical = 24" dia. 2203 x 12" 0.023 0.015-0.023
Helical 3x1" 0.028 0.027 - 0.028
Helical 5 x1" 0.025 0.024 - 0.026
Spiral Rib Metal 34" x A" x T 12" 0.012 0.011-0.012
Steel, Non-Galvanized Smooth 0.015
Concrete
Round and Elliptical Smooth 0.012 0.011-0.012
Cast in Place Box Smooth 0.013 0.012-0.015
Pre-Cast Box Smooth 0.013 0.012-0.015
Plastic
HDPEPP Corrugated Corrugated 0.023 0.018 - 0.025
PVCPP Corrugated Smooth Liner 0.010 0.007 -0.011
HDPEFP Corrugated Smooth Liner Type F Trench 0.013 0.010-0.017
HDPEPP Corrugated Smooth Liner 0.015 0.013-0.022
Other
Cast lron Smooth 0.015
Clay Sewer Smoaoth 0.013

CHAPTER 1: INTRODUCTION

ADDENDUM 2 6/2015 PAGE 1-5



2007

WVDOH DRAINAGE MANUAL

1.5 CHAPTERS & ADDITIONAL RESOURCES

The manual is composed of the chapters listed below. Additional resources listed
below are available from the Federal Highway Administration’s website containing
current Hydraulics Engineering Publications at:

http://www.fhwa.dot.gov/engineering/hydraulics/library _listing.cfm.

Table 1-3

List of Recommended Publications

Chapter Title Additional Resources
1 Introduction e HDS-4, Introduction to Highway Hydraulics, 2008
2 Design Policy
3 Documentation
4 Hydrology e HDS-2, Highway Hydrology, 2002
5 Storm Drainage | e« HEC-22, Urban Drainage Design Manual, 2009
Systems e Hydraulic Performance of Curb & Gutter Inlets, 1999
6 Ditches e HDS-3, Design Charts for Open-Channel Flow, 1961
e HEC-15, Design of Roadside Channels with Flexible
Linings, 2005
7 Channels e HDS-6, River Engineering for Highway Encroachments,
2001
8 Culverts e HDS-5, Hydraulic Design of Highway Culverts, 2005
¢ Design for Fish Passage at Roadway-Stream Crossings:
Synthesis Report, 2007
o HEC-14, Hydraulic Design of Energy Dissipators for
Culverts & Channels, 2006
9 Stormwater e HEC-22, Urban Drainage Design Manual, 2009
Management
10 Bridges e HDS-6, River Engineering for Highway Encroachments,
2001
e HEC-9, Debris Control Structures Evaluation and
Countermeasures, 2005
e HEC-18 Evaluating Scour at Bridges, 2001
o HEC-20, Stream Stability at Highway Structures, 2001
e HEC-21, Bridge Deck Drainage Systems, 1993
o HEC-23, Bridge Scour and Stream Instability
Countermeasures, 2009
e Assessing Stream Channel Stability at Bridges in
Physiographic Regions, 2006

PAGE 1-6
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CHAPTER 2: DESIGN POLICY

2.1 INTRODUCTION

2.2

This chapter outlines policies that will help the designer give the appropriate level of
consideration to the many different variables that influence drainage design. These
policies were established to ensure safe, economical and consistent design of
highway drainage structures. An adequately designed highway drainage structure is
expected to meet the following broad policies:

e The design of the structure is consistent with the West Virginia Division of
Highways’ (WVDOH) accepted standard of engineering practice, and

e The design approach is one that a “reasonably competent and prudent designer”
would follow under similar circumstances.

In this manual, the word “shall” refers to mandatory requirements. The word
“should” refers to recommendations that are not mandatory, but are generally
accepted as good engineering practice.

Refer to the appropriate chapter for more specific policy and criteria.
POLICY VS. CRITERIA

Policy and criteria statements are closely interrelated. Criteria are numeric
standards that are derived from broad policy statements. Policy drives criteria. The
following definitions of policy and criteria will be used in this manual:

Policy - Policy is an officially stated guiding principle that is intended to determine a
definite course of action. A policy statement assists in making a judgment or
decision pertaining to the design.

Criteria - Design criteria are the specific standards by which a policy is implemented
or placed into action. Criteria are needed for design, policy statements are not.

The following is an example of a policy statement:

The designer will size drainage structures to accommodate a storm event
compatible with the projected traffic volumes.

The design criteria for designing the structure might be:

For projected traffic volumes less than or equal to 400 vehicles per day,
drainage structures shall be designed for a 10-year flood (exceedence
probability of 10 percent).

CHAPTER 2: DESIGN PoLicYy ADDENDUM 1 2/2012 PAGE 21
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2.3 GENERAL POLICIES

The following general policies shall apply to hydrologic and hydraulic (H&H) design
of highway drainage facilities:

Drainage facilities shall be designed to accommodate the discharge for the
minimum specified design storm criteria. Table 4-2 presents the minimum
criteria to protect roadways from flooding or damage based on the frequency,
return period or the annual probability of occurrence.

The level of detail of the H&H analysis should be commensurate with the risk
associated with the project, roadway classification and traffic volume, scope of
the project, proximity to structures or other development, flooding history and
size of the stream. For example, an Interstate bridge over the Kanawha River in
Charleston will require a HEC-RAS model, while a culvert replacement on a rural
county route may require only a visual evaluation by the maintenance supervisor.

The design storm as well as the check storm shall serve as criteria for evaluating
the adequacy of the design. The “design storm” is the storm event with a
recurrence interval for which the drainage structure is sized to assure that no
traffic interruption or significant damage will result. This will usually be the 10-
year (10% annual chance), 25-year (4% annual chance) or 50-year (2% annual
chance) storm. The “check storm” is one that is used to review (check) a
drainage facility designed to accommodate a lesser design storm in order to
judge whether a significant flood hazard due to a storm larger than the proposed
design discharge has been overlooked. The “check storm” for a bridge or culvert
will generally be the “overtopping flood”, which is the smallest flood that will result
in flow over the highway or other watershed boundary. The check storm is most
likely to result in the greatest relative backwater at a stream crossing. The
magnitude and recurrence interval of the check storm will be site specific. The
design storm and the check storm may vary widely depending on the grade,
alignment and classification of the road and the characteristics of the water
course and floodplain. It is important to evaluate the check storm to protect
adjacent property from increased flood damage and the Division of
Highways from liability.

The predicted elevation of the 100-year or base flood serves as the present
engineering standard for evaluating flood hazards and as the basis for regulating
floodplains under the National Flood Insurance Program (NFIP). Projects located
within the designated 100-year floodplain shall conform to the NFIP regulations.
Regulations governing highways in the floodplain environment are detailed in 23
CFR Part 650, Subpart A, 44 CFR Chapter 1, and 23 CFR Part 771.

PAGE 2-2
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ENGINEERING EVALUATION

The engineering evaluation process through preliminary and final design requires
the consideration and balancing of a number of competing factors. These factors
include, but are not limited to:

. Federal and State laws and regulations

o Legal considerations

. Highway safety

. Highway durability and maintenance needs
o Flood hazards

. Costs

o Environmental and social concerns

e  Site-specific concerns

Policies specific to the above factors are discussed in the following section. Site-
specific concerns require due consideration and could sometimes become overriding
factors.

2.4.1 FEDERAL AND STATE LAWS AND REGULATIONS

Design and construct all drainage structures and facilities to comply with applicable
federal and state laws and regulations that are in effect at the time of construction.

2.4.2 LEGAL CONSIDERATIONS

Avoid unnecessary liability by considering potential impacts to nearby property,
structures and natural and cultural resources. In some cases this may require
additional engineering analysis beyond the usual standard of care. For example,
some culvert installations may require a HEC-RAS model for backwater analysis and
some roadway projects may require stormwater detention analysis. (See Chapter
10 and Chapter 9 respectively, for criteria).

2.4.3 HIGHWAY SAFETY

Make a diligent effort to exclude hazardous conditions that may be caused by water
in or near the roadway. Design criteria contained within the individual chapters of
this manual shall be considered the accepted standard of care for highway safety as
it pertains to highway drainage.

CHAPTER 2: DESIGN PoLicYy ADDENDUM 1 2/2012 PAGE 2-3
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2.4.4 HIGHwWAY DURABILITY AND MAINTENANCE NEEDS

Design drainage structures and select materials to provide adequate longevity and
minimal maintenance.

2.4.5 FLooD HAZARDS

Roadways, bridges and drainage structures should be designed to avoid adverse
flooding impacts. While bridges and their approach roadway embankments are
usually evaluated for flooding impacts, independent roadway fills within the
floodplain must also be evaluated. Highway encroachments within FEMA
designated “floodways” should be avoided if at all possible. Refer to Section 10.3.1
Backwater Increases and NFIP Requirements.

2.4.6 CcCosrts

With the limited funds available for the highway system, cost is always an important
consideration in highway work, including hydraulics and drainage.

2.4.7 ENVIRONMENTAL AND SocCIAL CONCERNS

All drainage structures should be designed to minimize the impacts to the
environment and cultural resources. Close coordination with the Environmental
Section is essential in achieving this objective.
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CHAPTER 3: DOCUMENTATION

3.1

3.2

3.3

INTRODUCTION

Maintaining clear and complete records of the hydrologic and hydraulic
calculations are of paramount importance to the drainage design process.
This chapter presents the documentation that shall be included in the design
files and construction plans. For further information, refer to CFR 650.117
Content of Design Studies.

DEFINITION

Hydrologic and hydraulic documentation as used in this chapter is the
compilation and preservation of records consisting of design calculations,
related drawings and details. These documents contain information which
provide evidence for the basis of design decisions. Such information may
include:

e Drainage area and other maps

e Site plan

e Field survey information

e WVDOH Drainage Forms

e Source references

e Photographs, video recordings or field sketches
e Engineering calculations and analyses

PURPOSE

The purpose of providing good documentation is to record the design
procedure that was used and show how the final design decisions were
made. These documents record whether the design analyses were
reasonable, prudent and based on the best available technology. Good
documentation should provide the following:

e A description of the situation at the time of design;

e An explanation of the proposed situation and resultant expectations;
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3.5

e Documentation that accepted procedures and analysis were used at the
time of the design commensurate with the site importance and flood
hazard;

e Protection from liability when claims are made against the Division;

e File data necessary to quickly evaluate future site problems that might
occur during the facility’s service life; and

e Expedient plan development through clearly stated reasons and rationale
for specific design decisions.

RESPONSIBILITY

The designer is responsible for determining what hydrologic analyses,
hydraulic design and related information shall be documented during the plan
development process. The designer shall determine whether complete
documentation has been achieved during the plan development process
through final design. The information presented in various chapters of this
manual provides the guidance for these determinations. In addition to the
usual chain of command, the Hydraulic and Drainage Unit may also assist in
the decision making process.

PROCEDURE

3.5.1 INTRODUCTION

Based on the type of design elements present in the project, drainage
documentation can generally be of two kinds: Drainage Calculations for
roadway design projects and Hydrologic & Hydraulic (H&H) Reports for
bridges and roadway projects located within floodplains regulated by FEMA.
Where practicable, both kinds of reports could include items such as:

¢ identification and location of the facility;

e photographs (ground and aerial);

e hydrologic analyses;

e hydraulic analyses;

e drainage area maps, vicinity maps, and topographic maps;
e contour maps;

e interviews (local residents, adjacent property owners, and maintenance
crews);

e newspaper clippings;
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e design notes and correspondence relating to design decisions;

¢ history of performance of existing structure(s); and

e design assumptions.

3.5.2 DRAINAGE CALCULATIONS

Drainage Calculations should contain data and calculations that influenced
the design of the drainage facility. The following sections shall generally be
included in the Drainage Calculations.

3.5.2.1 PROJECT DESCRIPTION

The following items pertaining to the hydrologic analysis should be included:

contributing watershed area and identification of source (map name,
etc.);

design frequency and basis for selection;
design discharge; and

expected level of development in upstream watershed over the
anticipated life of the facility (include sources and basis for these
development projections).

3.5.2.2 CULVERTS

The following items should be included:

allowable headwater elevation and basis for its selection;
cross section(s) used in the design high-water determinations;
roughness coefficient estimation (Manning’s “n” values);

pH, resistivity and sulfate content of soil and water

observed high water elevations, dates and discharges, if readily
available;

type of culvert entrance condition;

culvert outlet appurtenances and energy dissipation calculations and
designs;

copies of all computer analyses and the standard computation form
provided in the Culverts Chapter of this manual;

roadway geometry (plan and profile);
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potential of flood hazard to adjacent properties; and

durability considerations (corrosion and abrasion)

debris accumulation potential

fish passage or other applicable environmental considerations
tailwater elevation calculations

observed channel instabilities (lateral and vertical).

3.5.2.3 STORM DRAINS

The following items should be included:

computations for inlets and storm drains

computations of the hydraulic grade line, if required by the project
manager;

copies of the standard computation forms provided in the Storm
Drainage Systems Chapter of this manual;

complete drainage area map;
design frequency;
information concerning outfalls and existing storm drains; and

schematic layout of the storm drain system.

3.5.24 ROADSIDE DITCHES

The following items should be included:

description of underlying soil and rock material;
drainage areas for each outlet location;

ditch plan and profile layourt;

ditch cross-sections;

roughness coefficient estimation (Manning’s “n” values);
flow capacity and ditch sizing calculations;

ditch lining calculations;

analysis of outlet points and downstream effects; and

copies of standard computation sheets provided in the Ditches
Chapter.

PAGE 3-4
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3.5.25 OPEN CHANNELS

If the Corps of Engineer's HEC-RAS computer program is used for open
channel design, the outline included in Section 3.5.3 should be followed.

Otherwise, the following items should be included:

e cross section(s) used in the design water surface elevation
determinations and their locations;

e roughness coefficient estimation (Manning’s “n” values);

e information on the method used for design water surface
determinations;

e observed high water elevations, dates and discharges, if readily
available;

e channel velocity measurements or estimates and locations;

e water surface profiles for the design storm, bankfull event, and 100-
year storm;

e design or analysis of channel protection lining materials proposed for
the channel bed and banks;

e planting plan;
e in-stream structures;
e energy dissipation calculations and design; and
e copies of all computer analyses.
3.5.3 HYDROLOGIC & HYDRAULIC REPORTS FOR BRIDGES

The following outline should be followed for H&H Reports for Bridges. It is
assumed that the HEC-RAS computer program will be used to analyze bridge
hydraulics.

3.5.3.1 PROJECT DESCRIPTION

A. Narrative

1. State Project Number, Federal Project Number, Bridge Name and
Design Number

2. Town and County
3. Stream

4. Watershed
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5. Route Number
6. Purpose of Project

7. Flood impact or stream relocation impact mitigation commitments in
the Record of Decision for EA or EIS

8. Existing Bridge Description
Location Maps

1. County Map

2. USGS Topographic Map

3. Situation Plan

Field Observations

1. Normal Water Surface Elevation

2. High Water Marks

3. Features relevant to the hydraulic analysis
4. Verification of Manning'’s ‘n’ values
5. Visual Indicators of Stream Stability

Photographs

3.5.3.2 SUMMARY OF RESULTS

A.
B.

Design Alternates being carried forward

Table of Water Surface Elevations, Including Duplicate Effective,
Corrected Effective, Proposed Alternates (Include separate table for
temporary construction condition)

C. Compliance with FEMA and WVDOH criteria

D. Scour depths for 100-year and 500-year storms (include with final report)
1. Input Data
2. Calculations in accordance with FHWA’s HEC-18
3. Results based on calculations and rock depth
4. Countermeasures, if necessary

E. Recommendation
1. Proposed Bridge
2. Existing Bridge — (remove or remain)
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F.

3. Compensatory excavation, auxiliary structures, etc.
Signature Block, Consultant or In-House Designers

1. Preparer

2. Reviewer

3. Engineers Seal of Preparer or Reviewer on Final Report

4. Date

3.5.3.3 AVAILABLE DATA

FEMA Flood Insurance Study
Bridge Inspection Reports (include relevant pages only)

Existing Hydrologic Data

. Existing Hydraulic Model from FEMA, USACE, NRCS, others

3.5.3.4 HYDROLOGY

A.

Design Discharge determination based on Chapter 4, Section 4.3.3
(formerly DD-504)

Explain the selected Boundary Conditions

C. Hydrologic Model, if used (TR-20, HEC-HMS)

Effects on calculated design discharge due to existing flood control
reservoir in watershed

Determination of Normal Flow for temporary (construction) condition
modeling

3.5.3.5 HYDRAULIC MODELING

A.

Source of Model

B. Site Map with Cross Sections, tied to the project mapping
C.
D

. Explanation of Data and Methods

Justification of Model Extent

1. Manning’s Values

2. Bridge Modeling Approach
3. Ineffective Flow Areas

4. Any Unusual Circumstances

5. Table of HEC-RAS Plan, Geometry and Flow Files
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E. HEC-RAS Generated Tables

1. Standard Table 1: Existing and Temporary Condition During
Construction for the following profiles:

a.
b.
C.
d.

e.

Normal Flow

Bankfull Storm (if determined)
2-Year Storm

10-Year Storm

100-Year Storm

2. Standard Table 1: Existing and Proposed Condition for the following
profiles:

a.

o

e.

f.

g.

Bankfull Storm (if determined)

2-Year Storm

c. 10-Year Storm
d.

25-Year Storm
50-Year Storm
100-Year Storm
500-Year Storm

3. Bridge Output Table — 100-Year Storm

a.

b.

Existing

Proposed

F. HEC-RAS Generated Plots

1. Profile

2. Bridge Internal Cross Sections

G. CD with HEC-RAS files

3.5.3.6

Do NOT INCLUDE:

HEC-RAS generated reports (providing the data files on CD makes this
unnecessary)

Recommendations regarding Conditional Letter of Map Revision
(CLOMR) request to FEMA. This may be included in a separate cover
letter to the Division of Highways.
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CHAPTER 3: DOCUMENTATION



WVDOH DRAINAGE MANUAL 2007

3.5.4 COMPUTER FILES

The following electronic computer files should be included along with the
Drainage and H&H Reports:

e input data
e output results for existing conditions and selected alternatives
3.5.5 STORAGE

Methods of data storage will continue to change as technology advances.
Ease of access, durability, legibility, storage space, and cost are some of the
factors that should be considered in selecting a storage method.

Final Drainage Calculations and Hydrology & Hydraulic Reports prepared by
consultants shall be saved to a CD in PDF format. The CD shall also contain
all electronic files for any computer analyses that were used. The project
manager shall forward the CD to the Engineering Division, Administration
Section.

Final Drainage Calculations and Hydrologic & Hydraulic Reports prepared by
WVDOH in-house staff shall be saved to the WVDOT shares server under
\\Wvdot-shares\HydraulicsPermitting\Hydraulics, in the appropriate District
folder.

3.5.6 CONSTRUCTION PLANS

Key hydraulic design data shall be documented in the construction plans as
follows. See also DD-706.11.C.8.

Drainage areas (DA) less than 50 acres and the discharges (Q) less than 50
cfs should be reported to the nearest tenths of the data value. Areas larger
than 50 acres and discharges greater than 50 cfs should be rounded to the
nearest whole number.

Velocity (V) and depth (D) should be reported to the nearest tenths.
Headwater elevations should be reported to the nearest hundredths. The
elevation of the flood of record should be reported to the nearest tenths.

The X to the left of the decimal point represents the data value. The Xs to
the right of the decimal point represent the number of digits. The subscript (x)
represents the design frequency event number.

Major Culverts (36” diameter and greater): Show contour line and label for
“Qx HW ELEV. = X.XX FT” on the plan sheet and record the following data
on the culvert profile:
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DA = X.X ACRES or X ACRES

Qx=X.XCFSor XCFS

Q overtopping = X.X CFS or X CFS

Vx=X.XFPS

HW = XXX FT

Qx HW ELEV. = X XX FT

FLOOD OF RECORD ELEVATION ((MONTH/DAY/YEAR)) = X.X FT

* Major Storm Drain Outlets: Show the following data on the storm drain

profile near the outlet:

DA = X.X ACRES or X ACRES
Qx=X.XCFS or X CFS
Vyx= XX FPS

» Channel Relocations: Show the following data on the channel relocation

profile near the beginning of the relocation:

used

DA = X.X ACRES or X ACRES

Qx = X.X CFS

Vx=X.XFPS

D=XXFT

Bankfull channel data, if Natural Stream Channel Design (NSCD) is

» Hydraulic Bridges: Show the following data on the profile in the situation

plan and profile sheet:

DA = X.X ACRES (X.X SQ Ml when DA exceeds 2000 acres)
Qx = X.X CFS (source e.g. FEMA, CALCULATED, etc.)

Q overtopping = X.X CFS or X CFS

Vx = xx.x FPS (source)

Qx ELEV = X.XX (source) (also show line for this and label on the
profile

PAGE 3-10
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3.5.7 SUBMISSION SCHEDULE

In accordance with Design Directive-202 (DD-202), hydraulic and drainage
information shall be included in the submissions for each progressive
scheduled review.
Table 3-1
Submission Schedule

e Plan & Profile Sheets - Channel Change
Requirements with NSCD Features shown

¢ Major Drainage (DD-706)

Design Report Field or
Office Review

¢ Channel Change Requirements with NSCD Features

Preliminary Field Review shown
(PFR) ¢ Major Drainage Pipe Profiles (DD-706)

e Major Drainage Calculations

Slope Review e Same as Design Report Review

e Channel Change Requirements with NSCD Features
shown

Final Field Review (FFR) e All Drainage Including Pipes, Pipe Profiles, Ditches
and Underdrains Shown (DD-706)

e Complete Drainage Calculations

e Same as FFR plus

Final Office Review (FOR) ) ]
o Drainage Data Noted on Plan & Profile Sheets

e Hydraulic Data Plotted on Profile

o Waterway Opening, and Appropriate Storm
Frequency Elevations

e Preliminary Hydraulic Study

e Freeboard Documented

¢ Navigational Clearance Requirements
e Listing of Proposed Computer Software
e Listing of Deck Drainage Requirements

Span Arrangement

e Hydraulic Data Plotted on Profile
e Scour Depths Shown
Type, Size & Location e Final Hydraulic Study
(TS&L) e Scour Analysis Including Completed DS-34
o Freeboard
¢ Navigational Clearance Requirements
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e Conceptual Deck Drainage Design for Each
Alternate

e Deck Drainage Requirements

Bridge Rating e Completed DS-34 “Scour Evaluation Summary”

o Details Sheets - Deck Drainage Details Shown,
Including Scuppers, Deck Inlets, Piping System, and
Location and Details of Discharge Points

e Plan & Profile Sheets — Stream Flow Direction, Low
Water Surface Elevation, Hydraulic Data Plotted,
Scour Depth Shown for 100 year Storm Event

e Deck Slab — Deck Drain Locations Shown

Final Detail Bridge Plans

¢ Situation Plan — Hydraulic Data Shown

Final Tracings e Final Completed Drainage Calculations

PAGE 3-12 CHAPTER 3: DOCUMENTATION




WEST VIRGINIA
DEPARTMENT OF TRANSPORTATION
DIVISION OF HIGHWAYS

2007
DRAINAGE MANUAL

CHAPTER 4:
HYDROLOGY






WVDOH DRAINAGE MANUAL 2007

TABLE OF CONTENTS

CHAPTER 4:  HYDROLOGY ...oiiiiiiiiiiciiiiiii et 4-1
4.1  INTRODUCTION ..ottt e 4-1
4.2 DESIGN CONCEPTS ... 4-2

4.2.1 FLOOD HAZARDS. ..o 4-2
4.2.2 FLOOD HISTORY ...t e 4-2
4.2.3 HYDROLOGIC STUDIES ......cooiiiiiiiiiiii e 4-2
4.2.4 PRELIMINARY STUDIES ... 4-2
4.2.5 COORDINATION ..ottt 4-2
4.2.6 DOCUMENTATION ...oiiiiiiiiiiiiiriiiiieii e 4-2
4.2.7 EVALUATION OF RUNOFF FACTORS ..., 4-3
4.2.8 INFLUENCE OF KARST TOPOGRAPHY ......coviiiiiiiiiiiiiiiiii s 4-3
4.2.9 RETURN PERIOD OR PROBABILITY OF OCCURRENCE...................... 4-8
4.2.10 RAINFALL FREQUENCY VERSUS STORM FREQUENCY...........ccceeeeis 4-9
4.2.11 RAINFALL FREQUENCY DATA ....oiiii e 4-9
4.2.12 DISCHARGE DETERMINATION SITES ..., 4-9
4.2.13 DISCHARGE DETERMINATION PROCEDURE ..., 4-9
4.2.14 HYDROLOGIC METHODS ... 4-10
4.2.15 CALIBRATION ...ciiiiiii e 4-11
4.3 DESIGN CRITERIA ....ooe e 4-12
4.3.1 DESIGN DISCHARGE OR STORM......coiiiiiiiiiiiiiiiii i 4-12
4.3.2 CHECK STORM.....coiiiiiii 4-13
4.3.3 DESIGN DISCHARGE SOURCE PRIORITY ...ccoviiiiiiiiiiiiiiiiie, 4-14
4.3.4 DESIGN DISCHARGE SELECTION ......coiiiiiiiiiiiiiiii v 4-14
4.4  DESIGN DISCHARGE ESTIMATION METHODS ... 4-17
4.4.1 ANALYSIS OF STREAM GAGE DATA ... 4-20
4.4.2 RATIONAL METHOD.....coiiiiiiie e 4-20
4.4.3 TR-55 GRAPHICAL PEAK DISCHARGE METHOD .......cccoovviiiiiiiieeee. 4-37
4.4.4 USGS METHOD ..o 4-64

CHAPTER 4: HYDROLOGY ADDENDUM 2 6/2015 PAGE 4-i



2007

WVDOH DRAINAGE MANUAL

4.45 HYDROGRAPH METHODS .......cooiiiiiiieeeceeeee e 4-67
4.4.6 WATERSHED MODELING .....cooiiiiiiiiiii et 4-70
45 REFERENCES. ... e 4-73

FIGURE 4-1

TABLE 4-1
TABLE 4-2
TABLE 4-3
TABLE 4-4
TABLE 4-5
TABLE 4-6
TABLE 4-7
TABLE 4-8
TABLE 4-9
TABLE 4-10
TABLE 4-11
TABLE 4-12
TABLE 4-13
TABLE 4-14

TABLE 4-15

FORM 4-1
FORM 4-2

LIST OF FIGURES

HYDROLOGY FLOWCHART ... 4-10
LIST OF TABLES
KARST LOSS COEFFICIENT ... 4-7
DESIGN STORM CRITERIA ... 4-13
DISCHARGE METHOD RANGE ...t 4-15
RECOMMENDED RUNOFF COEFFICIENT (C) VALUES..........cccccce.... 4-24
ROUGHNESS COEFFICIENT FOR SHEET FLOW.......cocooiiiiiiiiiiii, 4-26
SURFACE COVER COEFFICIENTS ..., 4-27
MANNING’S ROUGHNESS COEFFICIENTS (N) FOR CHANNEL FLOW . 4-29
ADJUSTMENT FACTOR (Fp) FOR POND AND SWAMP AREAS.......... 4-39
RUNOFF CURVE NUMBERS FOR RURAL AREAS ..., 4-41
RUNOFF CURVE NUMBERS FOR URBAN AREAS ..., 4-42
RUNOFF DEPTH FOR SELECTED CN & 24 HR RAINFALL DEPTH .... 4-56

INITIAL ABSTRACTION VALUES (la) FOR CURVE NUMBERS............. 4-61
UNIT PEAK DISCHARGE EQUATION.....ootuieeieeeeeeeeeeeeeeeseeeesesesenins 4-63
USGS REGIONAL REGRESSION EQUATIONS FOR RURAL AREAS
(2010) ..ottt ettt 4-66
RUNOFF CURVE NUMBER FOR NATIONAL LAND COVER DATABASE
2006 ..o eeeeeereeeeeeee ettt ettt ettt ettt et et et et ettt et eee 4-72
DRAINAGE COMPUTATION FORMS

PEAK DISCHARGE COMPUTATION FORM .....c.vvivoveeeeeeeeeeeeeeeeseereo, 4-18
PEAK DISCHARGE COMPUTATION FORM .....c.vvivoveeeeeeeeeeeeeeeseeseo, 4-19

PAGE 4-11

ADDENDUM 2 6/2015 CHAPTER 4: HYDROLOGY



WVDOH DRAINAGE MANUAL 2007

DRAINAGE COMPUTATION WORKSHEETS

WORKSHEET 4-1 RUNOFF CURVE NUMBER DETERMINATION ........covvviiiiiiiieee. 4-58
WORKSHEET 4-2 TIME OF CONCENTRATION CALCULATION ......cccovviiiiiiiiiieeen, 4-60

MAP 4-1
MAP 4-2
MAP 4-3
MAP 4-4
MAP 4-5
MAP 4-6
MAP 4-7
MAP 4-8
MAP 4-9
MAP 4-10

CHART 4-1
CHART 4-2
CHART 4-3
CHART 4-4
CHART 4-5
CHART 4-6
CHART 4-7
CHART 4-8

LIST OF MAPS

KARST AREAS FOR WEST VIRGINIA ..., 4-4
RAINFALL INTENSITY-FREQUENCY REGIONS OF WEST VIRGINIA 4-33
24-HOUR RAINFALL DEPTH FOR A1 YEAR RETURN PERIOD........ 4-49
24-HOUR RAINFALL DEPTH FOR A 2 YEAR RETURN PERIOD........ 4-50
24-HOUR RAINFALL DEPTH FOR A5 YEAR RETURN PERIOD........ 4-51
24-HOUR RAINFALL DEPTH FOR A 10 YEAR RETURN PERIOD...... 4-52
24-HOUR RAINFALL DEPTH FOR A 25 YEAR RETURN PERIOD...... 4-53
24-HOUR RAINFALL DEPTH FOR A 50 YEAR RETURN PERIOD...... 4-54
24-HOUR RAINFALL DEPTH FOR A 100 YEAR RETURN PERIOD.... 4-55
HYDROLOGIC REGIONS IN WEST VIRGINIA ... 4-65

LIST OF CHARTS

KIRPICH METHOD ... 4-32
INTENSITY-DURATION-FREQUENCY CURVES FORW V................. 4-34
INTENSITY-DURATION-FREQUENCY CURVES FORW V................. 4-35
INTENSITY-DURATION-FREQUENCY CURVES FORW V................. 4-36

CURVE NUMBER MODIFICATION URBAN IMPERVIOUS AREA ....... 4-44
RUNOFF DEPTHS FOR SELECTED CN & 24 HR RAINFALL DEPTH 4-57
AVERAGE VELOCITY FOR SHALLOW CONCENTRATED FLOW....... 4-59
UNIT PEAK DISCHARGE FOR TYPE Il RAINFALL DISTRIBUTION.... 4-62

CHAPTER 4: HYDROLOGY ADDENDUM 2 6/2015 PAGE 4-iii



2007 WVDOH DRAINAGE MANUAL

THIS PAGE INTENTIONALLY LEFT BLANK.

PAGE 4-1v ADDENDUM 2 6/2015 CHAPTER 4: HYDROLOGY



WVDOH DRAINAGE MANUAL 2007

CHAPTER 4: HYDROLOGY

4.1

INTRODUCTION

Hydrology is defined as a science dealing with the properties, distribution, and
circulation of water on and below the earth's surface and in the atmosphere. This
chapter provides discussion of estimating the flow magnitude as a result of rainfall over
a watershed.

Flow magnitude is usually expressed as the peak rate of runoff in cubic feet per second.
The terms discharge, flow and runoff are used interchangeably, and refer to the rate or
volume of water moving past a location per unit time.

Discharge calculations in drainage design are analogous to the design load calculation
in structural design. Proper selection of the discharge is important for a safe and
economical design. Errors in the estimates can result in a structure that is undersized
thus causing additional drainage problems, or is oversized thus costing more than
necessary.

It should be noted that any hydrologic analysis is an approximation because the rainfall-
runoff relationship is complex and does not lend itself to exact solutions. The designer
is frequently faced with exercising independent judgment and experience in order to
deal with variable conditions. This is why hydrology is often referred to as an art as well
as a science.

Hydrologic analysis always precedes hydraulic design, regardless of the probable size
or cost of a drainage structure. The analysis of the peak rate of runoff, volume of runoff,
and time distribution of flow is fundamental to the design of drainage facilities. The
terms “runoff” and “flow” are used interchangeably. A runoff hydrograph is required for
structures (such as detention facilities) that are designed to control the volume of runoff.
The design peak flow rate is generally used to determine the size of the drainage
structure.

The designer should refer to the publications listed under Section 4.5 (References) for
detailed information pertaining to the hydrologic methods presented in this chapter.
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4.2

DESIGN CONCEPTS

4.2.1 FLOOD HAZARDS

A hydrologic analysis is a prerequisite to identifying flood hazard areas. The designer
shall attempt to determine those locations at which construction and maintenance will
be unusually expensive or hazardous due to the presence of flood hazards.

4.2.2 FrLoob HISTORY

The hydrologic analysis shall consider the flood history of the area and the effects of
historical floods on existing and proposed structures.

4.2.3 HYDROLOGIC STUDIES

The type and sources of information available for the hydrologic analysis will vary from
site to site. It is the responsibility of the designer to determine the type of information
that is needed.

The discharge from a published hydrologic study conducted by a federal agency (such
as the U.S. Army Corps of Engineers and the Federal Emergency Management
Agency) shall be researched and used if available.

4.2.4 PRELIMINARY STUDIES

Preliminary hydrologic studies and surveys, including environmental and ecological
impacts, shall be undertaken to determine if hydrologic considerations can significantly
influence the selection of a highway corridor. The magnitude and complexity of these
studies shall be commensurate with the importance of the project.

Typical data to be included in such studies or surveys include: topographic maps, aerial
photographs, stream flow records, historical high-water elevations, flood discharges,
and locations of reservoirs and regulatory floodplain areas.

4.2.5 COORDINATION

Many levels of government may be involved in planning, designing and constructing
highway and water resource projects, thus making interagency coordination desirable
and often necessary. The designer shall coordinate with local, state (e.g., Conservation
Agency, DHS&EM, DNR) and federal (e.g., USACE, USGS, NRCS) agencies to assist
in the completion of accurate hydrologic analyses.

4.2.6 DOCUMENTATION

The results of all hydrologic analyses shall be fully documented using the drainage
computation forms in this chapter and the report format in Chapter 3. It is often
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necessary to refer to the analyses long after the project construction has been
completed.

4.2.7 EVALUATION OF RUNOFF FACTORS
For all hydrologic analyses, the following factors shall be evaluated:

e Drainage basin characteristics including: size, shape, slope, land use, geology, soil
type, antecedent moisture condition, surface infiltration and storage (ponds,
wetlands).

e Meteorological characteristics such as precipitation amount and type (rain, snow,
hail, or combinations thereof), storm cell size and distribution characteristics, storm
direction and time rate of precipitation (rainfall hyetograph).

e Stream channel characteristics including: cross sectional geometry and plan form,
slope, hydraulic resistance, natural and artificial flow controls, channel modification,
aggradation, degradation, ice and debris streambed and bank materials, and visual
stream instability indicators.

e Floodplain characteristics including: land use, geology, soil type and development
potential.

4.2.8 INFLUENCE OF KARST TOPOGRAPHY

The word Karst is the German word for Kras, a region in Slovenia that sits on a
limestone plateau. It was this location where the first scientific research of karst
topography was made. Karst topography is a landscape of distinctive dissolution
patterns marked by underground drainages. These are areas where the bedrock has a
soluble layer of carbonate type rock such as limestone or dolomite. They are
characterized by caves, crevices, cavities, fractured rock, disappearing streams,
sinkholes, and ponds that appear to lack sufficient contributing drainage area. This
topography can cause a poor estimation of runoff rates, over-designed conduits and
under-designed stormwater management facilities. Standard hydrologic methods do
not account for the infiltration losses in karst terrain, thus there needs to be some
adjustment to account for the geologic influence on runoff.

4.2.8.1 IDENTIFYING KARST TOPOGRAPHY

Karst terrain can be found along the eastern boundary of the State in the counties of
Mercer, Monroe, Summers, Greenbrier, Pocahontas, Randolph, Pendleton, Tucker,
Grant, Preston, Monongalia, Mineral, Hardy, Hampshire, Morgan, Berkeley, and
Jefferson (Map 4-1). Of these, Berkeley, Greenbrier, Jefferson and Monroe counties
exhibit the most extreme karst features.
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Map 4-1
Karst Areas for West Virginia
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If a project is located in an area where the hydrology will be influenced by karst geology,
the designer shall investigate the impact to the estimation of design discharge.
Identification of karst terrain in a project area should be based on local geologic maps,
soil maps, aerial photographs, and field observation of noticeable indicators. For some
areas of the State, the USGS topographic maps show less than 50% of the karst
features. These features could be detected with a simple site visit. Personnel within
the Engineering Division’s Geotechnical Section should always be consulted on the
location of karst areas within the state.

Site evaluation for karst features should be performed in two phases, preliminary
investigation done prior to a project design and a site specific investigation conducted
once the project design is underway.
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A preliminary investigation includes the review of maps, aerial photographs, and soil
surveys along with a site visit. This visit should include someone with experience
identifying karst features or local officials and residents familiar with the area. The
purpose of this investigation is to identify areas of concern that may affect the project.
The local office of the Natural Resource Conservation Service (NRCS) should be
consulted about a sinkhole inventory in the area of a project. These inventories provide
a list of documented dimensions and locations, however many were created in the early
1990’s and they may not include recently developed features.

A site specific investigation includes collecting subsurface information for the areas of
concern identified during the preliminary investigation. This information can be obtained
through a boring contract using test pits, test borings, and geophysical instruments to
evaluate the stability of soil and rock at locations of proposed construction activities. If
unstable subsurface conditions are encountered, a decision can be made to proceed to
remediate prior to construction or to modify the proposed layout to avoid problem areas.
In critical locations, hydrological investigations (dye tracing) to define the subsurface
flow paths of stormwater runoff entering the underground drainage network may be
required.

4.2.8.2 SITE INVESTIGATION TOOLS

Geologic maps contain information on the physical characteristics and distribution of the
bedrock and/or unconsolidated surficial deposits in an area. Geologic features such as
the strike and dip of strata, joints, fractures, folds, and faults are usually depicted. The
orientation of strata and geologic structures generally control the location and
orientation of solution features in carbonate rock. The relationship between topography
and the distribution of geologic units may reveal clues about the solubility of the specific
rock units.

Aerial photographs are a simple and quick method of site reconnaissance. The
inspection of photographs can reveal vegetation and moisture patterns that provide
indirect evidence of the presence of cavernous bedrock. Piles of rock or small groups
of brush or trees in otherwise open fields can indicate active sinkholes or rock pinnacles
protruding above the ground surface. Circular and linear depressions associated with
sinkholes and linear solution features and bedrock exposures are often visible when
viewed in a stereo image.

During the site visit it is important to review drainage patterns, vegetation changes,
depressions, and bedrock outcrops to look for evidence of ground subsidence.
Sinkholes in subdued topography can often only be seen at close range. Disappearing
streams are common in karst areas, and bedrock pinnacles that can be a problem in the
subsurface will often protrude above the ground surface. A particularly simple and often
overlooked part of the site visit is to interview the property owner. Often property
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owners can recount a history of problems with ground failure that may not be evident at
the time of the site evaluation. The location of karst features should be noted on the
site map for later reference. These can be compared to other information collected to
assess the risk potential for karst-related problems.

Test pits or test probes are a simple and direct way to view the condition of soils that
may reveal the potential for ground subsidence. An inspector should look for evidence
of slumping soils, former topsoil horizons, cavities in soil or bedrock and fill from surface
boulders or organic debris. The presence of organic soils at depth is an indicator of
potentially active sinkholes sites. Leached or loose soils may also indicate areas of
potential ground subsidence. These tools are not practicable for large areas and they
can yield questionable data so their use should be site specific.

4.2.8.3 AcCCOUNTING FOR KARST LOSS

The following procedure is recommended for estimating karst loss as part of a runoff
estimate:

1. Define any areas within the apparent contributing drainage area where surface
drainage has no means of escaping offsite other than through the karst strata.
These areas can be assumed to contribute no surface runoff and can be subtracted
from the contributing drainage area.

2. Areas on the mapping that show no defined streams or streams that disappear may
also be subtracted from the contributing drainage area. These areas should be
verified in the field.

3. Determine the remainder of the drainage area underlain by karst strata in percent.

4. Calculate the peak rate of runoff using the standard hydrologic methods presented in
this manual and multiply that value by the karst loss coefficient (Table 4-1) based on
the percent of area underlain by karst. The coefficient is intended to depict projected
flow losses into bedrock.
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Table 4-1

Karst Loss Coefficient

Storm Return Period

Yo Karst 2 10 25 50 100
100 0.33 0.43 0.44 0.46 0.50
90 0.35 0.46 0.48 0.50 0.56
80 0.38 0.51 0.53 0.56 0.62
70 0.47 0.58 0.60 0.62 0.68
60 0.55 0.66 0.67 0.70 0.74
50 0.64 0.73 0.74 0.76 0.80
40 0.73 0.80 0.81 0.82 0.85
30 0.82 0.86 0.87 0.87 0.89
20 0.91 0.92 0.92 0.92 0.93
10 1.00 0.98 0.98 0.98 0.97
0 1.00 1.00 1.00 1.00 1.00

Source: Adjusting Hydrology Models for Karst Geology, John Laughland P.E.

Other methods that can be utilized to account for karst loss include:
e Manipulating the runoff coefficient in the Rational method.

e Use of a Type | rainfall distribution within a Type Il area, or manipulating the
curve number values within the TR-55 method.

These parameters can be calibrated if some facts are known about the existing flow
situation. That calibrated value can then be used to design a drainage structure. For
example, say a project has a vertical alignment improvement by eliminating a dip in the
roadway. There is a pipe crossing at this dip and area engineers and longtime local
residents know that the roadway has never been overtopped by flow. They also know
that there is only a small amount of water passing through the existing culvert during
rainstorms. The TR-55 method leads to a proposed structure that is more than twice
the size of the existing structure. The location of the project is in an area that is known
for karst topography and a field visit yields some signs of karst strata below ground. A
calibration of the curve number value can be done using the roadway profile elevation
and its corresponding headwater for the existing structure. This new curve number
value can then be used to calculate the flow for designing the proposed structure.

CHAPTER 4: HYDROLOGY ADDENDUM 2 6/2015 PAGE 4-7



2007

WVDOH DRAINAGE MANUAL

Manipulating these parameters has advantages and disadvantages in accurately
representing the effects of karst topography. Calibrated values should be considered
carefully and they must be defendable if questioned at a later time.

The USGS method should be avoided in a karst area if excessive runoff flows into a
cavity (see Section 4.4.4.1). If the method is applied to a karst area there should be a
field investigation to ensure the previous statement does not hold true. The equations
are empirically based and the gage data used to derive the east region equations cover
areas of karst topography where the data used to derive the south region equations
cover less area influenced by karst topography (see Map 4-10).

4.2.8.4 KARST SURCHARGE

A rare event that may require consideration in areas of karst topography is the
possibility of sinkhole surcharge. In this case, the opposite condition than what is
expected occurs and water flows out of a depressed surface area during rainfall events.
This occurs due to the connectivity of the underground conveyance network. These
natural runoff detention areas may not be significant in the overall hydrology of an area
but they could exert a significant impact by inundation during an extreme rainfall. The
effect of this type of event may be considered similar to the effect of a check storm.

4.2.9 RETURN PERIOD OR PROBABILITY OF OCCURRENCE

The exceedance frequency is the relative number of times a flood of a given magnitude
can be expected to occur on the average over a long period of time. It is usually
expressed as a ratio or a percentage. By its definition, frequency is a probabilistic
concept and is the probability that a flood of a given magnitude may be equaled or
exceeded in a specified period of time, usually 1 year. Exceedance frequency is an
important design parameter in that it identifies the level of risk during a specified time
interval acceptable for the design of a highway structure.

The return period is a term commonly used in hydrology. It is the average time interval
between the occurrence of storms or floods of a given magnitude. The exceedance
probability (p) and the return period (T) are related by:

T2

p

For example, a storm with an exceedance probability of 0.01 in any one year is referred
to as the 100 year storm. The use of the term return period is sometimes discouraged
because some people interpret it to mean that there will be exactly T years between
occurrences of the event. Two 100 year floods can occur in successive years or they
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may occur 500 years apart. The return period is only the long term average number of
years between occurrences.

4.2.10 RAINFALL FREQUENCY VERSUS STORM FREQUENCY

It is commonly assumed that there is a direct relationship between rainfall and storm
frequency (i.e., the 10-year rainfall will produce the 10-year storm). The designer
should recognize that this is not always true, depending on the antecedent soil moisture
conditions and other hydrologic parameters.

Antecedent moisture conditions are the soil conditions at the beginning of the storm.
These conditions affect the peak discharge only in the lower range of flood magnitudes
(up to the 15-year event threshold). Antecedent moisture has a rapidly decreasing
effect on runoff as floods become less probable.

4.2.11 RAINFALL FREQUENCY DATA

The National Weather Service’s Hydrometeorological Design Studies Center (HDSC)
completed a rainfall frequency update for the Ohio River Basin including West Virginia
and its surrounding states in 2004. This update has improved rainfall frequency
estimates and reflects additional rainfall data gathered since the last publication by the
Weather Service. See Section 4.5 for reference to the (PFDS).

4.2.12 DISCHARGE DETERMINATION SITES

The most reliable method for calculating the magnitude and frequency of the expected
peak discharge for a site with a given drainage area, is a long record of stream gage
discharge data. On this basis, sites can be divided into two general categories:

e Gaged sites — The site is at or near a gaging station, and the stream flow record is
of sufficient length to be used to provide estimates of peak discharges (see Section
4.4.1). The United States Geological Survey (USGS) operates and maintains
stream flow gages of West Virginia streams and rivers.

e Ungaged sites — The site is not near a gaging station, and no stream flow record is
available. This situation is very common for small watersheds.

The following sections will address hydrologic procedures that can be used for both
categories of sites.

4.2.13 DISCHARGE DETERMINATION PROCEDURE

Unfortunately, stream flow gage records of sufficient length are seldom available and
many small drainage areas have no records. In such cases, it is accepted practice to
estimate peak discharge rates and hydrographs using statistical or empirical methods.
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The decision on whether to use estimates of peak discharge or develop flow
hydrographs should be made early in the design process. Peak discharge rates are
generally adequate for most drainage facilities; however, if the design includes flow
routing or storage considerations, a hydrograph is usually required. The development
of hydrographs is typically more complex than estimating a peak discharge. Single
event hydrographs are generally considered adequate for routing; however, continuous
event hydrographs over long periods of time (typically years, covering periods of runoff
as well as dry periods) may be required for special studies such as sediment transport
investigations.

The designer shall use the procedure provided in the flowchart in Figure 4-1 to select
the appropriate source of a peak discharge.

Figure 4-1
Hydrology Flowchart

Nate the - -
Stream Neome Determine Design Storm & [
and Check Storm Return Period
Road Classification See section 4.3 7 & 4.3. 2

ts the
See the fiood /nsurance YES areo within
study or seek the HSACE NFIP or is a ffow
date for a design discharge control structure

present?
1s there a stregm
gage nearby?

Direct use of USGS dafo, or vse
USGS regression equetions ff the
sife Is neardy to fwo or more gages.
Develop a flow hydrogroph.

Determine drainage ogreg. lond use
or cover, presence of karst geology.
Cons ider ony permit requirmenis or
prev fous analysis.

Greg small enough
to warranit the use of
add/tional peok dischorge
me thods?

Calecutale a peak discharge by 1hel
adopted computation methods.
See _sectfion 4.4 and 4. 3.4

Calibrate if possibie using known
streem f fow dafe or measurments,
See section 4.2, 15

Evatuate and compore the resulls
and sefect ¢ design discharge.

Source: Formulated by DOH Drainage Unit
4.2.14 HypbroLoGIC METHODS

e Analysis of Stream Gage Data - If systematic stream gage data of sufficient length
are available, they can be used to develop peak discharge estimates using statistical
analysis such as the USGS’ Bulletin 17B procedures. This has already been
performed for rural unregulated streams in West Virginia. See the Water-Resources
Investigation Report 00-4080 published by the USGS.
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e Rational Method - This is the oldest and most widely used method of calculating
peak runoff rates for urban and rural watersheds that are less than 200 acres.

e Graphical Peak Discharge Method - The Soil Conservation Service (SCS), now
known as the NRCS (Natural Resources Conservation Service), has a widely used
simplified graphical peak discharge method known as TR-55. This method may be
used to determine rainfall runoff for a 24 hour duration with a return period of 1 year.

e Regional Regression Equations - Regional regression equations are easy to use
and a commonly accepted method for estimating peak flows at ungaged sites or
gaged sites with insufficient data. Regression equations are based on statistical
analysis of stream gage data.

e Hydrograph Methods - The SCS Tabular Hydrograph Method (TR-55) is one of the
most commonly used methods to produce a single event hydrograph. Other
hydrograph methods include the Modified Rational Method and the Unit Hydrograph
Method developed by the SCS (NRCS). Hydrograph methods can be complex and
tedious to use, thus computer software is usually utilized. Their primary purpose is
to determine a pre-land development and post-land development peak rate of runoff
for use in the design of a stormwater management facility.

e Watershed Model — Computer programs, such as the U.S. Department of
Agriculture’s TR-20 and the U.S. Army Corps of Engineers’ HEC-HMS, can be used
to determine runoff rates from complex watersheds. Examples of some complex
watersheds pertaining to DOH development are those that may contain a detention
structure such as a stormwater pond or those that have a mixture of rural and urban
conditions. If a watershed has residential and business development with storm
sewers in one section and forested areas with open channels in another section, it
would be difficult to account for the variance in the behavior of the runoff with any
other hydrologic method.

4.2.15 CALIBRATION

The accuracy of the hydrologic estimates will have a major effect on the design of
drainage or flood control facilities. Calibration is the process of varying the parameters
or coefficients of a hydrologic method so that it will estimate peak discharges and
hydrographs that are consistent with local rainfall and stream flow measurements.
Although it might be argued that one hydrologic procedure is more accurate than the
other, all the methods discussed in this chapter, if calibrated, can produce acceptable
results consistent with observed or measured events. Therefore, calibrating the method
to local conditions will result in more accurate and consistent estimates of peak flows
and hydrographs.
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4.3

DESIGN CRITERIA

4.3.1 DESIGN DISCHARGE OR STORM

The proper hydraulic design of a drainage structure begins with the determination of a
design flow or discharge. It is common practice to refer to this discharge by the rainfall
or storm that generates it. It is not normally economical to design a drainage structure
to carry the maximum possible peak flow. Therefore it is desirable to ascertain how
much below the maximum we can design for without seriously impairing the operation of
the highway. Factors that control the determination of the design storm result from the
possibility of exceeding the hydraulic capacity of a structure. These factors are: the
extent and cost of repairing damage to the highway, the hazard and inconvenience to
the user of the highway, and the importance of the highway.

The extent of damage and the hazard and inconvenience to the highway user are factors
that are difficult to predict and measure. They vary with the amount by which the capacity
is exceeded and the frequency with which such events occur. Since excessive rainfall
and high runoff occur at random intervals it is desirable to consider a peak flow on a
probability of occurrence (frequency) basis.

Drainage facilities shall be designed to accommodate the discharge for the minimum
specified design storm criteria. Table 4-2 presents the minimum criteria to protect
roadways from flooding or damage based on the frequency, return period or the annual
probability of occurrence. It should be emphasized that these values only apply to the
minimum level of protection afforded to the roadway.
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Table 4-2

Design Storm Criteria

Return Period

Facility Type Description (Probability of
Occurrence)
i - 0

Storm Inlet Design (Pavement Runoff) 10-year (10%)

Drainage Pipe Outlet System 10-year (10%)

Ditch Roadside, Secondary, and Median 10-year (10%)
itches

Protective Linings 10-year (10%)

Divided Highways
Channels, | principal Arterial Highway with high ADT*
Cull?)\/r(ia(;tgseznd Highways Over 400 ADT* 25-year (4%)
Highways Under 400 ADT* 10-year (10%)

*ADT: Average Daily Traffic Volume.

50-year (2%)

Exceptions to these frequencies may occur when stream records show higher
discharges and/or when potential property damage justify a higher level of protection, as
approved by the Director of Engineering. Consideration shall also be given to the return
period that was used to design other structures along the highway corridor.

In certain situations, it may be necessary to size a drainage replacement structure to
carry a smaller discharge than that specified by the minimum design criteria. One such
situation would be in an area of urban development already subject to flooding
downstream. Alteration of the pre-construction site hydrology needs to be minimized to
control runoff; therefore a smaller structure could induce some flow detention.

The selected design storm frequency shall not result in a condition that is worse than
the existing flow condition. For example: replacement structures where approach work
is limited by physical or monetary constraints shall convey the design discharge such
that the backwater elevation is not higher than that created by the existing structure. In
many such cases, the replacement structure will be overtopped by the design
discharge.

4.3.2 CHECK STORM

Proposed structures designed to accommodate a storm of a particular return period or
probability of occurrence shall be reviewed using a check storm of a larger magnitude or
higher return period (i.e., lower frequency). The check storm shall be one that
represents the 100-year storm or the overtopping of the roadway, whichever is less.
This check storm shall be used to evaluate the proposed condition against the water
surface elevation of the existing condition. The goal of the check storm is to avoid
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increasing the water surface elevation such that it becomes destructive to property
upstream and downstream of the project area.

This water surface elevation:
e Shall comply with National Flood Insurance Program regulations.
e Shall not be detrimental to nearby property.
e Shall not be detrimental to the roadway and appurtenances.

After examination of the water surface elevation, the impacts or absence of impacts
shall be noted in the hydraulic report. Detrimental impacts to nearby property may
require a more detailed design analysis and right-of-way taking or easement acquisition.

4.3.3 DESIGN DISCHARGE SOURCE PRIORITY

The recommended priority for obtaining a design discharge for a new or replacement
structure is:

1. The Flood Insurance Study (FIS) for the local community, if available. A community
is the county, town, or city, whichever has political jurisdiction over the floodplain
site. Design discharge differing by more than 10% from the published FIS values
will need justification.

2. U.S. Army Corps of Engineers (USACE) or Natural Resources Conservation Service
(NRCS) modified frequency discharges taking into account stream regulation by
reservoirs and detention dams upstream (e.g., Wheeling Creek by NRCS and the
Guyandotte River by USACE)

3. Local gaging station records and frequency, taking into account the length of
unregulated systematic record.

4. Hydrologic runoff estimation methods provided in this manual.

If it is determined that WVDOH activities will cause changes beyond regulatory limits in
the published FIS floodplain data, 100-year flood profile, or floodway widths, the
designer shall notify the Division for guidance. A Conditional Letter of Map Revision
(CLOMR) or Letter of Map Revision (LOMR) request to FEMA may be required.

4.3.4 DESIGN DISCHARGE SELECTION

The three hydrologic runoff estimation methods presented in this manual provide a
guide to making a responsible engineering judgment regarding the discharge from a
particular watershed. The suggested acreage limits to which the methods are
applicable are not definite, but within a professionally accepted range that may be
exceeded by a minor amount deemed reasonable by the designer (see Table 4-3). Itis
not the intent of this manual to serve as a comprehensive text for the presented
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methods. Their application to a watershed and their limitations in estimating the runoff
are discussed in this chapter.

Table 4-3
Discharge Method Range

Rational Method
|

)
0 to 200 acres pr 0 to 0 31 mi E

TR-55 Method
T

i //////////////Z

There is no single method for determining a peak discharge that is applicable to all
watersheds within the state of West Virginia as each method was formulated from
disparate concepts. This means the conditions upon which they were established and
the processes of measurement or estimation due to those conditions are different.
When multiple methods are warranted for estimation of the runoff, the selection of the
design discharge shall be based on how the size and complexity of the watershed relate
to the methods. The designer should become familiar with the application and the
limitations of the method in order to consider its results properly. To select this
discharge, the results from the various methods shall be compared to each other and to
the site conditions. The results shall never be averaged nor shall the highest value be
selected in order to be conservative.

The intention of comparing the results is to look at the relative differences in the
calculated discharge. A wide variation (or scatter) in the results means the designer
should examine the process of each method and re-evaluate the variables for their
range of limitation, reasonableness, and representative accuracy.

The selected discharge should result from one particular method that is supported by
this re-evaluation and should not be “arbitrary”. If one hydrologic method is initially
identified as the preferred method, it is still recommended that the results of this method
be compared to at least one other appropriate method as a means of validation. The
final discharge selected shall be reproducible so that it can be verified or legally
defended at a later date.

For example: Say you have a 247 acre watershed (0.39 square miles) in Raleigh
County within the Beckley city limits. This watershed has three main cover types:
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woods in good condition, paved streets or rooftops, and lawns in good condition, fair
condition and poor condition. The longest flow path from the hydrologically most distant
point is a complex route from steep rocky slopes to trapezoidal shaped open channel to
storm sewer pipes and back to open channel. The slope of the watershed along this
path is 10.7% for the first 30% of the flow distance and 2.2% for the last 70% of the flow
distance. The travel time along this flow path (time of concentration) was physically
measured by monitoring the flow of dye that was placed at the hydrologically most
distant point. This time was measured to be 75 minutes. There are primarily two
underlying soil types within the watershed. The first type is named Gilpin which has a
moderate to high available moisture capacity with moderate permeability and a low
amount of organic material. The second type is named Dekalb which has low to
moderate available moisture capacity and rapid permeability. Precipitation frequency
estimates for this watershed were obtained from NOAA Atlas 14. The applicable
hydrologic runoff estimation methods and their results in cubic feet per second are as

follows:
Retur;elzra:od in 25 50 100
Rational Method 207 229 253
TR-55 Method 218 265 316
USGS Method 172 207 245

Selecting a design discharge for a return period shall be based on how each method
applies to the watershed and the limitations of each method within that application. In
this example the quality of the input data is very good, especially with a physically
measured value for time of concentration. The variation in discharge among the
methods is pretty small with the USGS method as the outlier. Since the USGS method
is derived from data gathered from river gages, its application for this small stream in a
semi-urban area pushes the methods’ applicability. However the values obtained from
the USGS method compare well with the values obtained from the Rational and TR-55
methods, thus validating the results. Removing the USGS method from consideration
leaves discharge values from the other two that are very close.

The effects of ground cover have been accounted for equally within both of the
remaining methods under consideration. In this example similar cover types were
broken up into sub-areas to derive a weighted curve number with the TR-55 method
and a weighted runoff coefficient with the Rational Method. However, the size of the
drainage area is 47 acres over the acreage limit for the Rational Method (200 acres).
Another limitation of the Rational Method is that it assumes that the rate of runoff
resulting from a rainfall intensity is a maximum when that intensity lasts as long or
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4.4

longer than the time of concentration (see Section 4.4.2.2). This means the entire
drainage area does not contribute to the peak discharge until the time of concentration
has elapsed. For areas that have a large time of concentration it is unlikely that a storm
with a rainfall intensity for that length of time will occur. Therefore, with a measured
time of concentration of 75 minutes and the watershed area being 47 acres over the
acreage limit the Rational method should also be removed from consideration.
Therefore the TR-55 method becomes the best method applicable to this example
watershed.

DESIGN DISCHARGE ESTIMATION METHODS

This section provides an overview of the three WVDOH adopted peak discharge
computation methods. Drainage Computation Form 4-1and Form 4-2 should be used to
record the computations. These forms will provide consistency in the data presentation.
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Form 4-1

Peak Discharge Computation Form

PEAK DISCHARGE COMPUTATION FORM DR 4-1

STANDARD PREDICITION ERROR

CALCULATED BY: DATE: PROJECT NAME:
CHECKED BY: DATE: STATE PROJECT NUMBER:
AREA NUMBER: ATTACH WATERSHED MAP |STATION TO
LOCATION DESCRIPTION:
DESIGN RETURN PERIOD: YEARS
DRAINAGEAREA=___________ ACRES mP
RATIONAL METHOD TR -55 USGS METHOD
1 acre - 200 acres 5 acres - 16,000 acres 10 square miles - 1,619 square miles
TIME OF CONCENTRATION INFO FROM WORKSHEET 4-1
OVERLAND FLOW CN= REGION: FROM MAP 4-9
SHEET FLOW 24hrP=__ in.
T = Min Runoff DepthQ=_________in. [EASTERN PANHANDLE []
tsh = — .
SHALLOW CONCENTRATED FLOW INFO FROM WORKSHEET 4-2  |CENTRAL MOUNTAINS []
Tisc = Min. T.= hr.
v ’ " |WESTERNPLATEAUS []
CHANNEL FLOW INITIAL ABSTRATION (Table 4-13)
Tien ® Min. i ———
|, /P= EQUATION:
Te=Tin + Tise + Tien= Min. FROM TABLE 4-15
Method: Kirpich (rural areas) ] UNIT PEAK DISCHARGE q u
Segments (urbanareas) [_] | USE TcANDa/P WITH CHART 4-8 Ean:
ION P '
D REEiE = cfs / mi? / in
Rainfall Intensity i= infhr
c A CA POND AND SWAMP AREAS PRELIMINARY DESIGN
- Percent of watershed DRAINAGE AREA 5 TO 10 MI 2
= % ADD THE

(Table 4-8) Factor F, =

Total
PEAK DISCHARGE = %
Weighted Coefficient "C" = _ .o
C= 5 (CA)/SA 9,=q,(AiInmi")QF,
Q = cfs qa, = cfs Q = cfs
SELECTED DESIGN  REASON FOR SELECTION
BASED ON COMPARISON
DISCHARGE SSEE SECTION 4.3.4 }
Q = cfs

Source: Created by the WVDOH Hydraulic and Drainage Unit
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Form 4-2

Peak Discharge Computation Form

PEAK DISCHARGE COMPUTATION FORM DR 4-2

COMMUNITY NAME AND NUMBER:

COMMUNITY NAME AND NUMBER:

ATTACH COPY OF SUMMARY OF
DISCHARGES TABLE FROM FIS

LOCATION: LOCATION:

METHOD: METHOD:

RAINFALL RUNOFF MODEL RAINFALL RUNOFF MODEL
REGIONAL REGRESS!ONE)IUATIONS REG. REGRESSION EQUA?ONS
ANALYSIS OF GAGE REC%)S ANALYSIS OF GAGE RECCE)S
OTHER (PROVIDE DESCRI|:P']I'ION) OTHER (PROVIDE DESCRIE’ION)
DESCRIPTION: DESCRIPTION:

CALCULATED BY: DATE: PROJECT NAME:

CHECKED BY: DATE: STATE PROJECT NUMBER:
AREA NUMBER: ATTACH WATERSHED MAP |STATION TO
LOCATION DESCRIPTION:

DESIGN RETURN PERIOD: YEARS
DRAINAGE AREA = ACRES M
UNITED STATES ARMY CORP OF USGS METHOD
FLOOD INSURANCE STUDY DATA ENGINNERS DATA 10 square miles - 1.619 square miles
FIS DATE: FIS DATE: IREGION: FROM MAP 4-9

EASTERN PANHANDLE []

CENTRAL MOUNTAINS []

WESTERN PLATEAUS []

EQUATION:

FROM TABLE 4-15

Eqn:

PRELIMINARY DESIGN
DRAINAGE AREA 5 TO 10 MI 2

ATTACH COPY OF DATA OF
FROM USACE

ADD THE
STANDARD PREDICITION ERROR

= %

Q = cfs

Q = cfs

Q = cfs

SELECTED DESIGN
DISCHARGE

Q = cfs

(BASED ON COMPARISON)
SEE SECTION 4.3.4

REASON FOR SELECTION

Source: Created by the WVDOH Hydraulic and Drainage Unit
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4.4.1 ANALYSIS OF STREAM GAGE DATA

Many stream gage stations exist throughout West Virginia, whose data can be obtained
and used for hydrologic studies. If a project is located near one of these gages and the
gage record is of sufficient length in time, a frequency analysis can be made. Reliable
100-year discharge estimates require at least 25 years of continuous or synthesized
stream flow record. At least 10 years of record is needed for the 10-year discharge
estimate.

The most important aspect of gage station records is a series of annual peak
discharges. Flood frequency curves are derived from a frequency analysis of the
annual peak discharge data. Such curves can then be used in several different ways.

e If the highway facility site is at or very near the gaging site and on the same stream
and watershed, the discharge for a specific frequency from the flood-frequency
curve can be used directly.

e If the facility site is nearby or representative of a watershed with similar hydrologic
characteristics, transposition of frequency discharges is possible.

o |If the flood-frequency curve is from one of a group of several gaging stations
comprising a hydrologic region, then regional regression relations may be derived.
Regional regression relations have been developed by the USGS and the designer
will not be involved in their development.

Two basic methods of estimating flood frequency curves from stream gage data are
available. The Gumbel Method is a graphical procedure, and the Log-Pearson Type |l
Frequency Distribution Method is a statistical method. The Gumbel Method is not
preferred because it is subjective, and each designer may derive different estimates
from the same dataset. The Log Pearson lll Method is the most reliable and widely
accepted statistical method to determine flood frequency using annual maximum stream
flow series data.

Bulletin 17B (see Section 4.5, References) describes the statistical procedure using the
Log Pearson Il Method for computing flood flow frequency curves, where a systematic
stream gage record of at least a 10-year duration are available for unregulated (i.e.,
without dams) streams and rivers. The designer shall acquire approval from the
Director of Engineering before using this method.

4.4.2 RATIONAL METHOD

4.4.2.1 APPLICATION

The Rational Method is recommended for estimating the design peak discharge for
areas as large as 200 acres. While the Rational Method is relatively straightforward to
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apply, its concepts are quite sophisticated. Considerable engineering judgment is
required to reflect representative hydrologic characteristics, site conditions, and a
reasonable time of concentration (Tc¢). Its widespread use in the engineering community
represents its acceptance as the standard of care in engineering design. Form 4-1
should be used to record the computations with the Rational Method.

Some important factors to consider when applying the Rational Method are:

e Obtain a good topographic map and define the boundaries of the drainage area. A
field inspection should also be made to verify the drainage divides and to check if
the natural drainage divides have been altered.

e Restrictions to natural flow such as highway crossings and dams that exist within the
drainage area should be investigated to see how they affect the design flows.

e The charts and tables in this chapter are not intended to replace reasonable and
prudent engineering judgment in the design process.

Engineering applications of the Rational Method primarily pertain to ditch design and
urban drainage design. This is due to the characteristics and smaller size of the
drainage areas involved in the design process. The Rational Method may be applied to
culvert design for drainage areas less than the 200 acre limit.

4.4.2.2  LIMITATIONS

The following assumptions limit the use and effectiveness of the Rational Method:

e The intensity of a rainfall event (depth of water / duration of rainfall) is assumed to be
uniform over the entire drainage area.

e The rate of runoff resulting from any rainfall intensity is a maximum when the rainfall
intensity lasts as long as or longer than the time of concentration. That is, the entire
drainage area does not contribute to the peak discharge until the time of
concentration has elapsed.

This assumption limits the size of the drainage basin that can be evaluated by the
Rational Method. For large drainage areas, the time of concentration can be so
large that constant rainfall intensities for such long periods do not occur and shorter
more intense rainfalls can produce larger peak flows.

e The frequency of the peak discharge is the same as that of the rainfall intensity for
the given time of concentration.

A peak discharge depends on rainfall frequency, antecedent moisture conditions in
the watershed, and the response characteristics of the drainage system. For small
and principally impervious areas, rainfall frequency is the dominant factor. For larger
drainage basins, the response characteristics of the watershed will control. For
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drainage areas with few impervious surfaces (i.e., less urban development),
antecedent moisture conditions usually govern, especially for rainfall events with a
return period of 10 years or less.

e The fraction of rainfall that becomes runoff is independent of rainfall intensity or
volume.

This assumption is reasonable for impervious surfaces such as streets, rooftops and
parking lots. For pervious areas, the fraction of runoff varies with rainfall intensity
and the accumulated volume of rainfall. Thus, the application of the Rational
Method involves the selection of a runoff coefficient that is appropriate for the storm,
soil and land use conditions.

e The peak rate of runoff is sufficient information for the design.

Modern drainage practice often includes detention of urban storm runoff to reduce
the peak rate of runoff downstream. With only the peak rate of runoff, the Rational
Method severely limits the evaluation of design alternatives available in urban, and
in some instances, rural drainage design.

4.4.2.3 EQUATION

The rational formula estimates the peak rate of runoff at any location in a watershed as
a function of the drainage area, runoff coefficient, and the mean rainfall intensity. This
estimate of the peak rate is for a duration equal to the time of concentration (i.e., the
time required for water to flow from the most hydraulically remote point of the drainage
basin to the location being analyzed). The Rational Method Formula is expressed as
follows:

Q=CiA

Where: Q = Maximum rate of runoff in cubic feet per second (cfs)
C = Runoff coefficient representing a ratio of runoff to rainfall
(dimensionless), see Table 4-4
I = Average rainfall intensity for a duration equal to the time of
concentration (Tc) for a selected return period, inches per hour (in/hr)
A = Drainage area contributing to the design location, acres (ac)

4.4.2.4 RUNOFF COEFFICIENT

Good engineering judgment must be used when selecting a Runoff Coefficient (C) value
because it represents the integrated effects of many drainage basin parameters. This
coefficient must account for all of the factors affecting the relationship of peak flow to
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average rainfall intensity. The design and peak flows should be checked against
observed data when it is available.

A range of C-values is typically offered to account for slope, condition of cover,
antecedent moisture condition and other factors that may influence the amount of
runoff. Table 4-4 provides recommended runoff coefficients for both rural and urban
land use conditions.

As the slope of the drainage area increases, the velocity of overland and channel flow
will increase thus allowing less opportunity for water to infiltrate the ground surface.
This means more of the rainfall will become runoff, thus a representative C-value should
increase with the slope of the drainage area. The lowest range of C-values should be
used for flat areas where the majority of the sub-basin slopes are less than 2 percent.
The middle range of C-values should be used for moderately sloped areas where the
majority of the sub-basin slopes range from 2 to 10 percent. The highest range of C-
values should be used for steep areas with grades greater than 10 percent, or drainage
basins with primarily clay soils. Soil properties influence the relationship between
rainfall and runoff since different types have different rates of infiltration.
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Table 4-4
Recommended Runoff Coefficient (C) Values
Runoff Coefficient (C)
Description of Area Flat areas Moderate areas Steep areas
Slope 0% to 2% Slope 2% to 10% Slope Over 10%
Pg:ff:;r: Zg"f 0.80 0.90 0.95
Earth Shoulder 0.55 0.60 0.70
Gras\’;(');rd::;me 0.45 0.50 0.60
Grass Shoulders 0.30 0.35 0.40
Side Slopes—Earth 0.50 0.60 0.70
Side Slopes—Turf 0.40 0.50 0.65
Median Strips—Turf 0.30 0.35 0.40
Dense Residential Areas 0.60 0.65 0.80
S“blgrt]ﬁ ?;erzz with 0.40 0.50 0.60
Cultivated Land
Clay and Loam 0.35 0.50 0.60
Sand and Gravel 0.25 0.30 0.35
Woods, Parks,
Meadows, and Pasture 0.20 0.25 0.35
Land

Source: WVDOH Drainage Manual, 1984

It is often desirable to develop a weighted or composite runoff coefficient based on the
percentage of different surface types within the drainage area (see procedure on Form
4-1). The composite procedure can be applied to an entire drainage area or to typical
"sample" blocks as a guide to the selection of reasonable values of the coefficient for
the entire area. C-values for residential areas do not account for the impervious area
associated with roadways.

4.4.2.5 TIME OF CONCENTRATION

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 point of interest. With the
Rational Method, the duration of a rainfall event is set equal to the time of concentration
and it is used to estimate the average rainfall intensity (i) from the intensity-duration-
frequency curves (IDF) for a selected return period.
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There are several methods for estimating the time of concentration. Most methods define
Tc as the sum of the travel times within various consecutive flow segments in the drainage
basin. These segments generally consist of the overland flow segment and the channel or
pipe flow segment. The overland flow segment is subdivided into the sheet flow and
shallow concentrated flow segments.

In an urbanized area, separate methods shall be used to obtain the respective travel
times that make up the total time of concentration. The flow path in an urban location
primarily consists of overland flow. This flow path is common for designing inlet spacing
as part of an urban drainage design and for the design of roadside ditches. Both
usually contain the sheet and/or the shallow concentrated flow segments and ditch
design usually includes the channel or pipe flow segment. The following methods are
also included as part of the TR-55 discharge estimation method which is discussed in
Section 4.4.3.

Sheet flow - It is a shallow mass of runoff on a plane surface with the depth staying
uniform across the sloping surface. Typically, flow depths will not exceed two inches.
Flow travel rates are commonly estimated using the original form of the kinematic wave
equation which is a derivative of Manning’s equation. It was developed by two
scientists named Henderson and Wooding, and they derived it based on the assumption
of constant rainfall excess intensity (excess meaning rainfall which did not infiltrate the
ground and resulted in runoff) resulting in turbulent overland flow. Their model was
based on very small urban watersheds in which the overland flow dominates. The flow
lengths in the model ranged from 50 to 100 feet. Beyond a distance of 100 feet sheet
flow tends to become concentrated; therefore 100 feet shall be the maximum length for
the sheet flow component. The equation is as follows:

0.6
Tt sheet flow :% E
i% (/s
Where: Tt: = sheet flow travel time in minutes
n = roughness coefficient
L = flow length in feet

i = rainfall intensity for the storm return period in inches / hour
S = slope of the surface in ft/ ft

In this paragraph the terms travel time and time of concentration are used
interchangeably. As mentioned earlier, with the rational method the storm duration
equals the time of concentration (in this case the travel time), thus the intensity is
determined from the intensity-duration-frequency (IDF) curve using the time of

CHAPTER 4: HYDROLOGY ADDENDUM 2 6/2015 PAGE 4-25



2007

WVDOH DRAINAGE MANUAL

concentration (see Section 4.4.2.7). However intensity depends on the time of
concentration (travel time) and the time of concentration is not initially known, therefore
the computation is an iterative process. An initial estimate of the time of concentration
is assumed and used to obtain the intensity from the IDF curve for the latitude and
longitude, or the rainfall intensity zone for the project location. The time of
concentration (travel time) is then calculated from the kinematic wave equation and
checked against the initial estimate. If they are not the same the process is repeated
until the calculated value and the initial estimate are the same. These values will
converge quickly so only a couple of calculations are usually necessary.

Table 4-5

Roughness Coefficient for Sheet Flow

Manning’s Roughness Coefficient for Surfaces

Concrete Surface (smooth) 0.012
Concrete (rough), Lined Channel or Overlaid Surface 0.013
Asphalt Surface (smooth) 0.011
Asphalt Surface (rough), Lined Channel or Overlaid Surface 0.016
Gravel Surface 0.024

May Use Values Between Those Provided
Accompany with a Description

Broken soil, Clean, No Residual Vegetation 0.05
Broken Soil, with Vegetation Cover < 20% 0.06
Sparse Coarse Grass, Shrubby Vegetation, Bare Earth Present, Drier Less Fertile Soll 013
Short Grass, No Trees, Drier Less Fertile Soll 0.15
Broken Soil, Vegetation Cover > 20%, Fertile Soll 017
Medium Height Grass, Coarse, Possibly Trees, Fertile Soil 0.24
Forest Area, Light Density of Coarse Grass, Some Shrubs, Bushes, Small Trees 0.40
Dense Lawn Grass with Fertile Soil, Typical for a Golf Course 0.41
Forest Area, Dense Amount of Coarse Grass, Shrubs, Bushes, Small Trees 0.80

Source: Hydraulic Design Series 2, Highway Hydrology, October 2002

When selecting a roughness coefficient for a forested surface consider the cover or
underbrush to a height of about 1.5 inches as this is the only part of the plant cover that
will obstruct sheet flow.

To avoid the necessity to solve for the time of concentration (travel time) iteratively, the
NRCS TR-55 method uses a variation of the original form of the kinematic wave
equation. Details on this form are discussed in the TR-55 section of this chapter. Both
forms of the equation yield similar values for overland sheet flow equal to or less than
100 feet. The original version lends itself to spreadsheet use as the TR-55 version is
easier to use when hand calculations are utilized.

Shallow Concentrated flow — Beyond 100 feet, flow tends to concentrate in increasing
proportions. In the case of inlet spacing design, the gutter flow is considered shallow
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and concentrated. In the case of roadside ditch design, flow over the shoulder or flow at
the beginning of the ditch is considered shallow and concentrated. It is important to
note that shallow concentrated flow may not always be perpendicular to the contour of
the land. This can occur when benches or upland ditches are used along a cut slope to
control erosion. The travel time for this flow segment is determined by a velocity
method. The velocity for this type of flow can be estimated using an empirical
relationship between velocity and the surface slope.

V=k+S

Where: V = velocity in feet / second
k = surface cover coefficient
S = slope of the surface in ft / ft

Table 4-6
Surface Cover Coefficients

Cover Type Kk
Forested Surface with dense underbrush o5
Lawn Grass Surface, such as Bermuda grass '
Forested Surface with light underbrush 50
Rough / Uneven Bare Soil Surface with sparse vegetation '
Dense Grass on an even soil surface 7.0
Short Grass Surface 9.0
Smooth Bare Soil Surface before vegetation establishment 10.1
Vegetated Channel 15.1
Gravel or Soil and Gravel Surface 16.2
Asphalt or Concrete Paved Surface 20.4

Source: Hydraulic Design Series 2, Highway Hydrology, October 2002

Any shallow concentrated flow occurring within a small rock lined channel or swale with
stones larger than gravel size should be considered as channel flow. An example of
this situation would be “dump rock” at the head of a roadside ditch where the drainage
divide is more than 100 feet away and the shape of the ditch channel is not defined.

Travel time is then calculated by dividing the length of flow by the velocity.
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T = L

t shallow concentrat ed flow
V *60

Where: Tt = shallow concentrated flow travel time in minutes
L = flow length in feet
V = velocity in feet / second

Channel or Pipe flow — As shallow concentrated flow continues it becomes deeper and
wider and changes into channel flow. In many cases, the transition may be assumed to
occur where channels are visible on aerial photographs or where blue lines (indicating
streams) appear on USGS quadrangle maps. Channel lengths may be measured
directly from the map or scale photograph. Pipe lengths should be taken from drawings
for existing systems and design plans for future systems. The travel time for this flow
segment is also determined by a velocity method. Manning’s equation is used to
estimate the average flow velocity in the channel or pipe and the travel time is
calculated by dividing the channel or pipe length by the average flow velocity. In order
to obtain the flow velocity a flow area must be known. The bankfull flow area shall be
used to estimate this velocity.

v_gmf

Where: V = velocity in feet / second
= Manning’s Roughness Coefficient
= hydraulic radius in feet (flow area / wetted perimeter)

= slope of the channel in ft / ft

T L
t channel or pipe flow V * 60
Where: T+t = channel or pipe flow travel time in minutes
L = flow length in feet
V = velocity in feet / second
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Table 4-7

Manning’s Roughness Coefficients (n) for Channel Flow

Surface Description Recommended Range

Existing Vegetative Lining

Nearly bare, light grass 0.030 0.030-0.035
Grass, weeds, and light brush 0.040 0.030 - 0.050
Thick grass, thick brush, small trees 0.075 0.050 - 0.100

Planned DOH Vegetative Lining

Type B Seed Mixture (mowed) 0.042 0.036 — 0.050
Type C-1 Seed Mixture (mowed) 0.036 0.030 - 0.040
Type C-2 Seed Mixture (mowed) 0.027 0.022 - 0.033
Type B Seed Mixture (unmowed) 0.090 0.050 — 0.140
Type C-1 Seed Mixture (unmowed) 0.080 0.050-0.120
Type C-2 Seed Mixture (unmowed) 0.030 0.025 - 0.040
Non Vegetative Lining Based on Depth of Flow
0-0.5 05-20 >2.0
Concrete Lined Ditch or channel 0.015 0.013 0.013
Grouted Rock Lined Ditch or channel 0.040 0.030 0.028
Bare Soil with little or no vegetation 0.023 0.020 0.020
Bare Rock or Rock Cut Ditch 0.045 0.035 0.025
Rock Lined Ditch or channel Dsg = 4 inches 0.090 0.058 0.035
Rock Lined Ditch or channel Dsg = 6 inches 0.104 0.069 0.035
Rock Lined Ditch or channel
Deo = 12 inches - 0.078 0.040

Source: Formulated by DOH Drainage Unit

In a rural area where all three flow segments are known to exist and the channel or pipe
flow segment is dominant, the Kirpich method may be used to determine the total time
of concentration. Z. P. Kirpich developed this method in 1940 from SCS data taken
from seven small rural watersheds near Jackson, Tennessee. These watersheds were
located in agricultural areas ranging from 1.2 to 112 acres in size. They had well
defined channels with steep slopes (3-10%), well drained soils, and timber cover
ranging from O to 56 percent. These parameters work well for rural basins equal to or
less than 200 acres in West Virginia. This equation has been used by the Division since
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1963 and it is also used by many other states DOT in the U.S. Chart 4-1 presents the
Kirpich equation and it may be used to determine the total time of concentration for all
three flow segments in rural basins 200 acres or less in size. The designer should
record the value from the Kirpich Method in the blank assigned to the total time of
concentration, Tc on Form 4-1. The adjustment factors for overland flow on asphalt and
grass surfaces and for flow in concrete channels have been removed. The kinematic
wave formula and the velocity methods are more appropriate procedures for
determining a time of concentration in those applications. The minimum allowable Tc
shall be 5 minutes except in the case of a storm sewer system hydraulic design. Since
the travel time is summed as a design progresses through a system, applying the
minimum of 5 minutes at the beginning artificially lowers the rainfall intensity when
determining the overall time of concentration at the outlet.

4.4.2.6 ERRORS IN ESTIMATING T,

There are three common errors to avoid when calculating Tc. First, runoff from a highly
impervious portion of the drainage area may result in a greater peak discharge than
would occur if the entire area were considered. In these cases, adjustments should 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 different
times of concentration to determine the design flow.

Second, the overland flow path is not always perpendicular to the contours shown on
the available mapping. Often the land will be graded so that swales will intercept the
natural contour and conduct the water to the streets which reduces the time of
concentration. Therefore, field verification is a must. Care should be exercised in
selecting sheet flow paths in excess of 100 feet. Beyond this distance sheet flow tends
to become shallow concentrated flow. Overland flow paths (i.e., sheet flow + shallow
concentrated flow) should generally not be greater than 200 feet in urban areas and 400
feet in rural areas.

Third, the flow path may change from open channel to pipe flow with changes in
direction and size. This is common in old existing storm sewers in urban areas. Care
should be taken when estimating Tc in these areas because an underestimation will
cause the peak discharge to be very high. If details of the flow path cannot be
determined it may be necessary to dye trace and time the flow through the system for
an actual field measurement of the time of concentration.

4.4.2.7 RAINFALL INTENSITY

The rainfall intensity (i) is the average rainfall rate in inches per hour for a duration equal
to the time of concentration for a selected return period. The rational method assumes
uniform rainfall intensity over the total watershed.

PAGE 4-30 ADDENDUM 2 6/2015 CHAPTER 4: HYDROLOGY



WVDOH DRAINAGE MANUAL 2007

Once a return period has been selected for design and a time of concentration
calculated for the drainage area, the rainfall intensity can be determined from rainfall-
intensity-duration (IDF) curves. The IDF curves in this manual are based on the rainfall
data from NOAA Atlas 14 (see Section 4.5). The rainfall intensity for a particular
location can be determined directly from the IDF curve generated by entering the
latitude and longitude of the project in the Precipitation Frequency Data Server Website
(PFDS see Section 4.5). Alternatively, the rainfall intensity can be determined by
selecting the appropriate rainfall intensity zone for West Virginia from Map 4-2 (Ohio
Valley, Appalachian Plateau, Greenbrier, Ridge and Valley and Eastern Panhandle).
Each zone corresponds to a regionalized set of IDF curves on Chart 4-2, Chart 4-3, or
Chart 4-4.
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Chart 4-1
Kirpich Method

T. for Overland and Channel Flow Segments for Rural Basins
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Map 4-2

Rainfall Intensity-Frequency Regions of West Virginia

ADAPTED FROM NOAA ATLAS 14.

APPROXIMATE RAINFALL INTENSITY ZONE MAP
1 g FOR USE WITH THE RATIONAL METHOD.

ASTE
PANHANDLE
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Chart 4-2

Intensity-Duration-Frequency Curves for West Virginia
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Chart 4-3

Intensity-Duration-Frequency Curves for West Virginia
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Chart 4-4

Intensity-Duration-Frequency Curves for West Virginia
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4.4.3 TR-55 GRAPHICAL PEAK DISCHARGE METHOD

4.4.3.1 APPLICATION

The NRCS publication Urban Hydrology for Small Watersheds, Technical Release No.
55 (TR-55) dated June 1986, presents a simplified procedure for computing peak
discharge for rural and urban areas. This method was developed from hydrograph
analyses using NRCS’ computer program, TR-20 (see Section 4.5). It is recommended
for estimating the peak discharge for areas between 5 and 16,000 acres. A Windows®
based computer program for TR-55 was released in 2003 and is available on NRCS
website.

Engineering applications of the TR-55 Method primarily pertain to ditch design and
culvert design. This is due to the presence of all three different types of flow (sheet
flow, shallow concentrated flow and channel flow) occurring within the drainage area.
TR-55 may be used with urban drainage design if you have an offsite area flowing to an
inlet along the roadway or flowing to an inlet that is connected to the roadway storm
sewer. It may also be used for the hydraulic design of bridges if the drainage area is
small enough to warrant comparison with the USGS method.

4.4.3.2  LIMITATIONS

e The watershed must be hydrologically homogeneous, that is, describable by one
curve number. For such watersheds the land use, soils, and cover are distributed
uniformly throughout the watershed.

e The watershed may have only one main stream or, if more than one, the branches
must have nearly equal times of concentration.

e The pond and swamp adjustment factor can be applied only for ponds or swamps
that are not in the time of concentration flow path.

e The initial abstraction term (la) was generalized as 20% of the potential maximum
retention after runoff begins (S). This value was chosen based on data from
agricultural watersheds. This approximation can be important in an urban
application because of the combination of impervious areas with pervious areas can
imply a significant initial loss that may not take place. To use a relationship other
than la = 0.2S, one must redevelop the equation for Q by using the original rainfall-
runoff data to establish new S or CN relationships for each cover and hydrologic soil

group.
e Accuracy of peak discharge estimated by this method will be reduced if la/P values

are used that are outside the range given in Chart 4-8 (0.10 to 0.50). The limiting
la/P values are recommended for use.
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e Time of concentration values may range from 0.1 to 10 hours.

e This method should be used only if the weighted curve number is greater than 40.
4.4.3.3 EQUATION

The graphical peak discharge equation is as follows:

4, =0, A, QF,

Where: qp = Peak discharge in cubic feet per second (cfs)
gu = Unit peak discharge in cfs per square mile per inch (mi?/ in)
A m = Drainage Area in square miles (mi?)
Q = Runoffininches (in); and

Fp = Pond and swamp adjustment factor.
The input requirements for this method are as follows:
e Time of concentration (Tc) in hours
e Drainage area in square miles
e Rainfall distribution (West Virginia is a Type II)
e 24-hour rainfall depth in inches, and
e Curve Number.

If pond and swamp areas are spread throughout the watershed and are not in the Tc
flow path, an adjustment for these areas is needed. Table 4-8 lists Fp values for the
percentage of the watershed that are pond and swamp areas.

The 24 hour rainfall depths are provided in Map 4-3 through Map 4-9. These maps
show the range of depth as they are shown in NOAA Atlas 14 (see Section 4.5). Using
the rainfall depth in the middle of this range is recommended for design purposes. For
a more precise value use the National Weather Service Precipitation Frequency Data
Server at the web address
http://hdsc.nws.noaa.gov/hdsc/pfds/pfds_map_cont.html?bkmrk=wv and input the
project location.
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Table 4-8
Adjustment Factor (Fp) for Pond and Swamp Areas
Percentage of Pond and Swamp Areas Fp
0 1.00
0.2 0.97
1.0 0.87
3.0 0.75
5.0 0.72

Source: Urban Hydrology for Small Watersheds, TR-55, June 1986

The runoff (Q) is defined by the SCS runoff equation:

o (P-L)
(P-1)+S
Where: Q = Runoff Depth (inches)
P = 24 Hour Rainfall Depth for the return period (inches)
S = Potential maximum retention after runoff begins (inches)
la = Initial abstraction (inches).

Initial abstraction (la) represents runoff losses, such as water retained in surface
depressions, intercepted by vegetation, evaporation and infiltration before runoff begins.
Through studies of many small watersheds, la was approximated by the following
empirical equation:

1, =0.2S

Substituting the above approximation into the runoff equation simplifies it and allows Q
to be calculated for known values of P and S:

(P —0.2S)
(P +0.8S)

S is related to the soil and ground cover (land use) conditions of the watershed through
the Curve Number (CN). The curve number has a range from 40 to 100 and S is
related to CN by:

Q=
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S—@—m oo 1,=0.2 @—10
CN CN

4.4.3.4 CURVE NUMBER

The major factors that determine the curve number are the hydrologic soil group (HSG),
cover type, hydrologic condition, and antecedent runoff condition.

Infiltration rates of soils vary widely and are affected by subsurface permeability as well
as surface intake rates. Soils are classified into four hydrologic soil groups (A, B, C,
and D) according to their minimum infiltration rate which is obtained for bare soil after
prolonged wetting. Group A generally has the smallest runoff potential and group D
generally has the greatest. Definitions for the four groups can be found in Appendix A
of the TR-55 publication. The soils in the watershed of interest may be identified from a
soil survey map which can be obtained from their website at the present address of
www.wv.nrcs.usda.gov/soils.html. Once the soil is identified by name, the hydrologic
group can be obtained via Appendix A of the TR-55 publication. The NRCS web soil
survey is the most expedient way to obtain soil and hydrologic soil group information
which is found here: http://websoilsurvey.nrcs.usda.gov/app/.

Hydrologic condition indicates the effects of the cover type (vegetated, bare saill,
impervious surfaces etc.) on infiltration and runoff. A good hydrologic condition
indicates that the soil usually has a low runoff potential for that specific hydrologic soil
group and cover type. Some factors to consider in estimating the hydrologic condition
(effect of cover on infiltration and runoff) are: the density of vegetative cover, the degree
of surface roughness, and the percent of cover that is not part of the major cover type
for the basin area (residue cover).

The measure of runoff potential before a storm event occurs is the antecedent runoff
condition (ARC). The ARC is an attempt to account for the variation in the curve
number at a site from storm to storm. The curve number for the average ARC at a site
is the median value as taken from sample rainfall and runoff data. It is this value that is
used for design purposes. The curve numbers in Table 4-9 and Table 4-10 represent
average antecedent runoff conditions for urban and rural areas.
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Table 4-9

Runoff Curve Numbers for Rural Areas

Cover description Curve numbers for the hydrologic soil group
Cover type and hydrologic condition a B C D
Pasture, grassland, or range land with continuous forage for
grazing.
Poor condition (< 50% cover, heavily grazed) 68 79 86 89
Fair condition (50% - 75% cover, not heavily grazed) 49 69 79 84
Good condition (> 75% cover, lightly grazed) 39 61 74 80
Meadow with continuous grass cover, protected from grazing and 30 58 71 78
generally mowed.
Brush-weed-grass mixture with brush as the major element.
Poor condition (< 50% cover) 48 67 ¥ 74 83
Fair condition (50% - 75% cover) 35 56 70 77
Good condition (> 75% cover) 30 48 65 73
Woods 50% cover - grass 50% cover (such as an orchard or tree farm)
Poor condition 57 73 82 86
Fair condition 43 65 76 82
Good condition 32 58 72 79
Woods only
Poor condition (small trees, brush, forest litter) 45 66 77 83
Fair condition (medium trees, heavy brush, forest litter) 36 60 73 79
Good condition 30 55 70 77
(large trees, thick undergrowth, undisturbed forest area)
Farm areas with buildings, driveways, gravel access roads 59 74 82 86
mowed fields

Source: Urban Hydrology for Small Watersheds, TR-55, June 1986
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Table 4-10

Runoff Curve Numbers for Urban Areas

Cover description Curve numbers for the hydrologic soil group
Cover type and hydrologic condition A 8 c D
“Fully developed urban areas with established vegitation
Open areas such as lawns, parks, golf courses etc. equivalent
to pasture. For other combinations determine a composite curve
number.
Poor condition (grass cover < 50%) 68 79 86 89
Fair condition (grass cover 50% - 75%) 49 69 79 84
Good condition (grass cover > 75%) 39 61 74 80
Impervious areas
Paved parking lots, roofs, driveways etc. 98 98 98 98
Paved roads, curb and gutter 98 98 98 98
Concrete open ditches 83 89 92 a3
Gravel roadway 76 85 89 91
Soil roadway 72 82 87 89
Average %
Urban districts impervious area
Commercial and buisness 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 85 380 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 acre 12 46 65 77 82

Developing urban areas

Newly graded areas, all pervious with no vegetation

Composite curve numbers should be used if this cover type 77 86 91 94
represents an area under construction.

Idle lands not currently under development should be treated as - - - -
rural areas see Table 4-

Source: Urban Hydrology for Small Watersheds, TR-55, June 1986
Urban Impervious Area Modifications

Factors such as the percentage of impervious area and the means of conveying runoff
from those impervious areas to the drainage system should be considered in
determining the curve number for urban areas. For example, do the impervious areas
connect directly to the drainage system or do they outlet onto lawns or other pervious
areas where infiltration can occur before they reach the drainage system?
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Connected impervious areas

An impervious area is considered connected if runoff from it flows directly into the
drainage system. An example of this would be inlets located in a curb and gutter
section along the roadway. It is also considered connected if runoff from it occurs as
concentrated shallow flow that runs over a pervious area and then into a drainage
system. An example of this would be sheet flow runoff from a parking lot that outlets at
a curb opening at the low point of the lot to a rock lined ditch that leads to a type G inlet.
The flow at the outlet would be considered shallow concentrated flow that leads through
the rock lined ditch, which would be considered a pervious area.

The urban curve numbers in Table 4-10 were developed on the assumptions that
pervious urban areas are equivalent to pasture in good hydrologic condition with
impervious areas that have a curve number of 98 and are directly connected to the
drainage system. If all of the impervious area is directly connected to the drainage
system but the impervious area percentages or the pervious land use assumptions in
Table 4-10 are not applicable, use the top part of Chart 4-5 to determine a composite
curve number.

Unconnected impervious areas

Runoff from these areas is spread over a pervious area as sheet flow before it reaches
the drainage system. To determine the curve number when all or part of the impervious
area is not directly connected to the drainage system and the total impervious area is
less than 30%, use the bottom part of Chart 4-5. If the unconnected impervious area is
greater than or equal to 30% of the drainage area use the top part of Chart 4-5. For
unconnected impervious areas of this size, the absorptive capacity of the remaining
pervious areas will not significantly affect the runoff.
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Chart 4-5

Curve Number Modification for Urban Impervious Area
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Source: Urban Hydrology for Small Watersheds, TR-55, June 1986
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4.4.3.5 TiME oF CONCENTRATION

The TR-55 Method breaks down the overland flow segment into sheet flow and shallow
concentrated flow for calculating the Time of Concentration (T¢). Water is
conceptualized as moving through a watershed as sheet flow, shallow concentrated
flow, open channel flow or a combination of these. The flow components that occur in a
particular watershed are best determined by field inspection.

The travel time (Ty) is the ratio if the flow length to flow velocity.

oL
3600 V
Where: T: = travel time in hours
L = flow length in feet
V = average velocity in feet per second

The total time of concentration T¢, in hours, is the sum of travel time T: values for the
consecutive flow segments:

T.=T +T +T

t sheet flow t shallow concentrat ed flow t channel flow

Sheet Flow - It is a shallow mass of runoff on a plane surface with the depth staying
uniform across the sloping surface. Typically, flow depths will not exceed two inches. A
modified version of the original form of the kinematic wave equation was developed for
this method. It replaces rainfall excess intensity with a 24 hour rainfall depth for a 2
year or 50% frequency event. The sheet flow T: is determined from the 2 year event
depth regardless of the 24 hour return period depth used to determine the total runoff.

~0.007(n L)°®

t sheet flow 0.4
V P2—24 S

T

Where: T¢ = sheet flow travel time in hours
n = roughness coefficient (Table 4-5)
L = flow length in feet
P224 = the 2 year 24 hour rainfall depth in inches
S = slope of the surface in ft / ft
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The 2-year, 24 hour rainfall depth can be taken from Map 4-4 which was created from
NOAA Atlas 14 data. This time of concentration equation yields values for overland
sheet flow equal to or less than 100 feet, thus sheet flow shall be limited to 100 feet in
length.

The SCS developed four dimensionless rainfall distributions using earlier versions of
NOAA Rainfall Frequency Atlases. Data analyses indicated four major regions for the
U.S. and the resulting rainfall distributions were labeled type I, IA, II, and Ill. The type |
and type Il distributions plot as straight lines on log-log graphs. Although they do not
agree exactly with the IDF values from all locations in the region for which they
represent, the differences are within the accuracy of the rainfall depths taken from the
rainfall atlases.

This version of the kinematic wave equation was developed by using the best fit straight
line for each curve from the log-log graph. The equation for each line was then solved
for the rainfall intensity and substituted into the original kinematic wave equation. A
single weighted equation was then created from the two which resulted in the version
presented above. This version is applicable for the regions covered by the type Il
(includes WV) and type Il rainfall distributions. It assumes that rainfall excess intensity
equals rainfall intensity which is reasonable for asphalt and other virtually impermeable
surfaces. For short distanced permeable planes the error introduced by this assumption
is partially counterbalanced by the lack of a perfectly flat plane. A lower intensity would
increase the travel time while channelization on an irregular surface would decrease the
travel time.

Shallow Concentrated Flow - Beyond 100 feet, flow tends to concentrate. The travel
time for this flow segment is determined by an average velocity method. The average
velocity for this type of flow can be determined from Chart 4-7 or the following
equations. The average velocity is a function of watercourse slope and the type of
channel.

Unpaved V =16.1345 /S
Paved V =203282 +/S

average velocity in feet / second

Where: V

S watercourse slope in ft/ ft
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Travel time is then calculated by dividing the length of flow by the velocity.

T = L

t shallow concentrat ed flow
V *3600

Where: Tt = shallow concentrated flow travel time in hours
L = flow length in feet
V = velocity in feet / second

Open Channel Flow - Manning’s equation is used to estimate the average flow velocity
in the channel or pipe and the travel time is calculated by dividing the channel or pipe
length by the average flow velocity.

v_gmf

Where: V = velocity in feet / second
= Manning’s Roughness Coefficient (Table 4-7)
= hydraulic radius in feet (flow area / wetted perimeter)

= slope of the surface in ft / ft

T L
t channel or pipe flow — V * 3600
Where: Tt = shallow concentrated flow travel time in hours
L = flow length in feet
V = velocity in feet / second

The travel time through reservoirs or lakes is normally very small and can be assumed
to be zero.

In urban areas the channel flow may lead to pipe flow that continues down the
watershed as a storm sewer. As stated in the Rational Method it is common error to
underestimate this travel time thus inflate the peak discharge. Changes in pipe
geometry, direction, and entrances and exits from inlets tend to slow down the flow. If
details of the flow path cannot be determined it may be necessary to dye trace and time
the flow through the system for an actual field measurement of the time of
concentration.
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4.4.3.6 COMPUTATION PROCEDURE

The NRCS’ TR-55 computer program may be used for computing the peak discharge.
Alternatively, Worksheet 4-1, Worksheet 4-2, and Form 4-1 may be used for calculating
the runoff curve number, time of concentration, and peak discharge respectively.

The following steps outline the computation procedure for this method:

Determine the Drainage Area (Am) in square miles from a topographic map.
Determine the Runoff Curve Number (CN) using Worksheet 4-1.

Obtain the 24-hour Rainfall Depth (P) in inches for a selected frequency or return
period from Map 4-3 through Map 4-9 (NOAA Atlas 14 rainfall maps).

Map 4-3 through Map 4-9. The maps give a range of values for the depth. The
chosen value within that range will depend on the distance from the boundary line to
the watershed location (graphically interpolate). In most cases this depth value is
adequate; however, for a more precise value use the National Weather Service
Precipitation Frequency Data Server at the web address
http://hdsc.nws.noaa.gov/hdsc/pfds/pfds_map_cont.html?bkmrk=wv and input the
project location.

Determine the Runoff depth (Q) in inches (rounded to the nearest hundredth of an
inch) using either Table 4-11 according to the values of P and CN or Chart 4-6 by
solving the runoff equation.

Determine the Time of Concentration (Tc in hours) using Worksheet 4-2.

Use Table 4-12 determine the initial abstraction (la) in inches according to the CN
and compute la/P.

Use Chart 4-8 for Type Il rainfall distribution to obtain the Unit Peak Discharge (qu) in
cfs per square mile per inch of runoff using Tc and la/P. If the computed la/P ratio is
outside the range of the chart, then the limiting value shall be used. If the ratio falls
between the limiting values use linear interpolation to determine the unit peak
discharge.

Obtain the Pond and Swamp Adjustment Factor (Fp) from Table 4-8.

Calculate the peak discharge (qgp) for the selected rainfall frequency by multiplying
the values of qu, Am, Q, and Fp.
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Map 4-3
24-hour Rainfall Depth for a 1 Year Return Period
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Source: NOAA Atlas 14, PFDS, National Weather Service, 2004.
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Map 4-4
24-hour Rainfall Depth for a 2 Year Return Period
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Source: NOAA Atlas 14, PFDS, National Weather Service, 2004.
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Map 4-5
24-hour Rainfall Depth for a 5 Year Return Period
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Source: NOAA Atlas 14, PFDS, National Weather Service, 2004.
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Map 4-6
24-hour Rainfall Depth for a 10 Year Return Period
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Map 4-7

24-hour Rainfall Depth for a 25 Year Return Period
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Map 4-8
24-hour Rainfall Depth for a 50 Year Return Period
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Source: NOAA Atlas 14, PFDS, National Weather Service, 2004.
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Map 4-9
24-hour Rainfall Depth for a 100 Year Return Period
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Source: NOAA Atlas 14, PFDS, National Weather Service, 2004.
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Table 4-11
Runoff Depth for Selected CN & 24 Hr Rainfall Depth
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Source: Urban Hydrology for Small Watersheds, TR-55, June 1986
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Chart 4-6
Runoff Depths for Selected CN & 24 Hr Rainfall Depth
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Source: Urban Hydrology for Small Watersheds, TR-55, June 1986
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Worksheet 4-1

Runoff Curve Number Determination

WORKSHEET 4-1 RUNOFF CURVE NUMBER DETERMINATION

CALCULATED BY: DATE: PROJECT NAME:
CHECKED BY: DATE: STATE PROJECT NUMBER:
CN Source
: Cover Description Area CN
Soil Name L e = o m in X
Group percent impervious = T.l; ; e Area
unconnectediconnected impervious area = o E
ratio c = o

one CN source per line

Weighted CN = Total CN X Area / Total Area Totals —

Weighted Curve Number
Potential Maximum Retention, S ininches

Storm #1 Storm #2

Return Period in years
24 Hour Rainfall Depth, P in inches
Runoff Depth, Q in inches

24 hour Rainfall Depth from Table 4-11, or Map 4-3 through Map 4-8
Runoff Depth from Table 4-12 or Chart 4-6

Source: Urban Hydrology for Small Watersheds, TR-55, June 1986
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Chart 4-7

Average Velocity for Shallow Concentrated Flow
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Source: Urban Hydrology for Small Watersheds, TR-55, June 1986
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Worksheet 4-2

Time of Concentration Calculation

WORKSHEET 4-2 TIME OF CONCENTRATION COMPUTATION

CALCULATED BY: DATE: PROJECT NAME:
CHECKED BY: DATE: STATE PROJECT HUMBER:

Space for two sections per flow type can be used for each worksheet.
Include a map. schematic or description of the flow segements

OVERLAND FLOW SEGMENT, SHEET FLOW TYPE

Section D |

Surface description (Table 4-5) |
Roughness coeff. n (Table 4-5)

Flow length L in ft (should be = 100 ft)

2 Yr 24 Hr rainfall depth P in inches (Map 4-3)

Land slope Sinft/ft

Computed travel time T, in hours 4:'

OVERLAND FLOW SEGMENT, SHALLOW CONCENTRATED FLOW TYPE
Section D |

Cover type |
Surface cover coefficient in equation
Watercourse slope Sinft/ft
Average velocity Vinft/ s (Chart 4-7)
Flow length in ft

Computed travel time T; in hours 5 =

note: overland flow (sheet flow + shallow concentrated flow should be = 2007 urban areas, = 400" rural areas)

CHANNEL FLOW SEGMENT

Section D

Cross sectional flow area A in ft°
Wetted flow perimter P in ft
Hydraulicradius R=A/Pinft
Channel slope S inft/ft
Mannings roughness coeff. n (Table 4-7)
Velacity from Mannings equation, Vinft/s
Flow length L in ft

Computed travel time T; in hours & :| |

Watershed time of concentration T, in hours | |

Source: Urban Hydrology for Small Watersheds, TR-55, June 1986
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Table 4-12

Initial Abstraction Values (l,) for Curve Numbers

Curve I, Curve I,

number (in) number (in)
40 e, 3.000 TO e 0.857
4] i, 2.878 0 R 0.817
42 coiveriiieriiienns 2.762 [/ 0.778
33 O 2.651 [ 0.740
44 i, 2.545 [ ST 0.703
45 (e, 2.444 75 e 0.667
46 e, 2.348 TO e 0.632
A7 e 2.265 T aereerineanennanens 0.597
< SO 2.167 T8 e 0.564
49 i, 2.082 T eeererraveranens 0.532
5 | RO 2.000 8O e, 0.500
Bl e 1.922 Bl oo 0.469
B2 i 1.846 B2 e 0.439
55 SR 1.774 83 s 0.410
3% O 1.704 84 oo 0.381
515 SO 1.636 o5 JNNUVURIRUOTRS 0.3563
510 SO 1.571 BO e 0.326
57 e 1.509 BT e 0.299
B8 1.448 B e 0.273
59 e 1.390 8 i 0.247
60 v, 1.333 G0 v 0.222
2 R 1.279 2] SRR 0.198
62 e 1.226 92 e 0.174
(633 TR 1.175 93 i 0.151
64 .o 1.125 O i 0.128
615 TSSO 1.077 15 OO 0.105
66 .covevnrereinrenn, 1.030 96 v 0.083
S 0.985 DT oo 0.062
61 SO 0.941 98 (i, 0.041
69 (e, 0.899

Source: Urban Hydrology for Small Watersheds, TR-55, June 1986
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Chart 4-8

Unit Peak Discharge for Type Il Rainfall Distribution
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Source: Urban Hydrology for Small Watersheds, TR-55, June 1986
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Table 4-13
Unit Peak Discharge Equation

log (g ,)=C, +C, log (T, )+ C, [log (T, )]

Coefficients for the Unit Peak Discharge Equation according to the | a / P value are
given in the following table. Values between the range of 0.10 and 0.50 can be
interpolated.

la/P Co Ca C:

0.10 2.553 -0.615 -0.164
0.30 2.465 -0.623 -0.117
0.35 2.419 -0.616 -0.088
0.40 2.364 -0.599 -0.056
0.45 2.292 -0.570 -0.023
0.50 2.202 -0.516 -0.013

Source: Urban Hydrology for Small Watersheds, TR-55, June 1986

In a case where an estimated Tc is being checked using a known unit peak discharge
use this form of the equation:

~C; £4/C# -4C, (C, ~logq, )
2C,

T.=10

There will be two roots to this equation with one as the obvious answer. This form is
useful when an estimated headwater at a pipe entrance for an estimated 24 hour rainfall
depth (P) is assumed from field information and used to back calculate Tc. This back
calculated value can be used to compare and calibrate the initial estimated T¢ value.
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4.4.4 USGS METHOD

4.4.4.1 APPLICATION

In 2010, the USGS, in cooperation with the West Virginia Division of Highways, revised
previously developed regression equations for estimating the magnitude and frequency
of peak discharges on rural, unregulated streams in WV. Data collected from many
river gage stations were analyzed by multiple regression techniques to develop the
equations. They are applicable for a wide range of drainage areas depending on the
hydrologic region.

Map 4-10 shows a map of West Virginia with hydrologically homogeneous regions
(Western Plateaus, Central Mountains, and Eastern Panhandle) having similar
magnitude and frequency relationships. These regions are separated by topographic
features. The boundary between the Eastern Panhandle and Central Mountains
Regions follows the Potomac River Basin boundary. The Central Mountains Region
contains the drainage areas of the Cheat River, Tygart Valley River, EIk River upstream
from the confluence of Birch River, and the New and Gauley Rivers upstream of the
Kanawha River. The Western Plateaus Region encompasses the remainder of the
state. The boundaries between the hydrologic regions are not meant to be precise and
more than one set of equations may apply for areas along the regional boundaries.

Where the findings from the regression equations are found to vary significantly (+10%)
from historical stream gage data, the Log Pearson Il Method should be used (with
approval from the Director of Engineering) provided there is at least 10 years of
continuous or synthesized stream gage record. Where the stream gage record is less
than 10 years, prudent judgment along with consideration of the standard regression
error shall be used in reaching a design decision.

Engineering applications of the USGS Method primarily pertain to the hydraulic design
of bridges and culverts.

4.4.4.2  LIMITATIONS

USGS discharge equations are based on discharge data from gages on rural streams
with drainage areas greater than 10 square miles. The equations are appropriate to
predict discharge values for rural streams with drainage areas greater than 10 square
miles. The equations typically underestimate the discharge values for smaller streams;
therefore they should not be used for final design purposes on rural streams with
drainage areas less than 10 square miles. The equations may be used for preliminary
design purposes in watersheds less than 10 square miles but greater than 5 square
miles by adding the “standard prediction error” (between 18% and 54%) to the
calculated value. USGS Scientific Investigation Report 2010-5033 provides a detailed
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explanation of this issue. The equations should also be avoided in karst regions where
excessive runoff is diverted into, outside, or within the basin through solution channels
or other cavities in carbonate (limestone and dolomite) rocks. The equations should not
be used in areas where the discharges have been altered significantly by dams or flood
detention structures.

Map 4-10
Hydrologic Regions in West Virginia

Eastern Panhandie

20 40 60 MILES

20 40 60 KILOMETERS

0
|
|
0

Source: USGS Scientific Investigations Report 2010-5033 (2010)
4.4.4.3 EQUATION

Table 4-14 presents the regression equations to calculate the 1.1, 1.5, 2, 5, 10, 25, 50,
100, 200 and 500-year discharges for the three hydrologic regions.

CHAPTER 4: HYDROLOGY ADDENDUM 2 6/2015 PAGE 4-65



2007 WVDOH DRAINAGE MANUAL

Table 4-14
USGS Regional Regression Equations for Rural Areas (2010)

DRAINAGE AREA (A) IS IN SQUARE MILES
1 MILE 2 = 640 ACRES
1MILEZ= 27,878,400 SQUARE FEET
RECURRENCE EXCEEDENCE STANDARD AVERAGE AVERAGE
INTERVAL PROBABILITY REGRESSION ERROR OF STANDARD PREDICTION
ORRETURN | o FREQUENCY EQUATION MODEL IN ERROR OF ERROR IN
PERIOD PERCENT SAMPLING IN PERCENT
EASTERN PANHANDLE REGION ‘
1.1 90% 29.6 A °®8 43.4 10.3 44.8
1.5 67% 46.4 A %% 35,7 8.9 36.9
2 50% 59.8 A %32 32.1 8.6 33.4
20% 105 A %% 25.6 8.9 27.2
10 10% 145 A %% 225 9.5 245
25 4% 204 A 0% 19.7 10.3 22.4
50 2% 254 A °#52 18.6 11.1 21.7
100 1% 307 A %% 18.3 11.6 21.7
200 0.50% 365 A %8 18.4 12.4 22.4
500 0.20% 447 A % 19.4 13.5 23.8
~ CENTRAL MOUNTAINS REGION
1.1 90% 33.4 A %% 40.0 8.3 41.0
1.5 67% 53.8 A %% 34.6 7.3 35.4
2 50% 69.4 A %57 334 7.3 34.2
20% 116 A %% 34.1 8.0 35.1
10 10% 153 A 01 36.3 8.6 37.4
25 4% 206 A %8¢ 39.9 9.8 41.2
50 2% 250 A *%%7 42.9 10.6 a4.4
100 1% 297 A °8° 46.2 11.3 47.9
200 0.50% 347 A %7 49.7 12.0 51.5
500 0.20% 420 A°7% 54.3 13.1 56.3
WESTERN PLATEAUS REGION -
1.1 90% 56.9 A %763 38.2 7.6 39.1
1.5 67% 97.8 A% 33.4 6.5 34.1
2 50% 129 A %7% 31.6 6.1 32.2
5 20% 221 A7 29.3 6.5 30.0
10 10% 292 A 06%° 28.9 6.5 29.7
25 4% 397 A 088 29.4 7.3 30.3
50 2% 472 A58 30.2 7.6 31.3
100 1% 557 A 067 31.4 8.0 325
200 0.50% 647 A °°%¢ 32.7 8.3 33.9
500 0.20% _ 775 A %551 34.8 8.9 36.1

Source: USGS SIR Report 2010-5033 (2010)
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4.4.5 HYDROGRAPH METHODS

Three hydrograph methods are discussed. The choice of which method to use should
be based on the watershed size and complexity.

The NRCS TR-55 Tabular Hydrograph Method is a simplified procedure based on TR-
20. It was created to avoid the computer calculations for TR-20 in the 1980’s. TR-20
was run several times for many different watersheds to create a set of representative
tables. It can be used to create partial composite hydrographs at any point in a
watershed by dividing it into homogeneous sub-areas. The designer should refer to the
Technical Release-55 User's Manual, Urban Hydrology for Small Watersheds, for
detailed guidance.

The Modified Rational Method is a simplified hydrograph procedure for small, non-
complex, homogeneous watersheds.

The SCS Unit Hydrograph Method is a detailed procedure for large, complex, non-
homogeneous watersheds which involve calculations that require the use of computer
programs such as the Hydrologic Modeling System (HEC-HMS developed by the U.S.
Army Corps of Engineers’ Hydrologic Engineering Center, HEC), and Technical
Release N0.20 (TR-20 developed by the U.S. Department of Agriculture’s NRCS). The
designer should refer to the SCS National Engineering Handbook, Part 630 Hydrology
for detailed guidance.

4.4.5.1 TR-55 TABULAR HYDROGRAPH METHOD

This method shows tabular discharge values for various rainfall distributions. West
Virginia has a Type Il rainfall distribution. These tables were developed by computing
hydrographs for 1 square mile of drainage area for selected time of concentrations and
routing them through stream reaches with a range of travel times. The resulting runoff
estimates were used to convert the hydrographs to cubic feet per second per square
mile per inch of runoff from the watershed. An assumption in the development of the
tabular hydrographs was that all discharges for a stream reach flow at the same
velocity. By this assumption, the sub-area flood hydrographs may be routed separately
and added at the reference point.

It is important to distinguish the difference between travel time and time of concentration
with this method. Travel time is the time it takes water to travel from one location to
another in a watershed. It is a component of time of concentration, which is the time for
runoff to travel from the hydraulically most distant point of the watershed to a point of
interest within the watershed. Time of concentration is computed by summing all the
travel times for consecutive components of the drainage conveyance system.
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4.4.5.2  MobDIFIED RATIONAL METHOD

The Modified Rational Method can be used to develop and route trapezoidal shaped
hydrographs for small drainage areas of generally 20 acres or less. Hydrographs
produced by this method can also be used for sizing storm water detention ponds up to
200 acres in size for flood control or temporary sediment retention ponds for erosion
control. The use of this method should be limited to the simplest watersheds (such as:
no major changes in channel size or shape, no existing detention structures, the cover
type is primarily uniform) or for preliminary design only.

The Modified Rational Method produces hydrographs based upon different duration
storms of the same frequency with the following parameters:

e Time of concentration (Tc) = Time to peak (Tp)

e Timetorecede (Tr) =Tp

e The duration De, of the storm is from 0 minutes until the time of selected duration.
e Base of hydrograph (Tb) = De + T¢

e The peak Q (top of trapezoidal hydrograph) is calculated using the intensity (i) value
found on the rainfall IDF curve for the selected duration and frequency.

e Hydrographs are normally calculated for durations of tc, 1.5tc, 2tc, and 3tc.

e Longer duration hydrographs may need to be calculated if reservoir routing
computations show that the water elevation in a basin is increasing with each
successive hydrograph that is routed through the basin.

Hydrographs with durations less than tc are not valid and should not be calculated.

The Modified Rational Method recognizes that the duration of a storm can be longer
than the time of concentration. A longer duration storm can produce a larger volume of
runoff than a duration equal to the time of concentration of the drainage area, even
though the longer duration storm produces a lower peak discharge.

The operation of a detention basin is dependent on the interaction of the inflow
hydrograph, storage characteristics of the basin and the performance of the outlet
control structure. Therefore, a basin can respond differently to different duration storms.

The proper use of the Modified Rational Method requires the calculation of the volume
of runoff for the critical storm duration (Tc), which is the duration that produces the
greatest volume of storage and highest water surface elevation within a detention basin.
Reservoir routing computations for the basin will need to incorporate several different
duration storms in order to determine the critical duration and the highest water level for
each frequency storm. Therefore, a trial and error approach is required to determine
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the critical storm duration. Computer programs with built-in routines for determining the
critical storm duration are recommended when using this method.

4.4.5.3 SCS UNIT HYDROGRAPH METHOD

The SCS Unit Hydrograph Method developed by the NRCS requires the same basic
data as the Rational Method: drainage area, a runoff factor, time of concentration and
rainfall. The SCS approach is more sophisticated in that it also considers the time
distribution of the rainfall, the initial rainfall losses to interception, depression storage
and an infiltration rate that decreases during the course of a storm. With this method
the direct runoff can be calculated for any storm, either real or synthetic, by subtracting
infiltration and other losses from the rainfall to obtain the precipitation excess. Details of
the methodology can be found in the SCS National Engineering Handbook, Part 630
Hydrology.

In hydrograph applications, runoff is often referred to as rainfall excess or effective
rainfall defined as the amount by which rainfall exceeds the capacity of the land to
infiltrate or otherwise retain water. The principal physical watershed characteristics
affecting the rainfall-runoff relationship are land use, land treatment, soil types and land
slope.

Land use is the watershed cover and it includes both agricultural and nonagricultural
uses such as type of vegetation, water surfaces, roads, roofs, etc. Land treatment
applies mainly to agricultural land use and includes mechanical practices such as
contouring or terracing and management practices such as rotation of crops. Runoff
curve numbers (CN) indicate the runoff potential of an area when the soil is not frozen.
The higher the curve number, the higher the runoff potential.

Soil properties influence the relationship between rainfall and runoff by affecting the rate
of infiltration. The SCS has divided soils into four hydrologic soil groups based on
infiltration rates (Groups A, B, C and D). Soil type A has the highest infiltration and soll
type D has the least amount of infiltration. Consideration should be given to the effects
of urbanization on the natural hydrologic soil group. If heavy equipment can be
expected to compact the soil during construction or if grading will mix the surface and
subsurface soils, appropriate changes should be made in the soil group selected.

Runoff curve numbers vary with the antecedent soil moisture conditions defined as the
amount of rainfall occurring in a selected period preceding a given storm. In general,
the greater the antecedent rainfall the more direct runoff there is from a given storm. A
five day period is used as the minimum for estimating antecedent moisture conditions.
These conditions also vary during a storm. Heavy rain falling on a dry soil can change
the moisture condition from dry to average to wet during the storm period.
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The drainage area of a watershed is determined from topographic maps and field
surveys. For large drainage areas it might be necessary to divide the area into sub-
drainage areas to account for major land use changes, obtain analysis results at
different points within the drainage area or to locate storm water drainage facilities and
assess their effects on the flood flows. A field inspection of existing or proposed
drainage systems should also be made to determine if the natural drainage divides have
been altered. These alterations could make significant changes in the size and slope of
the sub-drainage areas.

The SCS method is based on a 24-hour storm event, which has a Type Il typical storm
time distribution in West Virginia.

A relationship between accumulated rainfall and accumulated runoff was derived by
SCS from experimental plots for numerous soils and vegetative cover conditions. Data
for land treatment measures (such as contouring and terracing) from experimental
watersheds were included. The equation was developed mainly for small watersheds
whose daily rainfall and properties are ordinarily available. It was developed from
recorded storm data that included the total amount of rainfall in a calendar day but not
its distribution with respect to time. The SCS runoff equation is therefore a method of
estimating direct runoff from 24-hour or 1-day storm rainfall.

Two types of hydrographs are used in the SCS procedure, unit hydrographs and
dimensionless hydrographs. A unit hydrograph represents the time distribution of flow
resulting from one-inch of direct runoff occurring over the watershed in a specified time.
A dimensionless hydrograph represents the composite of many unit hydrographs. The
dimensionless hydrograph is plotted in non-dimensional units of time versus time to
peak, and discharge at any time versus peak discharge.

Characteristics of the dimensionless hydrograph vary with the size, shape and slope of
the tributary drainage area. The most significant characteristics affecting the shape of
the dimensionless hydrograph are the basin lag and the peak discharge for a given
rainfall. Basin lag is the time from the center of mass of rainfall excess to the
hydrograph peak. Lag (L) can be considered as a weighted time of concentration (Tc)
and is dependent on the physical properties of the watershed such as area, length and
slope. The SCS derived an empirical relationship between the lag and the time of
concentration: L=0.6 Tc. Steep slopes, compact shape and an efficient drainage
network tend to make lag time short and peaks high. Flat slopes, elongated shape and
an inefficient drainage network tend to make lag time long and peaks low.

4.4.6 WATERSHED MODELING

Although many streams have been gaged to provide a record of streamflow over time,
most streams encountered in highway drainage do not have available streamflow
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information. Precipitation data, however, are relatively abundant and numerous models
are available that allow the determination of runoff. Engineers must rely on synthesis
and simulation as tools to generate synthetic flow sequences used for design discharge
rates and decision making regarding the effects of land use and flood control measures.
Simulation is defined as the mathematical description of a real system to imitate the
behavior of the system. A hydrologic simulation model is a set of equations and
algorithms that describe the response of a hydrologic system to a series of events
during a selected time period. It is commonly used for generating streamflow
hydrographs from rainfall data and watershed characteristic data.

The process of developing a model can be divided into three phases: identification,
conceptualization, and implementation. The identification phase analyzes existing and
proposed components of the system to be studied. It collects all pertinent data to be
used in the analysis. Examples of information that may be necessary are subwatershed
characteristics, channel characteristics, meteorological data, streamflow data, and
reservoir/storage information.

The conceptualization phase identifies system components that are important to define
the behavior of the system and it frequently provides feedback to the identification
phase by defining actual data requirements. This phase chooses the techniques to be
used to represent the system elements, and selects the simulation models that best
provide these techniques.

In the implementation phase, the model is run and the results are reviewed and
analyzed. The validity of the model is determined by demonstrating that the model
results represent a reasonable estimate of the actual system behavior. If the model
output is not deemed to be sufficiently valid, the input data or modeling technique is
modified, and the model is rerun, until the model produces valid results.

4.4.6.1 WATERSHED MODELLING SYSTEM (WMS)

WMS is a comprehensive environment for hydrologic analysis. It was developed by the
Environmental Modeling Research Laboratory of Brigham Young University in
cooperation with the U.S. Army Corps of Engineers Waterways Experiment Station and
is currently owned and developed privately. Land use tables with corresponding SCS
curve numbers vary across the United States. WMS supports a user-definable method
for relating land use to the SCS curve number. This is done through a simple table file
that is imported prior to computing the composite curve number. The following Runoff
Curve Number table relates the values of the National Land Cover Database data to the
SCS curve number of the TR-55 graphical peak discharge method. This table shall be
used with WMS for watersheds within West Virginia.
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Table 4-15

Runoff Curve Number for National Land Cover Database 2006

NLCD 2006
Cover Type Description

Hydrologic Soil Group

CN

TR-55 Equivalent*
Cover Type Description

A B C D
Open Water 98 98 98 98 N/A
Perennial Ice/Snow 98 98 98 98 N/A
Developed Open Space 39 61 74 80 Open Area (;()C\;,Z?i%%zt)jmon (grass
Developed Low Intensity 51 68 79 84 | Re_sidential District _.1 acre average
ot size (20% average impervious area)
Developed Medium Residential District — ¥2 acre average
Intensity 54 70 80 85 lot size (25% average impervious area)
Urban District — Commercial &
Developed High Intensity 89 92 94 95 Business (85% average impervious
area)

Barren Land 77 86 91 94 Developing Urban Areas
Deciduous Forest 30 55 70 77 Woods Only — Good Condition
Evergreen Forest 30 55 70 77 Woods Only — Good Condition

Mixed Forest 30 55 70 77 Woods Only — Good Condition

Shrub/Scrub 30 58 71 78 Meadow with continuous grass cover

Grassland/Herbaceous 30 58 71 78 Meadow with continuous grass cover
Pasture/Hay 39 61 74 -8 Pasture — Good Condition (>75%
cover)
Cultivated Crops 65 75 82 86 Farm Areas
Woody Wetlands 30 55 70 77 Woods Only — Good Condition
Emergs&;tﬁiﬁsceous 98 | 98 | 98 | 98 N/A

*Equivalents were selected from Table 4-9 and Table 4-10 of the WVDOH Drainage Manual

Note: Curve numbers may be adjusted to accommodate varying site conditions. Curve numbers were
generated based on general criteria and help to serve as a guide if adjustments are necessary.
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CHAPTER 5: STORM DRAINAGE SYSTEMS

5.1

INTRODUCTION

This chapter provides guidance on storm drainage design and analysis, which
includes the following:

e System planning

e Pavement drainage

e Gutter flow calculations

e Inlet spacing

e Storm drain pipe sizing

e Hydraulic grade line calculations

The design of a drainage system must address the needs of the traveling public as
well as those of the local community through which it passes. Drainage design in
urban areas is more complex due to:

e wide roadway sections;

o flat grades in both longitudinal and transverse directions;

e shallow watercourses; and

e absence of roadside channels.

The most serious effects of an inadequate roadway drainage system are:

e damage to surrounding property resulting from water overflowing the roadway
curb;

e erosion at pipe outlets;

e risk of accidents and traffic delays due to excessive spread or flow of water along
the roadway; and

e weakening of the roadway base and sub-grade due to saturation from frequent
ponding of long duration.

The primary goal of storm drainage design is to limit the amount of water on the
traveled way so that the passage of traffic is not interrupted for the design storm.
This is accomplished by:
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5.2

e placing inlets at appropriate locations and at appropriate intervals to intercept
flow and control the spread of water on the roadway;

e properly sizing a storm drain conduit to convey flow from the inlets to a suitable
outfall location; and

e providing an outfall with acceptable backwater conditions.

DESIGN POLICY AND CRITERIA

5.2.1 GENERAL PoLicy

Storm drainage facilities consisting of inlets, curbs, gutters, and storm drains shall be
designed in accordance with the policy, criteria, and guidelines provided in this
chapter.

Highway storm drainage facilities shall be designed to collect storm water runoff and
convey it in a manner that adequately drains the roadway and minimizes the
potential for adverse effects to adjacent properties. The placement and hydraulic
capacities of storm drainage facilities shall consider possible damage to adjacent
property, the design traffic service requirements, and available funding.

522 HYDROLOGY

The Rational Method is recommended for the design of storm drainage systems with
drainage areas of 200 acres or less. The minimum time of concentration is 5
minutes. Large or complex storm drainage systems involving detention storage, or
pumping stations shall require the development of a runoff hydrograph. The
Rational Method and hydrograph methods are described in Chapter 4.

5.2.3 DESIGN FREQUENCY

Pavement drainage and inlet spacing shall be designed for a 10-year frequency.
The design frequency for storm drains shall be designed for a 10-year frequency.
When a storm drain drains a sag location or depressed area of the roadway that
may be subject to ponding, a 50-year frequency shall be used. It is important to note
that the storm sewer outlet pipe from an inlet in a sag location or depressed area
should also be designed for a 50-year frequency.

5.2.4 PAVEMENT GEOMETRY

Longitudinal slope and gutter grades in curbed pavements shall not be less than 0.5
percent. The minimum longitudinal slope in sag vertical curves shall not be less
than 0.3 percent within 50 feet of the level point in the curve. The minimum
longitudinal slope in extremely flat crest vertical curves shall not be less than 0.3
percent.
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The minimum longitudinal slope for bridge deck drainage shall be 0.5 percent. Zero
gradients, sag vertical curves, and superelevation transitions with flat pavement
sections shall be avoided on bridges. The coincidental occurrence of superelevation
transitions and sag points or zero grades shall be avoided on pavements.

The minimum pavement cross-slope shall not be less than 2 percent except during
the occurrence of a superelevation transition. Maximum allowable cross slope on
superelevated sections shall be 8%.

525 [INLETS

Inlet efficiency decreases as spread increases; therefore, inlet capacities shall be
checked to ensure efficient inlet performance.

Inlets shall be spaced along a curb, median barrier, or bridge parapets on
continuous grades to pick up flow as it accumulates. Curbs and inlets shall be used
where runoff from the pavement could erode highway fill slopes and/or to reduce the
right-of-way needed for shoulders and roadside ditches.

In addition to inlets spaced along a curb, the following locations shall require inlets:

e Immediately upstream of median breaks, crosswalks, street intersections, and
bridges.

e Immediately downstream of a bridge to prevent water from the bridge deck from
eroding the roadway shoulder.

e Immediately before the pavement cross slope reverses in a transition to prevent
accumulated flow from crossing the pavement.

e In pavements with sag points in the gutter grade.
e Behind curbs, shoulders, or sidewalks to drain low areas
e At concentrated flow interception points for offsite sources.

Depressions of grate and curb inlets shall be located outside the through traffic lanes
to minimize the shifting of vehicles attempting to avoid them.

Grate inlets shall also be bicycle safe when used on roadways that permit bicycle
traffic.

526 S7TORM DRAINS

Storm drain systems shall have adequate capacity to accommodate the design
runoff that enters the system. The minimum size of a storm drain conduit shall not
be less than 12 inches in diameter or its equivalent for non-circular shapes.
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Where feasible, storm drains shall be designed to avoid existing utilities that are to
remain in place. The minimum horizontal clearance shall be at least equal to the
storm drain pipe diameter when the storm drain system is parallel to an underground
waterline. When the storm drain system crosses a waterline, the minimum
clearance shall be at least equal to the utility pipe or utility casing diameter or 1 foot,
whichever is greater. Coordination with utility companies is required.

Storm drains shall be designed to prevent sedimentation in the conduit. Watertight
joints shall be used if velocities are high, or if the pipe is placed under the ground
water table. Buoyancy issues must also be evaluated.

Pipe size shall not decrease in the downstream direction, regardless of the available
pipe gradient. Storm drain outfalls shall be designed to ensure that the potential for
erosion is minimized.

52 7 ACCESS STRUCTURES

The maximum spacing of storm drain access structures, whether manholes or inlets,
shall not be more than 400 feet for 12 inch through 54 inch diameter storm drains
and shall not be more than 800 feet for storm drains 60 inches and larger in
diameter. Minimum manhole diameter shall be determined by the maximum pipe
size and the deflection angle of the pipes, but in no case should the diameter be less
than 4 feet.

5.2.8 HYDRAULIC GRADE LINE

The hydraulic grade line shall be checked for all storm drain systems. The storm
drain shall be designed such that the hydraulic grade line does not exceed any
critical elevation for the design storm. A critical elevation is defined as the point
above which there would be unacceptable flooding of the traveled way or adjoining
property. This includes the tops of manholes, junctions, and inlets. Because the
inlet design is predicated on free-fall conditions, the hydraulic grade line for a
particular design frequency shall not exceed an elevation that interferes with the
proper functioning of the inlet (see Section 5.3.6.4).

529 OUTLET PROTECTION

Rock channel protection at the outlet of storm drain pipes is essential to the
protection of the downstream channel. It protects the channel from erosion due to
scour from high velocity flows. This is accomplished by reducing the velocity of the
flow to an acceptable level before it enters the downstream channel. For these
structures to work properly, it is essential that these rocks remain stable and have
enough resistance to shear forces to handle peak flows during large rain events.
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5.3 DESIGN GUIDELINES

5.3.1 SYSTEM PLANNING

System planning is critical prior to commencing the design of a storm drainage
system. The design of any storm drainage system should involve the accumulation
of basic data, familiarity with the project site, a basic understanding of hydrologic
and hydraulic principles, and the applicable drainage policies and design criteria.

531.1 DESIGN APPROACH

The typical steps of the design process for a storm drainage system are listed below:
e Collect data

- Coordinate with other agencies

- Conduct site survey, including the existing drainage system, if present

- Evaluate existing drainage system for comparison of effects of proposed
improvements

- Determine and document effects of offsite drainage on the project
e Draw preliminary layout
- Locate inlets and determine spacing
e Prepare the plan layout of the proposed storm drainage system:
- Locate pipe outfall
- Layout the existing drainage system, if present
- Determine the direction of flow
- Locate existing utilities
- Locate connecting mains
e Locate manholes
e Size pipes
e Calculate the hydraulic grade line
e Prepare plans

e Provide documentation

CHAPTER 5: STORM DRAINAGE SYSTEMS ADDENDUM 2 6/2015 PAGE 5-5



2007

WVDOH DRAINAGE MANUAL

531.2 DATA COLLECTION

The designer should become familiar with the land use patterns, the nature of the
physical development, the area to be served by the storm drainage system, local
storm water management plans, and the ultimate pattern of drainage (both overland
and by storm drains) to some existing outfall location. Furthermore, the designer
should understand the nature of the outfall location since it usually has a significant
influence on the storm drainage system. Environmentally sensitive areas must
comply with applicable water quality rules and regulations.

One or more field reviews and a topographic survey are generally required before
beginning the design of a storm drainage system. Photogrammetric mapping has
become an important method of obtaining the data required for drainage design,
particularly for busy urban roadways with extensive urban development. Research
should be conducted to obtain existing topographic maps from sources such as the
United States Geological Survey (USGS), Natural Resource Conservation Service
(NRCS), municipalities, county governments, or private developers.

Developers and governmental planning agencies should be consulted regarding
drainage and development plans for the area in question. The physical
characteristics of rapidly growing urban areas can change drastically in a short time.
For such areas, the designer should consider future development in the storm
drainage design. Comprehensive stormwater management plans, land use zoning,
and floodplain ordinances should be reviewed, if available.

53.1.3 PRELIMINARY LAYOUT

Preliminary layout sketches or schematic diagrams showing the basic components
of the system can be useful to the designer. Unless the proposed system is very
simple and small, the preliminary layout should not be ignored. Such sketches
should show:

e watershed areas and land use;

existing drainage patterns and problems;

e plan and profile of the roadway;

e street and driveway layout with respect to the project roadway;

e underground utility locations and elevations;

e locations of proposed retaining walls, bridge abutments and piers;
e logical inlet and access hole locations;

e preliminary lateral and trunk line layouts; and
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e clear definition of the outfall location and characteristics.

The preliminary layout sketches should be included in the final design
documentation.

The preliminary layout should be reviewed for conflicts in conjunction with the traffic
staging plans and the soils report recommendations. This process saves time and
effort and enables the designer to proceed with detailed storm drainage design
calculations, adjustments, and refinements.

531.4 SpecIAL CONSIDERATIONS

Special attention should be directed toward avoiding utilities and deep cuts. Some
cases may require maintenance of traffic, including temporary bypasses and
temporary drainage during the construction phase. Special consideration should
also be given to the actual trunk line layout and its constructability with regard to the
maintenance of the traffic plan. Some sites may require a trunk line on both sides of
the roadway with very few laterals while others might require a single trunk line.
Such requirements are usually a function of the project cost, but may also be
controlled by other physical features.

5.32 RoADWAY FEATURES

The roadway right-of-way can generally be divided into the roadway pavement and
the roadside. The roadway pavement generally consists of the travel lanes,
shoulders, parking lanes, bicycle lanes, the median area, and the curb. The
roadside generally consists of pedestrian sidewalks, and drainage ditches.

Roadway features that should be considered for pavement drainage calculations
include:

e Longitudinal Slope

e Cross Slope

e Curb and Gutter Sections

e Medians and Median Barriers
¢ Roadside and Median Ditches
e Bridge Decks

e Hydroplaning

e Debris

e Pavement Texture
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e Pavement Structure
e Underdrains

The pavement width, cross slope, and profile control the time it takes for the
stormwater to drain to the gutter section. The gutter cross-section and longitudinal
slope control the quantity of flow that can be carried in the gutter section.

5321 LONGITUDINAL SLOPE

The minimum longitudinal slope should be maintained to facilitate good pavement
drainage. This is more important for curbed pavements than for uncurbed
pavements because curbed sections are susceptible to the spread of stormwater
against the curb. Flat gradients in curbed sections can lead to ponded conditions
and poor drainage. Flat gradients on uncurbed pavements can also lead to the
ponding if vegetation is allowed to build up along the pavement edge. Minimum
grades can be maintained in very flat terrain by using a rolling profile. The minimum
longitudinal slope of 0.3 percent within 50 feet on either side of the level point in sag
vertical curves can be checked by verifying that the length of the curve divided by
the algebraic difference in grades is equal to or less than 167.

5322 CROSS SLOPE

This section deals mainly with highway pavements with normal crown sections.
Crowned sections require drainage design for both sides of the highway, which may
complicate traversing at-grade intersections due to several abrupt changes in the
cross section. Flatter cross slopes can improve the ability to traverse highway
intersections and are better suited for divided highways with wide depressed
medians and full or partial access control.

Proper cross slope is very important in providing adequate drainage by removing
water from the pavement. Pavement cross slope will vary with the road surface
material. Drainage of superelevated pavements requires careful consideration.

A uniform slope toward the outside edge of the pavement can improve the ability to
traverse at-grade intersections. This requires drainage design for one side of each
roadway. But with each lane contributing to runoff, the potential for hydroplaning is
increased. Freeze-thaw periods can also create a safety problem when snow
plowed to the median melts and drains across the travel lanes.

On multi-lane pavements with normal crown sections when three or more lanes are
inclined in the same direction, it is desirable that each successive pair of lanes have
an increased cross-slope. The two lanes adjacent to the crown line should be
pitched at the normal slope and successive lane pairs should be pitched at an
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increased slope of about 0.5 to 1%. Cross slope breaks should preferably be at two
lanes, with three lanes as the upper limit.

The hazard potential due to hydroplaning should be considered in superelevated
curve transitions and areas with flat profile grades and wide pavement sections. The
design should be carefully checked to minimize the number and length of flat
pavement sections in cross-slope transition areas. Consideration should be given to
increasing cross-slopes in sag vertical curves, crest vertical curves, and in sections
of flat longitudinal grades.

5323 CURBAND GUTTER

The use of a curb and gutter is normal practice for low-speed urban highways.
Curbs on the outside edge of pavements contain and control surface runoff within
the roadway section and direct it away from adjacent properties.

The curb and gutter form a triangular channel that can efficiently convey runoff of a
lesser magnitude without interrupting the flow of traffic. Flow in gutters is governed
by the principles of open channel flow. When a design storm flow occurs, the water
can spread across the gutter width, shoulders, parking lanes and portions of the
travel lanes. The gutter may have a uniform cross-slope with the same slope as the
adjacent pavement, or a composite cross-slope with a steeper slope than the
adjacent pavement. The total width of the flow spread is controlled by the proper
placement of inlets.

It is desirable to intercept runoff from cut slopes and other areas draining toward the
roadway before it reaches the curbed section, thereby minimizing sediment and
other debris on the roadway and reducing the amount of water that must be carried
in the gutter section.

5324 MEDIANS AND MEDIAN BARRIERS

Medians are commonly used to separate opposing lanes of traffic on divided
highways. Where median barriers are used, it is necessary to provide inlets and
connecting storm drains to collect water that accumulates against the barrier.
Slotted drains adjacent to the median barrier can also be used for this purpose.
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5325 RoOADSIDE AND MEDIAN DITCHES

Roadside ditches or swales may be used where curbs are not needed for traffic
control. The advantages include: a lesser hazard to traffic than a near-vertical curb
and hydraulic capacity that is not dependent on the pavement spread. Ditches can
be used in cut sections, depressed sections and other locations where sufficient
right-of-way is available and driveways or intersections are infrequent.

It is preferable to slope median areas and inside shoulders to a center swale in order
to prevent drainage from running across the pavement. This is particularly important
for high-speed facilities and facilities with more than two lanes of traffic in each
direction.

5326 BRIDGE DECKS

Bridge deck drainage is similar to roadway sections with curbs. Deck drainage is
often less efficient due to flatter cross slopes and smaller drainage inlets (scuppers)
that have a higher potential for clogging from debris. It is difficult to provide and
maintain adequate deck drainage systems; therefore, gutter flow from the roadway
should be intercepted before it reaches a bridge. In many cases, deck drainage
must be carried over several spans to the end of the bridge for disposal.

The water spread should be checked to ensure compliance with the design spread
criteria. Many bridges may not require any drainage structures at all. To determine
the permitted length of deck without drainage structures and without exceeding the
allowable spread, the following equation may be utilized.

~ 24400(s,* )(s°%)(r27)
- Cnlw

This equation is based on a uniform cross slope (FHWA Report No. RD-79-31,
1979).

L

Where: L = length of deck, ft
Sx = cross slope, ft/ft
S = longitudinal slope along the toe of the parapet, ft/ft
T = allowable spread, ft
C = runoff coefficient
n = Manning's Roughness Coefficient

rainfall intensity, in/hr
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W = width of drained deck, ft

Bridge decks can also be drained with scuppers, which are vertical holes through the
deck. Scuppers have a low initial cost and are relatively easy to maintain. However,
the use of scuppers should be evaluated for site-specific concerns. Scupper outlets
should not be located over driving lanes, embankments, near pier foundations,
navigation channels, railroad tracks, or other sensitive locations. More detailed
guidance on the design of bridge deck drainage can be found in HEC-21, Design of
Bridge Deck Drainage.

5327 HYDROPLANING

Hydroplaning occurs when water causes vehicle tires to lose contact with the
pavement surface. The National Transportation Safety Board reports that about
13% of fatal accidents and 25% of all accidents occur on wet pavements. The
Urban Drainage Design Manual (HEC-22) published by the Federal Highway
Administration should be consulted for a more detailed discussion on hydroplaning.
The National Cooperative Highway Research Program (NCHRP) Research Project
1-29, “Improved Surface Drainage of Pavements,” suggests that hydroplaning
conditions can develop for relatively low vehicle speeds and at low rainfall intensities
for storms that frequently occur each year. Analysis methods developed through
this research effort provide guidance in identifying potential hydroplaning conditions.
Wide pavement sections are especially prone to hydroplaning conditions during high
intensity rainfall. Some of the primary factors controlling hydroplaning are:

e Vehicle speed

e Tire conditions (pressure and tire tread)

e Pavement micro and macro texture

e Roadway geometries (pavement width, cross slope, grade)
e Pavement conditions (rutting, depressions, roughness)

Since speed is an important factor that affects hydroplaning, it is the responsibility of
the driver to exercise caution while driving during wet conditions. Designers do not
have control over all of the factors involved in hydroplaning. However, many
remedial measures can reduce hydroplaning potential. The following guidance
should be considered in accordance with the AASHTO Policy on Geometric Design
of Highways:

e Maximize transverse slope on pavement

e Maximize pavement roughness
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e Limit spread on the traveled way (inlet spacing)
e Maximize interception of gutter flow above superelevation transitions
e Limit duration and depth of ponded water in sag locations

e Limit depth and duration of overtopping flow

5328 DEBRIS

The potential for debris should be considered when selecting the type of inlet. A
grate inlet generally traps debris before it can enter the adjoining pipe. The use of a
curb inlet will usually allow the debris to flow into the inlet and be discharged through
the pipe outfall unless the debris is large enough to become lodged in the pipe and
restrict the flow. Due to the possibility of clogging, the storm drainage system must
be made accessible for cleanout of debris.

5329 PAVEMENT TEXTURE

Pavement texture is an important consideration for roadway surface drainage.
Although the hydraulic engineer will have little control over its selection, it should be
recognized that the pavement texture has an impact on the build-up of water depth
on the pavement during rainstorms. A good macro texture provides a channel for
the water to escape from the tire-pavement interface and thus reduces the potential
for hydroplaning.

Macro texture in a concrete pavement can be achieved by longitudinal and
transverse grooving. Combinations of longitudinal and transverse grooving provide
the most adequate drainage for high-speed conditions.

5.3.2.10 PAVEMENT STRUCTURE

Drainage aspects in the design of the pavement structure are important for areas
with high groundwater tables where excess moisture can attack the pavement sub-
grade. Pavement structure drainage is generally accomplished by using a free
draining base course, which usually includes an underdrain system connected to a
free draining base trench. The free draining base course shall be in accordance with
the furnished pavement design for the project.

5.32.11 UNDERDRAINS

In soils where groundwater is a problem, a system of underdrains should be used to
remove excess moisture from the pavement structure. Underdrains typically consist
of a network of perforated pipes, French Drains or collector fields. The available
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types include: pipe with granular-filled trench and filter-fabric-wrapped granular
material in a trench. Details for size and installation are provided in the Standard

Details Book, Volume I, Sheets 3 and 4 of DR8. The following items address
considerations for placement:

e They should be placed transversely on the downgrade end of cuts
approaching a major fill in order to intercept water that might saturate the fill,
subsequently causing pavement failure (see the grading transition detail in
design directive 405). Outlet spacing shall not exceed 250 feet in fill sections.
Outlets in cut sections shall be connected to the nearest drainage structure.

e Longitudinal underdrains should be specified where the rock strata is dipping
in such a manner that flow would saturate and damage the base course, or in
special cases where the water table after would create a pressure head under
the base course construction.

e They should be specified at known locations of constant sources of water,
such as wells and springs, and in sag vertical curves where water in the
subgrade is expected to accumulate and flow to the surface.

e In urban locations with curb and no side ditches, underdrains should be used
to drain the base course.

e Consideration should be given to placing them in existing channels located
under embankments. For these installations, the designer should specify that
they are installed to conform to the existing channel alignment. The use of
select rock fill obtained from unclassified excavation should always be
considered in lieu of underdrains.

The following note shall be on the plans when there is reason to believe that ground
water will be encountered during construction which requires indeterminate amounts
of underdrain installation: “The quantities of underdrain have been increased for
control of ground water that could be detrimental to the completed facility. This
guantity shall be used as directed by the Engineer.”

The elevations of the proposed storm drainage system must account for the depth of
underdrain and underdrain outfalls. The outfalls may go directly into an inlet, to a
culvert, ditch, or channel with the use of a slope-wall.
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5.3 3 DESIGN SPREAD

The design spread governs the amount of water that can be allowed in the curb and
gutter section and on the adjacent roadway. The designer calculates the spread and
when the allowable spread is reached, an inlet is proposed to intercept all or a
portion of the flow.

For roadways designed for speeds of 40 mph or greater, spread of the flow on a
bridge deck or curbed section of pavement is generally limited to the shoulder width.
If the design speed is less than 40 mph, spread is generally limited to the shoulder
width plus 3 feet into the traveled way. If a parking lane is present, then the spread
will be limited to 8 feet.

Table 5-1
Allowable Spread for the Design Speed

Allowable Spread

Design Speed . 50-year Check Storm
10-year Design Storm

for Sag Vertical Curves

less than 40 mph shoulder + 3 feet

one lane open to traffic

40 mph or greater shoulder

Use of a gutter slope of 0.06 is recommended for most projects because of the
decrease in total spread and the increased flow efficiency resulting from carrying a
larger amount of water near the curb. Most inlets are more efficient in intercepting
such concentrated flows rather than flows that are spread over a wide, flat cross-
slope.

Gutter flow calculations are necessary in order to relate the quantity of flow (Q) in
the gutter to the total spread of water on the pavement. The following equation may
be used to calculate the spread T, in a uniform cross slope gutter section:

T :1243(Q n)SISSX—5/88—3/16

Where T = Spread, ft
Q = Gutter flow rate, ftd/s
n = Manning’'s roughness coefficient
Sx = Pavement cross slope, ft/ft
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S = Longitudinal (gutter) slope, ft/ft

Chart 5-1 and Chart 5-2 can be utilized to solve for spread for the uniform cross
slope gutter sections and V shape gutter sections.

Calculation of spread in sag conditions requires special attention. Grate inlets in sag
conditions operate as a weir to a depth of about 0.4 feet above the grate. When the
depth exceeds 1.4 feet above the grate, the inlet operates as an orifice. Between
these two depths, flow is in a transitional state. Curb opening inlets operate as a
weir at depths up 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 transitional state. See Section 5.3.4.10 for design of flanking
inlets.
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Chart 5-1
Spread and Depth Based On A Uniform Cross Slope
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Chart 5-2

Spread and Discharge Based on a Uniform Cross Slope
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5.3 4 DRAINAGE INLETS

Inlets are drainage structures utilized to collect surface water through grate or curb
openings and convey it to storm drains or direct outlet to culverts.

In general, inlet type, location, and spacing should consider the following factors:

e Inlet capacity, width of gutter spread (i.e., spread of flow), and depth of flow at
the curb line

e Movement of vehicles to and from adjacent property on turnouts
e Pedestrian and bicycle safety

e Maximum pipe length without maintenance access

e Roadway geometry

e Hydraulic efficiency of the system

e Ability to be self-cleaning

e Potential for flooding and erosion of/from off-site property

Ditches, swales, or other collection systems beyond the curb shall be considered to
intercept runoff from cut-slopes and areas outside the right of way. These
interceptor and collection systems will reduce the amount of water that has to be
picked up by inlets and will help prevent mud and debris from being carried onto the
pavement, particularly at the high side of superelevated curves. Inlets or other
collection systems shall be used to intercept runoff from side streets before it
reaches the roadway.

Details for grate, curb opening, combination, and slotted drain inlets are provided in
the Standard Details Book, Volume |, Sheets DR6-A through DR6-X. Details for
concrete box and grate inlets are provided in the Typical Sections and Related
Details Book, dated 2000, Sheet 81.

5341 INLET TYPES

Grate Inlets

These inlets consist of an opening in the gutter covered by one or more grates.
They are best suited for use on continuous grades where clogging with debris is not
a problem. The use of standard grate inlets at sag points should be limited to minor
sag point locations without debris potential. Special design (oversized) grate inlets
or combination inlets should be utilized at major sag points if sufficient capacity is
provided for clogging. Grate inlets should be bicycle safe unless located on
highways where bicycles are not permitted. Grates should also be structurally
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designed to handle the appropriate wheel loads when subject to traffic. WVDOH
standard grate inlets include:

e Type A, two 24” X 24" 30° tilt bar grates, parallel to the curb

e Type B, one 24" X 24" 30° tilt bar grate against the curb

e Type C, two 24" X 24" 30° tilt bar grates, perpendicular to the curb

e Type G, grate size ranging from 32” X 38” to 60” X 66”. The type 1 grate has 1”
bars, 2” on center. The type 2 grate has 1” bars, 4” on center. This grate inlet is
primarily used in median and roadside ditches. Its design use is addressed in
Chapter 6 of this manual.

Table 5-2
Grate Inlet Weir and Orifice Flow Details
'Il'r;/lpi Effective Weir Perimeter Clear Opegtf\rrbea Against
A 21 ¥ “+42"+21 %" =85.5" = 7.1 2.7 ft?
B 21 ¥"+19"+21 %" = 62 2" = 5.2 1.4 ft?
C 45 Y5"+19"+45 14" = 110" = 9.2 2.7 ft?
Clear Open Area
for All Sides
Type 1 Grate | Type 2 Grate
32X 38 G | 31 %"+37 ¥%"+31 ¥"+37 %" = 139" = 11.6’ 4.4 ft? 6.4 ft2
36 X42 G | 35 ¥"+41 ¥"+35 ¥"+41 3" = 155" = 12.9’ 6.5 ft2 7.9 ft2
42 X 48 G | 41 ¥"+47 ¥"+41 ¥4"+47 3" = 179" = 14.9’ 8.8 ft2 10.1 ft?
45 X 51 G | 44 ¥"+50 ¥"+44 3"+50 %" = 191" = 15.9’ 9.3 ft? 11.8 ft?
48 X 54 G | 47 ¥4"+53 ¥4"+47 ¥"+53 %" = 203" = 16.9’ 10.6 ft2 13.6 ft?
54 X 60 G | 53 ¥"+59 3,"+53 ¥4"+59 ¥," = 227" = 18.9’ 13.5 ft? 16.3 ft?
60 X 66 G | 59 %"+65 ¥,"+59 ¥,"+65 ¥." = 251" = 20.9’ 15.7 ft? 20.7 ft?

Curb-Opening Inlets

These inlets are vertical openings in the curb covered by a top slab. They function
as weirs with flow entering from the side and are best suited for use on flatter slopes
and at sag points since they can convey large quantities of water with debris. They
are a viable alternative to grates on continuous grades where the grates would be

hazardous for pedestrians or bicyclists.

Curb-opening inlets are generally not

recommended for use on steep continuous grades due to significant bypass of flow.
WVDOH standard curb-opening inlets include:
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e Type D, a 4’ wide, 4” high curb opening depressed 2” below adjacent pavement.
The lateral width of the depression is 1'. This inlet has a 45° inclined throat.

e Type E, widths of 6’, 8, 10’, 12’, 14’, 16’, 18, and 20’ long, 4" high curb opening
depressed 2” below adjacent pavement. The lateral width of the depression is 1'.
This inlet also has a 45° inclined throat.

The depression acts as superelevation for the flow. It helps to turn the water into the
inlet opening.

Combination Inlets

There are various types of combination inlets with the curb opening and grate
combination being the most common. Two types of the curb and grate combination
are inlets with the curb opening adjacent to the grate and inlets with the curb
opening upstream and adjacent to the grate. The latter are referred to as “sweeper”
inlets.  Slotted inlets are also used in combination with grates, located either
longitudinally upstream of the grate or transversely adjacent to the grate. The
interception capacity of the curb opening and grate combination on a continuous
grade is no greater than that of the grate alone. The curb opening provides some
capacity in the event of the clogging of the grate, but it does not significantly help in
reducing the spread of flow.

The efficiency of inlets in passing debris is critical in sag locations because all runoff
which enters the sag must be passed through the inlet. Total or partial clogging of
inlets in these locations can result in hazardous ponding conditions. Combination
inlets are recommended for use in these locations because of the tendencies of
grates to become clogged. WVDOH standard combination inlets include:

e Type F, a 4 wide, 4” high curb opening depressed 2” below adjacent pavement
with two 24” X 24” 30° tilt bar grates, parallel to the curb. This inlet has a vertical
throat.

e Type H, a 2" wide, 4" high curb opening with no depression below the adjacent
pavement. It has one 24" X 24" 30° tilt bar grate and a vertical throat.

PAGE 5-20 ADDENDUM 2 6/2015 CHAPTER 5: STORM DRAINAGE SYSTEMS



WVDOH DRAINAGE MANUAL 2007

Table 5-3
Combination Inlet Weir and Orifice Flow Details

Inlet Type  Effective Weir Perimeter  Clear Open Area Against Curb
F 21 ¥ "“+42"+21 3" =85.5" = 7.1 2.7 ft?
H 21 ¥"+19"+21 ¥ = 62 ¥%" = 5.2 1.4 f?

Slotted Drain Inlets

These inlets consist of a slotted opening with bars perpendicular to the opening.
They can be used to intercept sheet flow, to collect gutter flow (with or without
curbs), to modify existing systems to accommodate roadway widening or increased
runoff and to reduce ponding depth and spread at grate inlet locations. FHWA tests
of slotted inlets indicate that the length of inlet required for total interception is
applicable to both curb-opening inlets and slotted inlets. Therefore, the capacities
and efficiencies of the two are calculated in the same fashion. The two types of
slotted inlets in general use are the vertical riser type and the vane type. The
WVDOH standard slotted inlet has two types of slot design. Type 1 consists of a slot
width of 1-3/4” that may be flared to 3” at the bottom and a slot height of 2.5”, 6” or
8.5". Type 2 consists of a 2” wide slot with a minimum slot height of 4”.

Concrete Box & Grate Inlets

These inlets consist of a formed or pre-cast concrete box trench covered by a grate
that is bolted to a frame support anchored to the trench. These inlets are typically
placed perpendicular to the flow with the invert of the trench having a 1% slope.
They are used to intercept sheet flow from side streets or driveways before the flow
encounters the primary roadway. The WVDOH standard concrete box & grate inlet
has three types of grates available in 2’ long sections. The length refers to the
direction perpendicular to flow; therefore installations shall be in increments of 2’
across the side street or driveway. Type A grates have 1 1/8” long by 2 1/2” wide
holes spaced 1 inch apart along the length of the grate. The long axes of the holes
are parallel to the direction of flow. Type C grates have 4 7/8” long by 7/8” wide
holes spaced 7/8” apart along the length of the grate. The long axes of the holes are
perpendicular to the direction of flow. Type P grates have 1/4” long by 2 5/16” wide
holes spaced 1" apart along the length of the grate. The long axes of the holes are
parallel to the direction of flow. Type P grates are meant for areas with heavy
pedestrian traffic. Type A grates are available in widths from 8 to 51 inches wide.
Type C grates are available in widths from 8 to 45 inches wide. A Type P grate is
available in widths from 8 to 20 inches wide.
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It is important to note that there are advantages and disadvantages to the use of
each type of inlet in a design situation. These should be examined against the
physical surroundings for frequency of maintenance and cease function.

5342 INLET SPACING

The spacing of inlets on a continuous grade is based upon the spread of flow. The
spread of flow increases as runoff is contributed to the gutter section in the
downstream direction. An inlet is located where the spread of flow in the gutter
reaches the allowable design spread. The factors that determine the inlet spacing
include: tributary drainage area, longitudinal slope of the gutter, the gutter/roadway
cross section geometry, the capacity of the inlet grate and the effect debris has on
that capacity.

For a continuous grade, the designer may establish uniform spacing between inlets
of a given design if the contributing drainage area to each inlet has reasonably
uniform runoff characteristics and is rectangular in shape. In this case, the drainage
areas generally consist of pavement only and the time of concentration is assumed
to be the same for each of the inlets.

With the variability in the allowable design spread of flow (based on design speed,
see Section 5.3.3) the process for the spacing of inlets begins with the
gutter/roadway cross section geometry. Conveyance “K” describes the geometric
carrying capacity of a hydraulic conduit and is defined as the flow divided by the
square root of the longitudinal slope. In this case, the hydraulic conduit is the gutter
section. Using the integrated form of the Manning’s equation, conveyance is a
function of the flow depth, roughness and the cross slope of the gutter section (see
Figure 5-1). For composite gutter sections the conveyance is calculated separately
for flow in the gutter (frontal flow) and flow outside of the gutter (side flow). The total
conveyance is equal to the sum of the parts.

The spread of flow “T” is dependent upon the flow depth; therefore, conveyance can
be put in terms of spread. By defining an allowable spread, the flow that causes the
spread can be determined. For drainage areas that consist of pavement only, the
width of the area is known from the roadway cross section geometry and the length
of the area can be determined from the flow that causes the allowable spread.
Length is equal to area divided by width. The area that causes the runoff that
creates the allowable spread on the pavement at the inlet location creates the link
between spread and length of flow. This length would be the maximum allowable
spacing between inlets. Interception capacity of the inlet opening and offsite
drainage areas that contribute flow to the gutter must also be considered when
determining this length of spacing.
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Flow area is used to determine an average flow velocity in the gutter, which is
important for calculating grate inlet capacity on grade. Flow depth at the curb is
important for determining grate, curb and combination inlet capacities in a sag
location.

Figure 5-1

Gutter flow geometry

. S |
frontal flow I side flow \
|

|

total gutter flow

flow depth at the curb flow depth at the break in slope
d,= a+SxT d,= (T-W)Sx
conveyance in the gutter conveyance outsite of the gutter
' 7772.67 2.67 2.67
Q, _0.56(d, -d, ) Q, _0.56d,
S NSw S nSx
total conveyance
Q _0.56 (d;"-d.") , 0:56 d>
VS nSw nSx
flow area gutter depression
A=%Tzsx+%aw a= SeW-SxW

d,=d,- SuW

5343 INLET CAPACITY

Inlet interception capacity is the flow intercepted by an inlet under a given set of
conditions. The efficiency of an inlet is the percent of total flow that the inlet will
intercept for those conditions. Efficiency of an inlet differs with changes in cross
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slope, longitudinal slope, total gutter flow and pavement roughness. Flow that is not
intercepted by an inlet is termed carryover or bypass. The interception capacity of
an inlet increases with increasing flow rate, but the efficiency generally decreases

with an increasing flow rate. Factors that affect the gutter flow geometry also affect
inlet interception capacity.

The interception capacity of a grate inlet depends on the amount of water flowing
over the grate, the size and configuration of the grate and the velocity of flow in the
gutter. The efficiency of a grate is dependent on the same factors along with the
total flow in the gutter/roadway cross section. For overland flow interception
capacity, as is the case with concrete box and grate inlets, depth of flow and velocity
of flow are the controlling factors.

Interception capacity of a curb-opening inlet is largely dependent on flow depth at
the curb and the opening length. Flow depth at the curb and the interception
capacity and efficiency is increased by the use of a local gutter depression at the
curb opening.

Slotted inlets function in essentially the same manner as curb opening inlets on
grade. Both take in flow that passes along the side or parallel to the inlet.
Interception capacity is also dependent on the flow depth at the curb and the inlet
length. For overland flow interception capacity, depth of flow and velocity of flow are
the controlling factors.

5.3.4.4 GRATE AND COMBINATION INLET CAPACITY ON GRADE

Grates are effective highway pavement drainage inlets where clogging with debris is
not a problem. Where clogging may be a problem combination inlets should be
used. When the velocity approaching the grate is less than the “splash-over”
velocity, the grate will intercept essentially all of the frontal flow. Conversely, when
the gutter flow velocity exceeds the “splash-over” velocity for the grate, only part of
the flow will be intercepted. A part of the flow along the side of the grate will be
intercepted, dependent on the cross slope of the pavement, the length of the grate
and the flow velocity. The ratio of frontal flow to total gutter flow (Eo) for a uniform
cross slope is expressed by:

Eon—Wzl—(l—ﬂ)
Q T

Where: W = width of the grate, ft
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T = flow spread, ft

The ratio of frontal flow to total gutter flow (Eo) for a composite cross slope is
expressed by:

1
E, =
Sw
X
1+ S 2.67

Sw

S
1+ - X -1
—
- W =
Where: S w = depressed gutter slope, ft/ft

S x = cross slope outside of the depressed gutter, ft/ft

It is important to note that the frontal flow to total gutter flow ratio (Eo) for composite
gutter sections assumes by definition a frontal flow width equal to the depressed
gutter section width. The use of this ratio when determining a grate’s efficiency
requires that the grate width be equal to the width of the depressed gutter section
(W, see Figure 5-1). If a grate having a width less than W (in other words, the gutter
width is more than the grate width) is specified, Eo must be modified to accurately
evaluate the grate’s efficiency. Since an average velocity has been assumed for the
entire width of total gutter flow, the grate’s frontal flow ratio, Eo’ can be calculated by
multiplying Eo by a flow area ratio. The area ratio is defined as the depressed gutter
flow area in a width equal to the grate width divided by the flow area in the
depressed gutter section (see Figure 5-2). This adjusted frontal flow area ratio is:

E<I):Eo i

Where: A'w = depressed gutter flow area in a width equal to the grate, ft?

Aw = flow area in the depressed gutter width, ft?
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Figure 5-2
Flow Area Ratio Grate Width Less Than Gutter Width

_ T |
| =
A, Aw
gutter flow area gg:l‘t!‘or::;
in a width equal | |
to the grate width
9r: \ / V -

| P

I depressed gutter "_|_< side flow '_I
- |
I total gutter flow I

The ratio of side flow to total gutter flow (Qs/Q) is:
%S :1_% =1-E,
The ratio of frontal flow intercepted to total frontal flow (Ry) is:
R, =1-0.09(V -V, )
Where: V = average gutter velocity, ft/s
Vo = gutter velocity where splash-over occurs, ft/s (see Chart 5-7)

Figure 5-3

Intercepted Flow with Bypass
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This ratio is equivalent to frontal flow interception efficiency or the ability of the inlet
grate to accept the frontal flow approaching it. The average gutter velocity or total
gutter flow divided by the gutter flow area is needed to calculate this ratio. Note that
this ratio cannot exceed one. If it is equal to one, all of the flow is within the
depressed gutter width and the grate is accepting the entire flow with no bypass.

The ratio of side flow intercepted to total side flow (Rs), or the ability of the inlet grate
to accept the flow going by beside it (side flow efficiency) is:

1
Rs = 18
0.15V ~
1+ ——5
SX L l
Where: L = length of clear opening area, ft

The total efficiency of a grate (E) is:
E=R, E,+R,(1-E,)

The right side of the equation becomes the frontal flow intercepted / total gutter flow
plus the side flow intercepted / total gutter flow. The second term on the right side is
insignificant with high velocities and short grates. This leads to the total intercepted
flow or capacity of the inlet grate being:

Qi:EQ

The interception capacity of the curb opening and grate combination on a continuous
grade is no greater than that of the grate alone; therefore, the above formulas are
applicable to the combination inlets as well.

Chart 5-3 provides the ratio of frontal flow to total gutter flow (Eo or Quw/Q) for uniform
cross slopes. Chart 5-4 through Chart 5-6 are multi-purpose graphs that provide
information for composite cross slopes based on the spread of flow. They are
applicable for the composite cross slope that is diagramed at the bottom of each
chart. Enter the chart with the conveyance then read the spread for that conveyance
at the bottom. Where the vertical line crosses Eo, flow area and flow depth at the
curb, read across to the left for the respective value. For values other than the
composite cross slopes that are diagramed, use the provided formulas. Chart 5-7
and Chart 5-8 give the interception efficiency for frontal (Rr) and side (Rs) flow for the
WVDOH standard inlets.
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Chart 5-3

Ratio of Frontal Flow to Total Gutter Flow for A Uniform Cross Slope
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Chart 5-4

Composite Cross Slope Conveyance 1% - 6%

10

Conveyance Q/S,°° In ft¥/s

1.05

1.00 —
0.95 S

0.90 ™~
0.85 N

0.80 \
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0.70

Ratio of frontal flow to total gutterflow E,

0.50

0.40 //
0.30 ‘ —
. L

0.20 - -

Flow area A & Depth at curb d

0.10

Spread Tin feet

=—Flow area A in ft2 =S=Decpth @ curb, din ft

T

_._2-_._‘

0.1% 6% 1%
note: conveyance calc uses a mannings n = 0.013
for other values of n, multiply K by (0.013 / n)
for spread over 8' use the formulas

Com posite Gutter Section

Created by the WVDOH Hydraulic and Drainage Unit
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Chart 5-5

Composite Cross Slope Conveyance 2% - 6%
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Chart 5-6

Composite Cross Slope Conveyance 4% - 6%
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For spread over 8' use the formulas.
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Chart 5-7
Grate Inlet Frontal Flow Interception Efficiency
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Chart 5-8
Grate Inlet Side Flow Interception Efficiency
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For type B, C, & H inlet grates, use a side length of 19"
For type A & F inlet grates, use a side length of 42"
For type G inlet grates, side lengths vary from 38" to 66"

Ratio of side flow intercepted to total side flow

S

1
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Side Length

Example: Find Rs for a type C inlet grate on a slope of
1.5% moving at a velocity of 4-fps.
Solution: R¢=0.023
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5345 CURB OPENING AND SLOTTED INLET CAPACITY ON GRADE

Curb opening and slotted inlets are less susceptible to clogging and offer little
interference to traffic operation. They are a viable alternative to grates on flatter
grades where grates would be in traffic lanes or would be hazardous for pedestrians
or bicyclists. The method for determining the interception capacity of the curb
opening inlet starts by calculating the length of opening required to intercept all of
the flow approaching it. The efficiency of the actual curb opening is then determined
by the use of a ratio of the actual length to the required length.

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

0.6
042 03 1
L. =0.6Q% S? .
Where: SL. = longitudinal slope, ft/ft
Sx = cross slope, ft/ft
Q = gutter flow, ft3/s
n = Mannings roughness coefficient

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

1.8

E-1-|1-5

T
Where: L = actual curb opening length, ft

For composite cross slopes, the length of inlet required for total interception can be
found by the use of an equivalent cross slope, Se in place of Sx. Se is expressed by:

S, =S, +S, E,
Where: Sw=a/(12W) or =Sw-Sx see Figure 5-1
W = depressed gutter width, ft
a = gutter depression, in
Eo = ratio of frontal flow to total gutter flow for a composite cross

slope as defined in section 5.3.4.4
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Flow interception by slotted inlets and curb-opening inlets is similar in that each is a
side weir and the flow is subjected to lateral acceleration due to the cross slope of
the pavement. Analysis of data from the FHWA tests of slotted inlets with slot widths
greater than 1 32" indicates that the length of slotted inlet required for total
interception can be computed with the same equation used for curb openings.
Similarly, the same equation can be used to obtain the inlet efficiency for the
selected length of inlet.

Chart 5-9 provides the required inlet length for total interception for curb opening and
slotted inlets with reference to composite cross slopes. Chart 5-10 provides the inlet
interception efficiency for curb opening and slotted inlets.
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Chart 5-9
Curb Opening & Slotted Inlet Length for Total Interception
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EFFICIENCY E

Chart 5-10
Curb Opening & Slotted Inlet Interception Efficiency
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534.6 OVERLAND FLOW INLET CAPACITY

In situations where a side road (such as a driveway or commercial access road)
intersects a major route, overland flow from the side road shall not be allowed to
cross onto the major route. It shall be intercepted by an inlet and carried to a
neighboring ditch, inlet or storm sewer. Since many of these side roads are not
crowned to facilitate shallow concentrated flow conditions at the edges, wide sheet
flow results. Thus, it is necessary to intercept flow over the entire width of the side
road. Continuous inlets such as slotted or concrete box and grate inlets should be
used across the entire width of the side road to capture the wide, shallow sheet flow.
Short sag vertical curves located just off the mainline shoulder can be used to
increase interception efficiency.

When slotted inlets are used in a transverse direction to capture overland flow,
research has indicated that for water depths ranging from 0.38 inches to 0.56
inches, the 1, 1.75 and 2.5 inch wide slots can accommodate a flow of 0.03 ft3/s/ft.
This capacity is applicable for longitudinal slopes ranging from 0.5% to 9%. Slotted
vane drains provide additional capacity due to the geometric properties of the vane.
On longitudinal slopes of 0.5% to 6% they can accommodate a flow of 0.50 ft3/s/ft.

Capacity testing performed in 1976 by a major grate manufacturer provides data for
interception and bypass of flow for various sizes of continuous concrete box and
grate inlets. The testing was performed on two types of grates (Type A and Type C)
for widths of 8 to 20 inches and a third type (Type P) for a width of 14 inches. The
types vary by the size and configuration of the holes (see Section 5.3.4.1).

Chart 5-11 through Chart 5-17 provide illustrations and interception capacities for the
types and sizes of grates tested for various longitudinal slopes. Type A and Type C
grates have a 92% interception capacity for flows less than 0.60 ft3/s/ft. Type P
grates are intended for high pedestrian areas and only provide about 28%
interception capacity for the same flow.

The flow rate entered on the x-axis of these charts is only that portion of overland
flow that is directly approaching the inlet as frontal flow. The direction of the
overland flow is perpendicular to the grate length shown on the schematic in each
chart.
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Chart 5-11
Concrete Box with Type A Grate (8”7, 107)
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Chart 5-12
Concrete Box with Type A Grate (127, 14”)
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Chart 5-13

Concrete Box with Type A Grate (177, 20”)

17" wide, Type A grate
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Chart 5-14
Concrete Box with Type C Grate (8”7, 107)
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Chart 5-15

Concrete Box with Type C Grate (127, 14”)
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Chart 5-16
Concrete Box with Type C Grate (177, 20”)

17" wide, Type C grate
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Chart 5-17
Concrete Box with Type P Grate (14”)
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Continuous vane style inlet grates are also available for the cast in place concrete
box drains. These provide additional capacity for flow over a longitudinal grade than
the Type A or C grates. Testing was performed by the same major grate
manufacturer for a 14” wide vane grate and is provided in Chart 5-18. Further
research should be done for the inlet capacity of grate sizes that were not tested. If
no information is available for the desired grate width, engineering judgment may be
used, utilizing the data available as an estimate.
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Chart 5-18
Concrete Box with Vane Style Grate (14”)
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Source: Neenah Inlet Grate Capacities, 1987

5347 GRATE INLET CAPACITY IN A SAG LOCATION

A grate inlet in a sag location operates as a weir to depths that are dependent 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. The capacity controlling
parameters for weir and orifice flow are the effective perimeter (or footage of the
sides subject to flow) and the clear opening area, respectively.

The transition from weir to orifice flow results in an interception capacity that is less
than that computed by either the weir or the orifice equation. According to research
performed by a major grate manufacturer, this capacity can be approximated by
drawing a curve between the lines representing the weir and orifice flow. When both
weir and orifice flow rates are approximately the same, a vortex appears over the
grate causing this reduction in capacity. A conservative estimate of 80% of capacity
at the depth where this vortex occurs was used to approximate the curve for
transitional flow.
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Figure 5-4
Depth at 80% Capacity in a Sag
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Source: Neenah Inlet Grate Capacities, 1987

For example, a 2’ X 2’ tilt bar grate inlet (Type B) in a curb and gutter section, in a
sag location operates as a weir up to a depth of about 8 inches (0.68’). For this 30°
tilt bar grate used by the WVDOH, the effective clear opening area that determines
orifice flow capacity is 34% of the total area of the grate. This yields a clear opening
area of 1.36 ft2 with orifice flow beginning at a depth of about 11.5 inches (0.89’). At
a depth of 0.47 feet the weir and orifice flow were equal. Eighty percent of the
capacity at this depth yields a flow rate of 3.99 ft3/s which gives a fixed point on the
transitional flow line. Once drawn, the transitional flow line extends from a point
before the limit of weir flow to a point after the limit of orifice flow for a conservative
representation of flow behavior of a 2’ X 2’ tilt bar grate in a sag location.
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The capacity of a grate inlet operating as a weir is:

Q =3Pd*

Where: P = effective perimeter of grate, ft

d = average depth across the grate, ft
(dl (adjacent to road) + d2 (adjacent to curb)) 12, ft
Figure 5-5
Average Depth Over a Grate

2

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

Q =0.67A(2gd)**

Where: A = effective clear opening area of the grate, ft?

g = gravitational acceleration, 32.2 ft/s?

d = average depth across the grate, ft

Formulas for depths of flow adjacent to the road and adjacent to the curb for
composite gutter sections can be found on Figure 5-1. Chart 5-19 through Chart
5-21 can be used to determine the grate inlet capacity of the WVDOH standard grate

inlets in a sag location.
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Chart 5-19
Type A Grate Inlet in a Sag Location
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Chart 5-20
Type B Grate Inlet in a Sag Location
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Type C grate inlet in a sag location

Chart 5-21

Type C Grate Inlet in a Sag Location
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Equations that approximate the transitional flow line are provided for the purpose of
spreadsheet development by users of this manual. They are provided in Table 5-4
through Table 5-6.

Table 5-4
Transitional Flow Line Equations for Type A, B, C Inlets
i Orifice flow
Line flow limit dav vs. Interception Capacity -
limit depth
depth
A 100% _ )
capacity 0.46 dav = 0.0028Q% + 0.0252Q + 0.1702 1.52
B 100% _ ,
capacity 0.28 dav = 0.0137Q% + 0.0230Q + 0.1546 1.23
C 100% _ )
capacity 0.34 dav = 0.0028Q% + 0.0149Q + 0.1755 0.93

5348 CURB-OPENING INLET CAPACITY IN A SAG LOCATION

The capacity of a curb-opening inlet in a sag location depends on the projected
water depth at the curb opening, the curb opening length, and the height of the curb
opening. 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 transitional stage. If the
opening is depressed, the depth of the depression is not added to the opening
height to determine the limits of weir and orifice flow.

The capacity of a depressed curb-opening inlet operating as a weir is:
Q =23(L+1.8W)d*

Where: L = length of curb opening, ft
W = lateral width of depression, ft
d = depth at the curb measured from the cross slope
(i.e. projected depth d = TSx), ft

WVDOH standard curb-opening inlets have a 4 inch opening and are depressed 2
inches. The lateral width of depression is 1 foot. For curb-opening lengths greater
than 12 feet, the weir equation becomes:

Q =3Ld?
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The capacity of a curb-opening inlet operating as an orifice is:

0.5

Q=067hL|2g|d- g sin @

Where: h = orifice throat width, ft
L = length of curb opening, ft
d = depth at the curb, ft
© = angle of inclination for the inlet throat, degrees

WVDOH standard curb-opening inlets have an inclined throat at an angle of 45° with
a throat width of 4 inches. Chart 5-22 through Chart 5-26 can be used to determine
the inlet capacity of the WVDOH standard curb opening inlets in a sag location.
Based on the opening height, the depth limits for weir and orifice flow for the
standard curb-opening inlets overlap; therefore, the transitional flow line was created
using the same method as that of grate inlets.
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Chart 5-22
Type D Curb-Opening Inlet in a Sag Location
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Chart 5-23
Type E (6’, 8’) Curb-Opening Inlet in a Sag Location
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Chart 5-24
Type E (10’, 12’) Curb-Opening Inlet in a Sag Location
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Chart 5-25
Type E (14’, 16’) Curb-Opening Inlet in a Sag Location
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Chart 5-26

Type E (18’, 20’) Curb-Opening Inlet in a Sag Location
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0.1
y
weirflow d=(Q/(3*L)"¥

orifice flow d = (h/2)*sin 45" +(Q/(0.67*h*L)}*/(2*g)
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Table 5-5
Transitional Flow Line Equations for Type D & E Inlets
; Weir
Line flow . . Orifice flow
100% - Depth at the curb vs. Interception Capacity .
capacit limit limit depth
pacity depth
D 0.33 d = 0.0295Q2 - 0.1160Q + 0.4335 0.47
E6 ~ s ;
opening | 932 d = 0.0073Q3- 0.108Q? + 0.5621Q - 0.6228 0.47
Eg ~ N ,
opening | 932 d = 0.0047Q3 - 0.0831Q2% + 0.5051Q - 0.6771 0.47
E 10’ ~ N ,
opening | 932 d = 0.0014Q3 - 0.0318Q2 + 0.2643Q - 0.3742 0.47
E12 ~ 5 ;
opening | 233 d = 0.0012Q8 - 0.0321Q? + 0.2895Q - 0.516 0.47
E 14’ _ 3 ,
opening | 233 d = 0.0007QS - 0.0238Q? + 0.2777Q - 0.7328 0.47
E 16’ ~ 2 ,
opening | 233 d = 0.0005Q° - 0.0196Q? + 0.2556Q - 0.7672 0.47
E 18’ ~ N ,
opening | 233 d = 0.0004Q° - 0.016Q? + 0.2369Q - 0.8229 0.47
E 20’ ~ 2 ,
opening | 33 d = 0.0002Q° - 0.0111Q? + 0.1806Q - 0.6394 0.47

534.9 COMBINATION INLET CAPACITY IN A SAG LOCATION

The interception capacity of the curb opening and grate combination is essentially
equal to that of the grate alone in weir flow. In orifice flow, the capacity is equal to
that of the grate plus that of the curb opening. For orifice flow, the capacity of the
grate depends on the average depth over the grate and the capacity of the curb
opening depends on the projected water depth at the curb. In order to graph depth
vs. capacity the depth must be common to both types of flow. For this manual the
depth at the curb will be put in terms of the average depth over the grate. The use
of this depth will require formulation of graphs for specific gutter widths and gutter

slopes.

Where:

d=d,+S,W+a

di = depth at the curb, ft

dz = depth at the break in cross slope, ft

a=5,W-S, W

d,=d,+S, W or

(see Figure 5-1)

d,=d, - S, W
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Therefore the average depth over the grate (between di and d2) in terms of the
depth at the curb (di) becomes:

d =d1—%SWW dlzdav+%SWW

av

WVDOH standard combination inlets have a vertical throat with a throat width of 4
inches. Due to the vertical throat, the equation for orifice flow in a sag location for
the curb-opening component does not depend on an angle of inclination.
Substituting for the projected depth at the curb in the curb opening orifice flow
equation gives the equation in terms of the average depth over the grate.

1 0.5
Q. =0.67h L(Zg o+ S Wj

Where: h = height of curb opening, ft
L = length of curb opening, ft
g = gravitational acceleration, 32.2 ft/s?
S w = cross slope of gutter, ft/ft
W = width of gutter, ft

This results in the equation for orifice flow for WVDOH standard combination inlets in
terms of the average depth over the grate as:

0.5
Q =0.67A(2gd, )°+067h L(Z gd, +%SW Wj

Where: A = effective clear opening area of the grate, ft?
h = height of curb opening, ft
L = length of curb opening, ft
g = gravitational acceleration, 32.2 ft/s?
S w = cross slope of gutter, ft/ft

W = width of gutter, ft
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The limits for weir and orifice flow are determined in the same manner as that for the
grate inlet capacity in a sag location (see Section 5.3.4.7). Chart 5-27 and Chart
5-28 can be used to determine the inlet capacity of standard WVDOH combination
inlets in a sag location. Values for the capacity for other composite gutter sections
may be obtained by using the equations.
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Chart 5-27
Type F (2’ wide, 6% gutter) Combination Inlet in a Sag Location
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Chart 5-28
Type H (2’ wide, 6% gutter) Combination Inlet in a Sag Location
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Table 5-6
Transitional Flow Line Equations for Type F & H Inlets
Line weir
flow Depth at the curb vs. Interception Orifice flow
100% - . o
capacit limit Capacity limit depth
pactly depth
0,
F100% | 4 67 d =0.0012Q2 + 0.0146Q + 0.335 1.79
capacity
0,
H100% | 38 d = 0.0044Q? + 0.0462Q + 0.1475 1.59
capacity

53 4.10 FLANKING INLETS AT SAG LOCATION

To properly drain sag vertical curves where significant ponding may occur, flanking
inlets should be placed on each side of the inlet located at the low point of the sag.
This is important when there is no outlet from a depressed area except through the
storm drain system. The flanking inlets should be located so that they will receive all
of the flow when the sag inlet is 100% clogged. They should do this without
exceeding the design spread at the low point of the sag. Other inlets may be
required between the flanking inlets and the sag inlet location. The flanking inlets
are used as a safety factor and should not be included in the spacing design to
intercept flow.

The design of a sag inlet begins by determining the depth for the allowable design
spread. The allowable spread almost always results in weir flow into the inlets. It is
important to define the depth common to the sag and the flanking inlets. In most
cases this depth is the average depth over a grate since in weir flow the grate
usually provides the flow capacity. The definition changes to the depth at the curb if
a curb opening inlet is used as the sag or flanker inlet. If a mixture of a combination
inlet at the sag and a curb opening inlet as a flanker is used the depth should be
defined at the curb. This means the equation for the capacity of the combination
inlet at the sag should be changed to use the depth at the curb instead of the
average depth.

Once the capacity for the sag inlet is determined from the defined depth, half of this
capacity is the amount the flanking inlet must accept. The depth over the flanking
inlet for half of the sag inlet capacity is determined using the weir flow equation for
the sag and flanking inlet. If the flanking inlets have the same effective perimeter as
the sag inlet, the depth at the flanking inlet (dr) is 0.63 times the depth as the sag
inlet (ds, see Figure 5-6). For example, this would be the case for the following sag
and flanking inlet combinations:

e The same inlet type (and length for E’s) at the sag and the flanking positions (A,
B,C,D, E, F, H).
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e Type F at the sag with Type A inlets at the flanking positions.
e Type H at the sag with Type B inlets at the flanking positions.
Figure 5-6
Flanking Inlets with Same Effective Perimeter as the Sag Inlet

d.=depth at sag for the design spread

= | = —
i d, d.=0.63d, : e
r— v .
flanking inlet T o= = flanking inlet
depth at the center sag inlet depth at the center
- x x |
horizontal distance horizontal distance
to flanking inlet to flanking inlet

The following illustrates how the factor is determined if the flanking inlets are the
same as the sag inlet:

Q =3Pd*®

Where: P = effective perimeter of grate (Pr — flanking, Ps — sag), ft

d = average depth across the grate, ft

Qf :Qs

3adf”=3x3adﬁ
2
1
df= 1 1.5 ds
2
d, =0.63d,

Once the depths over the sag and flanking inlets are known, the vertical distance
from the low point in the sag vertical curve to the flanking inlet location (y) can be
determined. The horizontal distance to the flanking inlet from the sag inlet is then
calculated by the following equation:

X =,/200 y K
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Where: y = vertical distance from the lowest point in the sag to the flanking
inlet (ds — df), ft

K = is the rate of vertical curvature, ft / %

If the units for K are defined as ft / ft/ft then the equation becomes:

X=,/2YyK

Table 5-7 shows the horizontal distance (x) to the flanking inlets if they have the
same effective perimeter as the sag inlet. This distance is provided for various
depths of ponding over the sag inlet (ds) and various rates of vertical curvature (K) in
ft/%.

AASHTO policy notes when considering the effects of drainage in a vertical curve
design a minimum grade of 0.30 percent should be provided within 50 feet of the
level point. This criterion corresponds to a K of 167 feet per percent change in
grade.

Table 5-7

Flanking with the same Effective Perimeter as the Sag

Horizontal Distance (x) From the Low Point of a Sag Curve To Flanking Inlets
Depth defined as the average depth or depth at the curb

K (ft/%)
ds (f) | 20 30 40 50 70 90 | 110 | 130 | 160 | 167
005 | 86 | 105 | 122 | 136 | 161 | 182 | 202 | 21.9 | 243 | 249
010 | 122 | 149 | 172 | 192 | 228 | 258 | 285 | 31.0 | 344 | 352
015 | 149 | 182 | 21.1 | 236 | 279 | 316 | 349 | 380 | 42.1 | 43.1
020 | 17.2 | 211 | 243 | 272 | 322 | 365 | 40.3 | 43.9 | 487 | 49.7
025 | 192 | 236 | 27.2 | 30.4 | 360 | 40.8 | 451 | 49.0 | 54.4 | 556
030 | 21.1 | 258 | 29.8 | 333 | 39.4 | 447 | 494 | 537 | 59.6 | 60.9
035 | 22.8 | 279 | 322 | 360 | 426 | 483 | 534 | 580 | 644 | 658
040 | 243 | 298 | 344 | 385 | 455 | 516 | 57.1 | 62.0 | 68.8 | 70.3
045 | 258 | 31.6 | 365 | 40.8 | 48.3 | 547 | 605 | 658 | 73.0 | 746
050 | 27.2 | 333 | 385 | 430 | 509 | 57.7 | 63.8 | 69.4 | 76.9 | 786

y=d, —-d, or d, —0.63d,

If the flanking inlets do not have the same effective perimeter as the sag inlet,
another factor for the depth at the sag (ds) is used to determine the depth at the
flanking inlet (dr). For example, this would be the case for the following sag and
flanking inlet combinations:

e Atype F or type A at the sag with type B’s at the flanking positions.
e Atype F or type A at the sag with type C’s at the flanking positions.
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e Atype H at the sag with type C’s at the flanking positions.

Table 5-8 and Table 5-9 are for inlets that do not have the same effective perimeter
as the sag inlet. Horizontal distances for other combinations between the sag and
flankers can be determined using the weir flow equation with the respective effective
perimeters. The designer should be careful how the depth is defined when
determining the distance between the sag and flanker inlets. This is especially true
if curb opening inlets are used to flank a grate or combination inlet at the sag as the
weir perimeter is much different for the curb opening inlets. The depth at the
flanking inlet is taken at the middle of its longitudinal dimension. In the case of a
curb opening inlet as a flanker, it may have a much longer longitudinal dimension
than the sag inlet.

Table 5-8
Type F or A Inlet in the Sag with Type B Flanking

Horizontal Distance (x) From the Low Point of a Sag Curve To Flanking Inlets
Depth defined as the average depth

K (ft/%)
ds (ft) | 20 30 40 50 70 90 | 110 | 130 | 160 | 167
005 | 66 | 81 | 94 | 105 | 124 | 141 | 156 | 169 | 188 | 19.2
010 | 94 | 115 | 133 | 148 | 175 | 199 | 220 | 239 | 265 | 27.1
015 | 115 | 141 | 162 | 182 | 21.5 | 244 | 269 | 293 | 325 | 332
020 | 133 | 162 | 188 | 21.0 | 248 | 281 | 311 | 338 | 375 | 383
025 | 148 | 182 | 21.0 | 235 | 27.7 | 315 | 348 | 37.8 | 420 | 42.9
030 | 162 | 19.9 | 230 | 25.7 | 304 | 345 | 38.1 | 41.4 | 46.0 | 47.0
035 | 175 | 215 | 248 | 27.7 | 328 | 37.2 | 41.2 | 447 | 496 | 50.7
040 | 188 | 23.0 | 265 | 29.7 | 351 | 39.8 | 440 | 47.8 | 53.1 | 542
045 | 199 | 244 | 281 | 315 | 372 | 422 | 46.7 | 507 | 56.3 | 57.5
050 | 21.0 | 257 | 29.7 | 332 | 392 | 445 | 492 | 535 | 59.3 | 60.6

y=d, —d, or d, —0.78d,
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Table 5-9
Type F or A Inlet in the Sag with Type C Flanking

Horizontal Distance (x) From the Low Point of a Sag Curve To Flanking Inlets
Depth defined as the average depth

K (ft/%)
ds (f) | 20 30 40 50 70 90 | 110 | 130 | 160 | 167
005 | 97 | 11.9 | 137 | 153 | 181 | 20.6 | 22.7 | 247 | 27.4 | 280
010 | 13.7 | 168 | 194 | 21.7 | 257 | 291 | 322 | 350 | 388 | 39.6
015 | 16.8 | 20.6 | 23.7 | 26.6 | 31.4 | 356 | 39.4 | 42.8 | 475 | 485
020 | 194 | 237 | 274 | 30.7 | 363 | 411 | 455 | 494 | 548 | 56.0
025 | 21.7 | 266 | 30.7 | 343 | 406 | 460 | 50.8 | 55.3 | 61.3 | 62.6
030 | 23.7 | 29.1 | 336 | 375 | 444 | 504 | 55.7 | 605 | 67.2 | 686
035 | 25.7 | 31.4 | 363 | 40.6 | 480 | 544 | 602 | 654 | 726 | 741
040 | 274 | 336 | 388 | 434 | 51.3 | 582 | 643 | 699 | 776 | 79.2
045 | 291 | 356 | 411 | 460 | 54.4 | 617 | 682 | 742 | 823 | 84.0
050 | 30.7 | 375 | 434 | 485 | 57.4 | 650 | 719 | 782 | 86.7 | 886

y=d; —d, or d, —0.53d,

5.3.5 ACCESS STRUCTURES/ MANHOLES

Manholes are utilized to provide access to continuous underground storm drains for
inspection and cleanout. Where feasible, grate inlets may be used for access in lieu
of manholes for the benefit of additional storm-water interception at minimal
additional cost. Typical locations where manholes should be specified are:

¢ where two or more storm drains converge;

e at intermediate points along tangent sections;

e at a change in pipe size;

e where a change in alignment in excess of 10 degrees occurs; and
e where a change in grade in excess of 15 percent occurs.

All measures should be taken to avoid the placement of manholes within traffic
lanes. When it is impossible to avoid locating a manhole in a traffic lane, care should
be taken to ensure it is not in the normal wheel path.

535.1 HEIGHT

Pre-cast manhole sections are available for installation of pipes up to 60 inches in
diameter. Larger sizes are limited by the pre-cast segment height of 8 feet.
Manholes with an installation of larger pipe sizes will require field construction (cast-
in-place or masonry), tee structures or a special pre-cast design. Special details
must be shown in the contract plans.
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5352 SPACING

The maximum spacing of access structures whether manholes or inlets should not
be exceeded. See Section 5.2.7.

5.3.6 STORM DRAINS

A storm drain is that portion of the highway drainage system which receives surface
water through inlets and conveys the water through conduits to an outfall. A storm
drain system generally discharges to a single outfall location. It may be a closed-
conduit, open-conduit, or some combination of the two.

536.1 HYDRAULIC DESIGN

A chain of inlets connected by pipes is referred to as a system. Each segment in the
system consists of an inlet and the pipe leaving that inlet. A leg in the system begins
with an inlet and ends in a junction.

Figure 5-7
Hydraulic Design

A SYSTEM SEGMENT

begin | | | end
A SYSTEM
beginning of system leg
-~ flow to
flow to inlet ’—] ~——=—inlet
segment within
system

system leg
//—L\ outfall
] ] ] )

flow to inlet

system leg also a junction
segment
segment within
beginning system
outfall segment within beginning
segment ~—=\ systemend -~~~
end r i ‘
Il
;j’gz_—__,____—’———— 7/“-::——1‘;'_'#;‘7____1/]
s

a junction/ |
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After the preliminary locations of inlets, connecting pipes, and outfalls are placed,
the size, slope, and amount of conveyed discharge is determined for each pipe in
each segment of the system. This determination is made starting at the upstream
segment proceeding downstream to the system outfall. The grade of the storm drain
should approximate the roadway grade if the system parallels the roadway. When
two segments or legs in a system converge at an inlet or access structure (junction)
it is preferable to match the crown elevations of the inflow and outflow pipes. If the
inflow and outflow inverts are the same and the accumulated inflow, or the reduction
of slope for the outflow pipe should require an increase in the size of the outflow pipe
then the flow entering the junction must increase in depth to fill the outflow pipe. The
head loss in the junction may be more than the size increase for the outflow pipe
because the inflow is slowed (loss of velocity head) in order to build up the required
head for outflow. The result is a higher hydraulic grade line in the junction and
possible siltation within the junction. Matching the crown elevations is more efficient
because the design of the junction takes advantage of available head instead of the
possibility of requiring additional head for the outflow. If an increase in the size of
the outflow pipe is not necessary, the outflow pipe should be designed at least 0.1
feet lower than the lowest inflow pipe invert elevation to ensure flow through the
junction after the construction of the system.

In most cases the Rational Method should be used to determine the conveyed
discharge in each segment of the storm drain system. The rate of discharge at any
point in the system is not equal to the sum of the flow rates of all the segments
upstream of that point. For example, a fundamental rule of the Rational Method is
that it assumes uniform rainfall intensity over the entire watershed. If the discharge
rates were summed to the design point in a system and those rates where based on
different time of concentrations, the rainfall intensities would be different for each
rate. The flow path having the longest time of concentration to the design point will
define the duration used to select the rainfall intensity value for the Rational Method.
It is necessary to compute the incremental travel time through the system and
accumulate this time as part of the flow path. Travel time through each segment of
conduit is computed using the uniform flow velocity within the pipe of each segment.
Refer to Chapter 4, Hydrology, to determine the rainfall intensity for the time of
concentration.

In the case of a storm sewer system hydraulic design, the minimum Tc¢ shall not
apply. Since the travel time is summed as a design progresses through a system,
applying the minimum of 5 minutes at the beginning artificially lowers the rainfall
intensity when determining the overall time of concentration at the outlet.

Exceptions to the general application of the Rational Equation do exist. For
example, a small relatively impervious area within a larger drainage area may have
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an independent discharge higher than that of the total area. This anomaly may
occur because of a high runoff coefficient (C value) and high intensity resulting from
a shorter time of concentration.

The design of a storm drain system should be based on open channel flow
principles. The pipe should flow at a depth equal to 0.8 times the pipe diameter or
equivalent at the design discharge. In situations where a substantial advantage in
economics or constructability can be achieved, pressure flow may be allowed at the
discretion of the Engineer. The hydraulic grade line methodology described in
Sections 5.3.6.4 should be used to analyze pressure flow in storm drains. Manning's
Equation is recommended for determining the initial size or capacity of the conduit.
Hydraulic grade line calculations are then made to check the effects of tailwater
conditions and energy losses through the system.

Refer to Section 5.2.3 for the design frequency of storm drain conduits.

5.3 6.2 HYDRAULIC CAPACITY

Manning's Equation is expressed by the following equation:

V — 1 486 R2/381/2
n

In terms of discharge, the above formula becomes:

Q :VA— 1 486 AR2/381/2
n

For storm drains flowing full, the above equations become:

V = O 059 D2/381/2 Q . O 463 D8/381/2
n n

Where: V Mean velocity of flow, ft/s

S = Slope of the energy grade line, ft/ft
R = Hydraulic radius, ft
(flow area divided by the wetted perimeter (A/P)
n = Manning's roughness coefficient
P = Wetted perimeter, ft
Q = Discharge, ft¥/s
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A Cross-sectional area of flow, ft?

D

Diameter of pipe, ft

Chart 5-30 can be used for determining the hydraulic capacity of storm drains
flowing partially full. Chart 5-31 illustrates a sample calculation.

The Manning’s Roughness coefficient for various pipe materials should be based on
the recommendations in the latest version of Design Directive-503 (DD-503), Design
of Alternate Pipe Materials, published by the West Virginia Division of Highways.

536.3 Minmimvwum VELOCITY, MINIMUM GRADES

Minimum grades for storm drains should be such that the flow velocity is not less
than 2 feet per second when the pipe is 15% full. For very flat grades the general
practice is to design a system so that flow velocities will increase progressively
throughout its length. The system should be checked to be sure there is sufficient
velocity in all of the segments to prevent settling of particles.

Slopes that result in uniform flow velocities in excess of 10 feet per second for the
design storm should be avoided due to the potential for abrasion. Concrete pipes on
slopes in excess of 10 percent are not preferred due to the need for anchor blocks.
In steeper terrain, large elevation differences can be accommodated by using
access structures.

53.6.4 HYDRAULIC GRADE LINE

The hydraulic grade line (HGL) aids the designer in determining the acceptability of
the proposed system by establishing the elevations to which the water will rise when
the system is operating at the design discharge.

For a storm drain conduit flowing partially full under open channel flow conditions,
the HGL is a line coinciding with the level of flowing water at any point in the conduit.
For a storm drain conduit flowing full under pressure, the HGL will be above the
crown of the conduit. Storm drain systems can alternate between pressure and
open channel flow conditions from one section to another. Storm drains designed to
operate under pressure flow conditions can cause surcharging and manhole lid
displacement if the hydraulic grade line rises above the ground surface. A design
should include a review with a storm event larger than the design storm which
pressurizes the system. This larger storm is known as the check storm (see Chapter
4, Section 4.3.2) and it shall not be detrimental to nearby property. For example,
surcharging due to pressurization from the check storm may exceed the allowable
spread and close a roadway, but it should not overtop the curb and damage nearby
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property. Possible detrimental impacts to nearby property may require a more
detailed design analysis and right of way take or easement acquisition.

Detailed HGL calculations usually begin with the tailwater elevations at the system
outfall. If the proposed outfall is an existing storm drainage system, the HGL
calculation must begin at the outlet end of the existing system.

53.6.5 TAILWATER

Evaluation of the hydraulic grade line begins at the system outfall with the tailwater
elevation. If the pipe outfall is an existing stream or basin, the actual water surface
elevation for the design storm should be determined as a first step. When
estimating tailwater depth on the receiving stream, the designer should consider the
joint or coincidental probability of two hydrologic events occurring at the same time.
For the case of a tributary stream or a storm drain, its relative independence may be
gualitatively evaluated by a comparison of its drainage area with that of the receiving
or main stream. A short duration storm, which causes peak discharges on a small
watershed, may not be critical for a large watershed. Also, it may safely be
assumed that if the same storm causes peak discharges on both watersheds, the
peaks will be out of phase. Table 5-10 can be used as an aid to evaluate the
coincidental occurrence and joint probability.

Table 5-10
Joint Probability Analysis
Frequencies for Coincidental Occurrence
Drainage 10-Year Desi 100-Year Desi
Area Ratio -year pesign -year pesign
Main Stream Tributary Main Stream Tributary
1 10 2 100
10,000 to 1 10 1 100 2
2 10 10 100
1000101 10 2 100 10
5 10 25 100
100101 10 5 100 25
10 10 50 100
10to1 10 10 100 50
1t01 10 10 100 100
10 10 100 100

This table (source: Urban Drainage Design Manual, HEC-22, FHWA 2001) provides
a comparison of discharge frequencies of coincidental occurrence for a 10-year and
100-year design storm. This table can be used to establish an appropriate design
tailwater elevation for a storm drainage system based on the expected coincident
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storm frequency on the outfall channel. For example, if the receiving stream has a
drainage area of 200 acres, and the storm drainage system has a drainage area of 2
acres, the ratio of the receiving area to the storm drainage area is 200 to 2, which
equals 100 to 1. From Table 5-10, considering a 10-year design storm occurring
over both areas, the flow rate in the receiving stream will be equal to that of the 5-
year storm when the drainage system flow rate reaches its 10-year flow at the
outfall. Conversely, when the flow rate in the receiving stream reaches its 10-year
flow rate, the flow rate from the storm drainage system will have fallen to the 5-year
flow rate. This is because the drainage areas are different sizes, and the time to
peak for each drainage area is different.

Once the flow rate is known for the receiving stream, the actual water surface
elevation can be determined using Manning’s equation if the receiving stream has
steady, uniform flow. This water surface elevation is known as the normal depth.
The tailwater is determined by comparing the observed or computed tailwater (from
backwater or normal depth calculations) with the critical depth of flow at the outfall.
Based on numerous calculations by the FHWA it was determined that for partly-full
flow at the outfall a downstream extension of the full-flow hydraulic grade line
pierces the vertical plane of the pipe outlet at a point halfway between critical depth
(dc) and the top of the barrel (pipe diameter, D). This means the change in the flow
state occurs within the pipe and the tailwater elevation at the outlet is (dc+D)/2
above the outlet invert. This is the value used to set the beginning of the hydraulic
grade line at the outfall. If the observed or computed tailwater elevation exceeds
(dc+D)/2, then it is used to set the beginning of hydraulic grade line. For more
information on the tailwater elevation see Chapter 8, Section 8.4.10.

5.3 6.6 ENERGY lLOSSES

Energy losses can be classified into major and minor losses. These losses are
added to the elevation of the HGL at the end of a system segment to obtain the
elevation of the HGL at the beginning of a system segment. Major head losses
result from the energy required to overcome the friction in each segment pipe. Minor
head losses are attributed to the energy required to overcome changes in
momentum or turbulence at system outlets, inlet or access hole structures,
transitions, and junctions.

Major head loss due to friction is a function of the pipe length and friction slope.
Minor head losses are estimated as a function of the change in velocity or the
velocity head. A transition is a location where the pipe or channel size changes
however, these should be avoided and replaced with access holes. A junction is the
connection of a lateral pipe to a larger trunkline without the use of an access hole
structure. A junction loss is estimated using a form of the momentum equation.
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Transition and Junction losses are not covered in detail in this manual. Refer to
HEC-22 for details on calculating these losses.

The design discharge and the effective pipe velocity should be used for computing the
minor head losses. If the HGL is below the crown line of the conduit, partial-flow or
normal velocity (based on the design discharge) should be used in computing the
losses. If the HGL is above the crown line of the pipe, the full flow velocity (the design
discharge divided by the cross sectional area of the conduit) should be used in
computing the losses. Since it is not known whether the HGL will fall above or below
the crown line of the pipe, the designer should first calculate the HGL assuming
partial-flow or normal velocity. If the computed HGL is below the crown line, the
assumption of normal velocity and the computed HGL is verified. If the computed
HGL is above the crown line, then full flow velocity should be assumed and the HGL
recalculated. Figure 5-8 illustrates energy losses and the hydraulic grade line in a
storm drain system under pressure flow and in a system at an 80% design capacity.

A chain of inlets connected by pipes will be referred to as a system (see Figure 5-7).
Each segment in the system consists of an inlet (segment beginning opposite of pipe
connection) and the pipe leaving that inlet (segment end opposite of inlet
connection). A location where more than one segment connects will be referred to
as a junction. For the hydraulic design of a storm sewer, a leg in the system begins
at an inlet and ends at a junction. For the determination of the hydraulic grade line
in a storm sewer, a leg in the system begins at a junction and ends with an inlet.
Refer to Section 5.4 and the step by step instructions for more detail.
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Figure 5-8
Energy Losses in a Storm Drain System
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536.7 MAJOR LOSSES

The major loss in a storm drainage system is the friction or boundary shear loss.
The head loss due to friction in a pipe is computed as follows:

H, =S, L

Hi = Friction loss, ft
St = Friction slope, ft/ft
L = Length of pipe, ft

The friction slope is also the slope of the hydraulic gradient for a particular pipe run.
Since this design procedure assumes steady uniform flow in an open channel, the
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friction slope will match the pipe slope for part full flow. Pipe friction losses for full
flow are computed as follows:

2
H, Qn
S¢ = = 2.67
L 0.46 D
Q = Rate of flow, ft¥/s
D = Storm drain diameter, ft
n = Manning’s coefficient

5368 MINOR LOSSES

Head loss due to flow entering and/or passing through an inlet or access hole
structure is based on many factors. The method presented here for calculating
minor losses is based on laboratory research by the FHWA. This method does not
apply when the inflow pipe invert is above the water level (HGL) in the structure.

For the case where an inflow pipe invert is above the water level (HGL) within the
structure, or the minor losses are being calculated for the first inlet in a leg of a
system the outflow pipe shall be designed as a culvert. For a culvert, if this outflow
pipe is flowing full or partly full under outlet control, the minor loss can be computed
using the entrance loss coefficients in Chapter 8, Table 8-4. Adding this minor loss
to the friction loss through the outlet pipe, the water surface elevation is obtained
within the structure. For a culvert, if the outflow pipe is flowing under inlet control,
the water depth in the structure should be computed using the inlet control equations
or nomographs. Check the water surface elevation in the structure for both inlet and
outlet control and use the higher of the two. Consult Chapter 8, Section 8.4.5 for
guidance.

For cases where the inflow pipe invert is below the water level (HGL) in the access
hole, the head loss is represented as being proportional to the velocity head of the
segment pipe. Using K to represent the constant of proportionality, the total minor
loss is approximated by the following equation:

2
Hm:KV—S K=K, CyCp Cq Cp Cy
29
Hm = Minor loss (ft)

K = Overall minor loss coefficient
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K o = Initial head loss coefficient

C 4 = Factor for flow depth (free surface flow only)

C o = Factor for pipe diameter change (pressure flow only)
C ¢ = Factor for relative flow

C p = Plunging flow factor

C s = Benching factor

V s = Flow velocity in the segment pipe, ft/s

See Section 5.4 for definitions, equations, and illustrations for each of these minor
loss factors.

536.9 THE STATE OF FLOW

The effect that gravity has on the state of flow is represented by a dimensionless
ratio of the inertial forces to the gravitational forces. This ratio results in a number
known as the Froude number (named for William Froude in 1868). This ratio may
also be physically interpreted as the ratio between the average flow velocity to the
speed of an elementary gravity wave (celerity) traveling over the water surface. A
good example of a gravity wave is what results from throwing a rock into a lake with
still water. When the surface water is displaced by the rock, gravity restores the
surface toward equilibrium resulting in an oscillation about the equilibrium state.
This oscillation causes waves that radiate in all directions.

Figure 5-9
Elementary Gravity Wave

cross section
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Flow can exist as a subcritical state, a supercritical state, or a critical state in an
open channel flow regime. Subcritical or tranquil flow occurs on mild slopes where
flow is deep with a low velocity. The control section is always at the downstream
end of the flow reach in this state. Supercritical flow occurs on steep slopes where
the flow is shallow with a high velocity. In this state the control section is always at
the upstream end of the flow reach.

The equation for the Froude number is as follows:

VA
[ md — o+
g dmd T
Where: V = average velocity, ft/s
g = acceleration due to gravity, ft/s?

dmd = hydraulic mean depth, ft (see section 8.4.5.1)
A = open channel flow area, ft?

T = top width of flow, ft

N\ g dmd = gravity wave celerity, ft/s

If this number is less than 1, gravitational forces are dominant and the flow is in a
subcritical state. If this number is greater than 1 inertial forces are dominant and the
flow is in a supercritical state. When this number is equal to one the flow is at the
critical state and the hydraulic mean depth is termed the critical depth.

Major and minor head losses do not apply in a storm sewer system when the flow is
in a supercritical state. This is because the effect of a disturbance in the flow cannot
be transmitted upstream. For example: if the creek flowing into the lake has a
velocity that is less than the wave celerity, the waves from the rock can travel
upstream into the creek channel. This means the velocity of flow in the creek is in a
subcritical state or the Froude number is less than one. If the creek velocity is
greater than the wave celerity the waves from the rock cannot travel upstream into
the channel and the creek is in a supercritical state or the Froude number is greater
than one. For flow in a critical state the surface disturbances remain stationary in
the flow. Another analogy would be running up an escalator moving in the
downward direction. If the running person represents the gravity wave (or a
disturbance in the flow), and the speed of the escalator is moving faster than the
person can run, that person will not make it up the escalator.
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In the case of the minor head losses, the flow must be in a supercritical state on both
the inflow and outflow sides of the inlet or access hole. Comparing the pipe flow
depth to the critical depth will reveal the state of flow for each pipe. Depths less than
the critical depth are in a supercritical state and depths greater than the critical depth
are in a subcritical state.

It is important to mention that this principle applies at the system outfall as well. The
beginning of the HGL calculations will not start at the outfall if the flow state is
supercritical. This is because the control section is upstream of the outfall. In this
case, the HGL calculations start in the segment where subcritical flow begins and
the elevation to begin with, is the critical depth.

536.10 TorAL HEAD LOSSES

Total head loss is computed by adding the major loss due to friction to the minor
losses due to each inlet or access hole structure.

H=H, +H,

536.11 MATERIALS AND ALTERNATES

Refer to DD-502, “Maximum Fill Height Tables,” to determine appropriate pipe
material, thickness and corrugation based on the depth of cover over the pipe.

See DD-503, “Design of Alternate Pipe Materials”, for Manning’s “n” values, and
allowable pipe materials based on roadway classification, structural requirements,
and corrosion and abrasion potential.

5.3.7 Economic CONSIDERATIONS

The designer should consider the following factors to get the maximum cost
efficiency from the storm drain system:

e Location of utilities (under pavement or behind curb)
e Gutter widths

e Type and spacing of inlets

e Storm drain sizes and locations

e Type of curb or median

e Cross pipes from other inlets (size and depth)

e Culverts (size and depth)

e Debris
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Where there are other means of maintenance access to storm drains or culverts,
inlets should not be unreasonably large or deep to accommodate large pipes.
Saddles and pipe stubs can be used to connect inlets to large or deep pipes at lower
costs in such cases.

The cost of drainage is neither incidental nor minor on most roads. Careful attention
to requirements for adequate drainage and protection of the highway from
stormwater in all phases of location and design will prove to be effective in reducing
costs in both construction and maintenance. Unless drainage is properly
accommodated, maintenance costs will be unduly high.

5.3 8 S70RM DRAINAGE IN KARST AREAS

The designer should be mindful of the outlet of flow from a storm sewer in karst
areas. Outlet structures should be designed in such a way as to dissipate the flow
over the largest area possible, thus creating an overland type of flow. Every attempt
should be made to avoid the concentration and ponding of outlet flow in a karst area.

5.3.9 ENVIRONMENTAL CONCERNS

Environmental concerns for storm drainage design projects generally pertain to
erosion and sedimentation problems, which can be particularly visible on urban
highway projects. Permanent and temporary erosion control features should be
carefully designed, installed and maintained in sensitive surroundings.

Hazardous spills can be transported long distances in an enclosed storm drain
system. Leaking pipe joints may also allow the spill to exfiltrate into strata containing
precious groundwater supplies. The point of spill may not be a sensitive area, but
the point of outfall such as a lake or river, may be sensitive. A 404 nationwide
permit and a 401 water quality certification may be required if the point of outfall
empties into waters of the U.S.

5391 SAFETY

Safety of the public is always of paramount importance and is the basis for the
design of all elements of a storm drainage system. Inlet design (type, location, and
spacing), pavement drainage design (cross-slope, spread, curb and gutter), and
storm drain design, are all predicated on safely discharging storm water to the outlet.
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5392 ADA CONSIDERATIONS

State governments are required to comply with the Americans with Disabilities Act
(ADA) for the design of public facilities. Inlet type, location, and spacing should be
considered with regard to the safety of pedestrians and disabled persons. Drainage
inlets should be placed sufficiently away from pedestrian crosswalks so that people
with disabilities do not encounter excessive water for the design event when
traversing such locations.

5393 BICYCLE SAFETY

Inlet type, location, and spacing should be considered with regard to the safety of
bicyclists. Inlets should generally not be located within bicycle lanes. Water should not
be allowed to spread into designated bicycle lanes. Pavement depressions to
accommodate grate and curb inlets should preferably be located outside bicycle lanes
to prevent bicyclists from swerving to avoid them. Grate inlets should be bicycle safe
unless located on highways where bicycles are not permitted.

5.3.10 OUTLET PROTECTION

The three most common forms of rock lined outlet protection are dumped rock gutter,
select embankment, and a rock lined scour basin. Rock lining is designated as
“Dumped Rock Gutter” if the bottom width of the outlet bed is less than 8 feet. If the
bottom width of the outlet bed is 8 feet or more, the rock lined protection is designated
as “Select Embankment”. Both dumped rock gutter and select embankment shall not
be placed within a stream with a defined bed, bank, and ordinary high water markings.
These linings are for protecting the outlet of a storm sewer system or culvert that drains
surface runoff which does not create a defined channel. Dumped rock gutter and select
embankment should be used as shown in the Standard Details Book, Volume |, Sheet
DRS8, Sheet 2 of 4. The length of blanket needed for dumped rock gutter or select
embankment protection can be determined by the method outlined in the FHWA
Hydraulic Engineering Circular 14 or the following chart provided by the Ohio
Department of Transportation. This chart was formulated from an ODOT funded study
through the University of Cincinnati called Design Criteria for Erosion Protection at the
Outlet of Culverts by L.M. Laushey.

It is important to note that this specification for rock type differs from the WVDOH
specification for dump rock gutter. The 85% requirement for the rock diameter should
be explained on the general notes sheet.
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Chart 5-29
Length of Blanket for Outlet Protection
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The allowable velocities for the outlet bed material are listed in Table 5-11 (AASHTO
Model Drainage Manual, 1991 Edition). Vo is the storm sewer system or culvert outlet
velocity in feet/second.

o If V< allowable outlet bed material velocity, no protection is needed

o If V, > allowable outlet bed material velocity, use dumped rock gutter or select
embankment

o IfV,> 20 fps, use rock lined basin or energy dissipator (see HEC-14)

Table 5-11
Allowable Velocities of Streambed Material
SOIL TEXTURE ALLOWABLE VELOCITIES (ft/s)
Fine sand and sandy loam (A-3) 2.5
Silt soils (A-4, A-5, A-6) 3.0
Silt or clayey gravel and sand (A-2) 3.5
Clayey soils (A-6, A-7) 4.0
Clay, fine gravel 5.0
Cobbles 55
Shale 6.0

5.4 INSTRUCTIONS, DESIGN FORMS, AND PROGRAMS

This section contains step by step procedures and computation forms for the
designer’s use. Nomographs, charts, computation forms, step-by-step procedures,
and example problems pertaining to all aspects of storm drain system design can
also be found in HEC-22. The Federal Highway Administration has developed the
HYDRAIN computer program package that includes the computer program HYDRA,
which can be used to check the design adequacy and analyze the performance of a
storm drain system under inflow conditions. The FHWA HY-22 computer program
can be used to compute gutter and inlet capacities and determine the spacing of
inlets. Other programs may be used with approval from the engineer.
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A Step By Step Guide to Form 5-1 INLET SPACING

STEP 1. Mark the location of inlets which are necessary without considering any
specific drainage area such as the locations described in Section 5.2.5.

STEP 2: Start at a high point in the vertical alignment at one end (if possible) and
work towards the sag curve or low point. Begin at the next high point and work
backwards toward the same sag or low point. An inlet design for the sag curve or
low point with flanking inlets will be required.

STEP 3, DRAINAGE AREA: The purpose of this step is to estimate the drainage
area that will create an amount of runoff to cause the design spread to occur in the
gutter, thus requiring the placement of an inlet. Since the width of the drainage area
is known (typically the roadway from the curb to the centerline), the length is the
parameter to determine. The closer the estimate is to the length that creates the
design spread, the less iteration needed to achieve it. A good first trial length is
between 300 and 500 feet. If there is a possibility of any runoff that will overtop the
curb and run onto the roadway be sure to take this area into account, thus
shortening your length estimate. Where practical, runoff from areas beyond the curb
should be intercepted before it reaches it. Record the drainage area in column 3.

STEP 4, INLET ID: Record the location of the inlet by number and station in
columns 1 and 2. Identify the curb and gutter type in the remarks column. A sketch
of the gutter cross section should also be presented in the margin. If the system will
be small in size the next line could be used for the sketch.

STEP 5, TIME OF CONCENTRATION: Compute the total time of concentration by
calculating the sheet flow and shallow concentrated flow segments. See Chapter 4
Section 4.4.2.5 for guidance on determining Tc. Record this information in columns
four, five and six. The minimum time of concentration is 5 minutes.

STEP 6, RAINFALL INTENSITY: Using the time of concentration, determine the
rainfall intensity from the Intensity-Duration-Frequency curve obtained from the
Precipitation Frequency Data Server website or by selecting the appropriate rainfall
intensity zone for West Virginia. This will be the intensity for a ten year return period
or recurrence interval. See Chapter 4 Section 4.4.2.7 for guidance. Record this
information in column seven.

STEP 7, RUNOFF COEFFICIENT: Determine the runoff coefficient C, which
represents the drainage area for the inlet. See Table 4-4 of Chapter 4 and record
this value in column eight.

Step 8, FLOW: Determine the flow in the gutter using the Rational Method and
record this information in column nine. See chapter four Section 4.4.2 for guidance.
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STEP 9, GUTTER SECTION PROPERTIES: Record the gutter section properties in
columns ten through fifteen. The longitudinal gutter slope should take into account
any superelevation. If your gutter section is not a composite one, enter the same
value for columns eleven and twelve. The inlet type should be noted according to
those shown in the Standard Details Book Volume 1 (type A, B, C, D, E, F, or H).

STEP 10: For the first inlet in a series, enter 0 into column sixteen and the same
value from column 9 into column 17 as there will not be any bypass flow.

STEP 11, GUTTER DISCHARGE: Determine the flow spread by Chart 5-4, Chart
5-5, Chart 5-6 or the equations in Figure 5-1 and enter the value into column
eighteen. Determine the depth of flow at the curb by Chart 5-4, Chart 5-5, Chart 5-6
or the equations in Figure 5-1 and enter the value into column 19. Compare the
calculated spread with the allowable spread (see Section 5.3.3) and the calculated
depth of flow with the curb height. If the calculated spread is near the allowable
spread and the depth at the curb is less than the curb height, continue to Step 12.
Else, expand or contract the drainage area up to the inlet to increase or decrease
the spread. Repeat Steps 3 through 11 until appropriate spread and depth at the
curb values are obtained.

STEP 12A, INLET CAPACITY: Calculate the inlet capacity or intercepted flow by
the inlet (Qi) and enter the value into column 20. For grate and combination inlets on
grade use Chart 5-4, Chart 5-5, Chart 5-6 or the equations in Section 5.3.4.4 to
determine the frontal flow / total gutter flow ratio Eo, and the side flow / total gutter
flow ratio Qs/Q. The inlet efficiency E is determined using the frontal flow intercepted
/ total frontal flow ratio R, and the side flow intercepted / total side flow ratio Rs.
These values are taken from Chart 5-7and Chart 5-8, respectively. For curb opening
and slotted inlets on grade Chart 5-9, Chart 5-10, and the equations in Section
5.3.4.5 will provide the inlet efficiency. The interception flow Qi is then equal to the
efficiency E times the flow in the gutter Q for the inlet type.

STEP 12B: Determine the inlet bypass flow (Qs) by subtracting the intercepted flow
from the total gutter flow (column 17 - column 20) and enter this value into column
21. Record this value into column 16 for the next inlet location down the grade.

STEP 14, CONTINUE: Proceed with the design for the next inlet down the grade by
repeating steps 3 — 13 (skipping step 10). Determine the total gutter flow for the next
inlet by adding the bypass from the previous inlet to the flow in the gutter and record
this value in column 17. Continue for each subsequent inlet down the grade to the
low point.
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Inlet Spacing Design Form

Form 5-1
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A Step By Step Guide to Form 5-2 STORM SEWER, HYDRAULIC DESIGN

A chain of inlets connected by pipes will be referred to as a system. Each segment
in the system consists of an inlet and the pipe leaving that inlet. Each line on Form
5-2 represents one segment. The FROM POINT in column 1 represents the invert of
the inlet (beginning of segment) and the TO POINT in column 2 represents the invert
at the end of the pipe leaving the inlet (end of segment). A leg in the system begins
with an inlet and ends in a junction. The first segment in a leg in the system (no
segment preceding it) should have a blank line above it on Form 5-2 (excluding the
use of line 1). A separate form shall be used for each system. When laying out a
system the design should stay as close to the surface as possible while considering
the minimum cover for each pipe. If an increase in the size of the outflow pipe is not
necessary, the outflow pipe should be designed at least 0.1 feet lower than the
lowest inflow pipe invert elevation to ensure flow through the junction after the
construction of the system. See Section 5.3.6.1 for guidance.

A SYSTEM SEGMENT

begin ’:F 1 end
A SYSTEM
beginning of system le
%9 flovg to g ]
flow to inlet [ | =—=—inlet
segment within

system

system leg /—R cfal
outfa

[ ] 1] 1] |

flow to inlet

system leg also a junction

STEP 1, PIPE ID: Start at the beginning of a system leg on line 1. Fill in column 1
(FROM POINT) with the inlet label from the plan sheet. Fill in column 2 (TO POINT)
with the proceeding inlet label from the plan sheet. All legs attached to the next
segment shall be designed before continuing on to a segment within the system
(legs 2-3 and 1-3 in the diagram on the next page).

STEP 2A, PIPE FLOW: Calculate the pipe flow at the invert of the inlet (FROM
POINT) using the Rational Method. Fill in the amount of drainage area (in acres) that
contributes flow to the inlet opening in column 3. Fill in the weighted runoff
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coefficient (C) for that drainage area in column 4. Multiply the drainage area and the
weighted runoff coefficient and place this value in column 5. This represents the
increment CA value at the current segment. Sum the increment CA values for the
preceding segments and the current segment and place this value in column 6. This
value represents the accumulated product of the drainage area and runoff coefficient
for the system up to the current segment.

STEP 2B: Calculate the flow time of concentration at the beginning of the segment
and fill in column 7. For a segment at the start of a leg in the system, this value is the
time of concentration to the inlet opening. For a segment within the system or within
a leg, this value is the larger of the longest overall time of concentration for the
system from the previous segment (column 21 from the previous line) vs. the time of
concentration of flow to the inlet opening. The purpose of this comparison is to
obtain the longest flow time of concentration to the current segment. In the case of a
storm sewer system hydraulic design, the minimum Tc value of 5 minutes shall not
apply. Since the travel time is summed as a design progresses through a system,
applying the minimum of 5 minutes at the beginning artificially lowers the rainfall
intensity when determining the overall time of concentration at the system outlet.

The following diagrams illustrate a couple of examples:

te=7min te=8min )
-— te=7min - tc=9 min

t¢=0.5 min current segment t=0.4 min current segment
t=0.3 min tc-o 3 min
—_—

1 3 {4 — 5] {a——15]

—_—
t=0.5 min tc-O 4 min
tc= 5 min tc= 6 min tc= 5 min te=7 min

For the example on the left, the longest overall time of concentration for the system
at the current segment would be 8 minutes (segment 2-3-4) and the time of
concentration of flow to the inlet opening would be 7 minutes (in 4), therefore the
answer is 8 minutes. For the example on the right, the longest overall time of
concentration for the system at the current segment would be 8.8 minutes (segment
2-3-4) and the time of concentration of flow to the inlet opening would be 9 minutes
(in 4), therefore the answer is 9 minutes.

For a situation where the current segment is preceded by a segment within the
system and one or more system legs, compare the longest overall time of
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concentration for the system from the previous segment within the system vs. each
of the legs vs. the time to the inlet opening and record the longest value.

The following diagram illustrates this comparison:

I
Ay

3 4] L m—

segment witl?/ \

thesystem —— _|g

if this is the
current segment

Compare the column 21 values for segment 3-4, segment 5-4, and segment 6-4 to
the time of concentration into inlet 4 and record the largest value in column? for the
current segment.

STEP 2C: Determine the rainfall intensity for a 10-year return period for the time of
concentration in column 7 from Chart 4-2, 4-3, or 4-4 and place this value in column
8. Calculate the pipe flow at the invert of the inlet (FROM POINT) for a 10-year
return period by multiplying the values in column 6 and column 8 and place the
answer in column 9.

STEP 3, PIPE PROPERTIES: Record the pipe properties for the segment by filling
in columns 10 through 15 with the appropriate data. As stated in Section 5.3.6.1 the
pipe should flow at a depth no greater than 0.8 times the pipe diameter or equivalent
at the design discharge, thus column 15 is provided for a check against the
calculated flow depth.

STEP 4A, PIPE FLOW PROPERTIES: Calculate the pipe flow normal depth using
Mannings equation and fill in column 16. If you re-arrange Mannings equation with a
constant on one side, you can iteratively solve for the depth of flow if the slope,
roughness, and flow are known. You can also solve for a pipe diameter if you set the
flow depth at 0.8 times the diameter (0.8D) with the slope, roughness, and flow as
known parameters.

=ﬂAR S 0.6730=L
n Qn

2 1 2 1
Q 3 Q2 ARESE
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Here are some useful formulas for the iteration:

s — 0

e ey Radians

=2 ar cos 1—2g
D

WettedPerimeter =0.5D @

radians

—3in eradians )

radians

Flow Area = % (6

A
radians
\\.\-""-‘.

STEP 4B: Calculate the pipe flow average velocity and critical depth and fill in
columns 17 and 18. Average velocity is simply the flow in the pipe divided by the
flow area in the pipe. Critical depth describes the flow depth that minimizes the
specific energy (head) for the open channel flow within the pipe (see section
8.4.5.1). It is important to examine the open channel flow regime as it can exist in a
state of subcritical or supercritical flow based on the effect of gravity. This is
important because the flow state determines the effect of head loss on a storm
sewer system. The effect of gravity on the state of flow is represented by a
dimensionless ratio of the inertial flow forces to the gravitational forces which is
known as the Froude Number.

- d —
/g dmd md

average velocity, ft/s

s A
T

Where: V
g = acceleration due to gravity, ft/s?
dmd = hydraulic mean depth, ft
A = open channel flow area, ft?
T = top width of flow, ft

If this number is less than 1 the gravitational forces are dominant and the flow is in a
subcritical state, characterized by deep slow flow. If this number is greater than 1 the
inertial forces are dominant and the flow is in a supercritical state, characterized by
shallow fast flow. The hydraulic mean depth that causes the Froude Number to be
equal to 1 is the critical depth of flow. Major (pipe friction) and minor (access hole or
inlet) head losses do not apply when the flow is in a supercritical state. In the case of
the minor losses the flow must be supercritical on both the inflow and outflow sides

CHAPTER 5: STORM DRAINAGE SYSTEMS ADDENDUM 2 6/2015 PAGE 5-91



2007

WVDOH DRAINAGE MANUAL

of the inlet. Comparing the calculated pipe flow normal depth to the critical depth will
reveal the state of flow. Normal depths less than the critical depth are in a
supercritical state and normal depths greater than the critical depth are in a
subcritical state. See section 8.4.5.1 and 5.3.6.9 for more information. Fill in column
19 with the state of flow.

STEP 5, SYSTEM FLOW TIME: Calculate the system flow time up to the end of the
current segment and fill in columns 20 and 21. The pipe flow time is simply the
length of the pipe (column 13) divided by the velocity of flow through the pipe
(column 17). The longest overall time of concentration is the time of concentration at
the beginning of the segment (column 7) plus the pipe flow time (column 20). This
number will be compared to the time of concentration of flow to the inlet opening for
the next segment within the system.

STEP 7, SELF CLEANING: Calculate the minimum velocity needed for self cleaning
of the pipe and fill in columns 22 and 23. This velocity should not be less than 2 feet
per second when the pipe is flowing 15% full. If this number is less than 2 feet per
second, make the required changes and re-design the segment on the next line of
Form DR-5A (do not skip a line).

STEP 8, CONTINUE: Continue to the next segment. If there is more than one leg
attached to the next segment, then the following line(s) on the form (blank line
preceding each) shall be the other legs attached to the next segment. Once all the
attached legs are designed continue on to the next segment within the system. In
the diagram to the right, legs 5-4 and 6-4 shall precede the next segment.

Fill in column 1 with the

inlet label from the plan \
sheet. Fill in column 2 with //

the proceeding inlet label m ’?‘ and this is the
from the plan sheet for the next segment
next segment. Repeat
steps 2 through 8 until the — R
1 | 13 4 7

system outfall is reached. D ; ‘

if this is they

current segment

— .[e
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Storm Sewer, Hydraulic Design Form

Form 5-2
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A Step By Step Guide to Form 5-3 and Form 5-4
STORM SEWER, HYDRAULIC GRADE LINE

A chain of inlets connected by pipes will be referred to as a system. Each segment
in the system consists of an inlet and the pipe leaving that inlet and each line on
Form 5-3 represents one segment. A location where more than one segment
connects will be referred to as a junction. For this process, a leg in the system
begins at a junction and ends with an inlet (backwards from hydraulic design
process). The diagram on the next page illustrates the terminology used in this
process. Each segment at a leg in the system (one with no segment preceding it)
should have a blank line below it on Form 5-3. A separate form should be used for
each system.

a segment next upstream next upstream

//’R segment end segment beginning

——
=D
/ ~
|
|
1

|

|

|

; a2 Y

1 ‘
mayjor loss

minor loss

Hydraulic grade line computations begin at the outfall of the system and are
calculated upstream taking each junction into consideration.

Energy losses in a system are classified as major (flow friction loss) and minor
(access hole or inlet loss). Each segment is referred to by its respective inlet and the
total loss is calculated up to the inflow side of the inlet.

STEP 1, SYSTEM OUTFALL: Start at the system outfall and fill in column 24 with a
label notating the end of the pipe. You want to start with the same label for the TO
POINT from the last segment of the system from Form 5-2. This process will work
the connected segments backwards to a system leg or the beginning of the system
through a junction. Fill in column 32 with the velocity of the flow at the outfall. This is
the flow velocity at the end of the last segment of the system in column 17 on Form
5-2. A storm sewer is assumed to be under outlet control when determining the
hydraulic grade line (HGL) for the system. The starting HGL elevation for the outfall
is placed in column 37 and it is determined in the same manner as the tailwater
elevation for a culvert design in an outlet control situation (see Section 8.4.10).
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Figure 5-10
A System lllustration
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In the case of the outfall pipe outlet being submerged, the tailwater or HGL is the
observed or known water surface elevation at the outfall. In the case of the outfall
pipe flowing partly full or unsubmerged, the tailwater or HGL is determined by
comparing the observed or normal depth in the outlet channel and the average of
the critical depth and the pipe diameter. The larger of these two values is the
tailwater or HGL at the outfall. Record this value in column 37.

Record the crown of the outfall pipe elevation in column 38. Calculate the velocity
head for the outlet using the velocity in column 32 and record this value in column
33. The exit loss from a storm drain outfall is a function of the change in the velocity
head at the outlet. For a sudden expansion of flow the exit loss is:

Ve V¢
° 29 2¢

V o = pipe flow velocity at the outfall

V 4 = outlet channel velocity downstream of the outfall
g = acceleration due to gravity, 32.2 ft/s?

Note that when V 4 equals zero as in a reservoir, the exit loss is one velocity head.
For part full flow where the pipe outlets in a channel with water moving in the same
direction as the outfall water, the exit loss may be reduced to virtually zero. Record
this head loss in column 36 and note in the remarks column that it is the loss at the
outfall. Add this head loss at the outfall value to the HGL to obtain the energy grade
line elevation (EGL) and fill in column 39.

STEP 2, BEGIN THE MOVE UPSTREAM: Move to the next line on Form 5-3 and fill
in column 24 with the TO POINT notating the same outfall end of the last segment in
the system from column 2 on Form 5-2. Fill in column 25 with the flow state for the
segment from column 19 on Form 5-2. Record the hydraulic grade line elevation for
the outfall in column 26 which shall be the same as the column 37 value from the
previous line.
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As stated in Section 5.3.6.1, a storm sewer should flow at a depth equal to 0.8 times
the pipe diameter or equivalent at the design discharge. This represents a subcritical
flow state. In subcritical flow, pipe losses (major loss) and structure losses (minor
loss) are summed to determine the upstream hydraulic grade line for the segment.
As stated in Section 5.3.6.9 if supercritical flow is present, the pipe and structure
losses are not carried upstream. However for the case of the structure losses, the
flow must be supercritical on both the inflow and outflow sides of the structure.

segment
beginning &
next upstream next upstream
segment end Segment beginning

segment
end H/\ H/\ ‘
supercritical flow supercritical flow
major loss =0 major loss =0

minor loss =0

Therefore, if supercritical flow exists within the current segment pipe, the major loss
is zero and column 31 shall be zero. If supercritical flow exists within the preceding
segment pipe, the major loss for the preceding segment is zero and the minor loss
for the structure in-between them shall also be zero.

STEP 3, MAJOR LOSSES: Record the diameter, flow, and length for the segment in
columns 27, 28, and 29 from the information on Form 5-2. If column 25 denotes SUB
calculate the friction loss Hi and fill in column 31. Since this design procedure
assumes steady uniform flow in open channel flow, the friction slope St will match
the pipe slope for partly full flow. In this case, the pipe slope from column 10 on
Form 5-2 will be the same as column 30 on Form 5-3. The major loss is calculated
by this equation:

H, =S, * pipe length

Major losses for full pipe flow result in a different friction slope thus they are
calculated by this equation:
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n
H. =S, *length = Q *length
f f
0.46 D**
Q = pipe flow
n = Manning’s roughness coefficient
D = pipe diameter

If the flow state in column 25 denotes SUP (supercritical) record a zero in column

31.

STEP 4, MINOR LOSSES:

The energy loss equation a segment within
for flow through an access the system

hole or inlet structure is -
based on laboratory

(
|
research. The equation will free outfall i H This pipe function
not apply when the invert of §: tasda ::ulvgrt
the inflow pipe is above the — =\ Yhie de;rpntllr:e
K
- m
a leg in the system 2
/f/r/i_i\\\ water level in the structure or if there is no
‘ l . - - . .
E} ~Z inflow pipe present and the inlet opening is
|

This pipe functions the only source of the inflow (as occurs in a

/as a culvert leg of the system).

In both situations the outflow pipe or current
segment pipe will function as a culvert. In the
case of the invert of the inflow being above
the water level, the hydraulic and energy
grade line calculations will start over, thus treating it as a system outfall.

For a culvert design, if the segment pipe is flowing full or partly full under outlet
control, the minor loss in the structure can be calculated by setting K equal to K e in
the equation below (see Table 8-4, Section 8.4.5). If the segment pipe is flowing
under inlet control, the minor loss in the structure shall be computed using the inlet
control equations (see Section 8.4.5) or Charts 8-1 or 8-4 from Chapter 8. The
higher water depth in the structure due to either inlet or outlet control will govern.

The energy loss that occurs as flow moves through a structure is represented as
being proportional to the velocity head of the outlet pipe from the structure.
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Therefore the velocity head for the segment pipe being analyzed will be multiplied by
a coefficient to represent the minor loss. Record the velocity for the segment from
column 17 on Form 5-2 into column 32 on Form 5-3 and calculate and record the
velocity head in column 33. The equation for the minor loss through the structure is
as follows:

H ano = minor loss for the access hole or inlet
V s = velocity for the segment pipe

K = minor loss coefficient

g = acceleration due to gravity, 32.2 ft/s?

Determination of the K value is based on experimental study which resulted in a six
term equation. Each term represents a different scenario that the flow may
experience as it moves through the structure.

K =K, C, Cp Co Cp Cy

K o = initial head loss coefficient

C 4 = factor for flow depth (free surface flow only)

C b = factor for pipe diameter change (pressure flow only)
C o = factor for relative flow

C p = plunging flow factor

C s = benching factor (energy gain)

The minor loss coefficient will be calculated in the following steps using Form 5-4.
Fill in column 40 with the same TO POINT from column 24 on Form 5-3. Eill in
column 41 with the NEXT UPSTREAM SEGMENT flow state from column 19 on
Form 5-2. Remember, the flow must be supercritical on BOTH the inflow and
outflow sides of the structure to neglect the minor losses through it. If column 25
and column 41 denote SUP then record a ZERO in column 57 and columns 34 & 35
for the current segment.

STEP 4A, INITIAL HEAD LOSS: The initial head loss coefficient is estimated as a
function of the relative structure size and the angle of deflection between the next
upstream segment pipe and the current segment pipe (in degrees).
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0.15

K, =0.1 b (L-sing)+1.4 D) sing
S DS

current segment

S)

b - inlet width or access hole diameter
© - change in flow angle

D.- segment pipe diameter

Record the inlet width or access hole diameter in column 42 (see next page), the
change in flow angle between the current segment and the next upstream segment
in column 43, and the current segment pipe diameter in column 44. Calculate and
record the initial head loss coefficient in column 45.
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STEP 4B, FACTOR FOR FLOW DEPTH: This factor is significant only in cases of
free surface flow or low pressures when the water depth in the structure is less than
or equal to 3.2 times the segment pipe diameter. In cases where the water depth is
greater, this factor is set equal to 1. To determine the applicability of this factor, the
water depth is approximated as the level of the hydraulic grade line at the upstream
end of the segment pipe.

dQ- water depth in inlet or access hole

D.- segment pipe diameter
dqo=3.2D,

Record water depth or flow depth in the inlet or access hole in column 46. Calculate
and record the free surface factor for flow depth in column 47.
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STEP 4C, FACTOR FOR A PIPE DIAMETER CHANGE: A change in head loss due
to differences in segment pipe diameters is only significant in pressure flow
situations when the water depth in the structure is greater than or equal to 3.2 times
the segment pipe diameter. In cases where the water depth is less, this factor is set
equal to 1.

D 3
Cp =| =
DNS

current segment

dQ- water depth in inlet or access hole

D.- segment pipe diameter
D .- next upstream segment pipe diameter
dq=3.2D,

Record the next upstream segment pipe diameter in column 48. Calculate and
record the pressure flow factor for a pipe diameter change in column 49. Assume
that the dq requirement is met and determine the minor loss for column 49. Go back
and check this do requirement once the water surface elevation (HGL) has been
determined for column 37. If this do requirement is not met then change this factor to
1 prompting a new water surface elevation (HGL) calculation for column 37.
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STEP 4D, FACTOR FOR RELATIVE FLOW: This factor is a function of the angle of
the incoming flow as well as the percentage of flow entering the structure from the
next upstream segment in the analysis path. This factor is only applied to a junction
where there are 3 or more pipes connected to the structure at approximately the
same elevation. Engineering judgment will have to be used to determine the
meaning of the word approximately. This judgment should be based on the vertical
geometry of the entire proposed system. For example, If only one junction in the
system exhibits a noticeable difference between inflowing pipes then that junction
should not have a relative flow loss factor.

.75

0
Co =(1-2sinp) T

S

current segment

Qs

Qs —
B
a junction/ \\ Q.

Q. - segment pipe flow
Q, - next upstream segment pipe flow
B - angle between analyzed segments

Record the current segment pipe flow in column 50, the next upstream segment pipe
flow in column 51 (also from column 9 on Form 5-2), and the angle between the
analyzed segments in column 52 (in degrees). Calculate and record the factor for
relative flow in column 53.

STEP 4E, PLUNGING FLOW FACTOR: This factor is applied only when a higher
flow plunges into a structure that has an inflow and outflow in the bottom of the
structure. The higher flow must fall a distance that is greater than the water depth in

PAGE 5-104 ADDENDUM 2 6/2015 CHAPTER 5: STORM DRAINAGE SYSTEMS



WVDOH DRAINAGE MANUAL 2007

the inlet or access hole. The source of the higher flow could be from the next
upstream segment along another analysis path at a junction, or from a curb and/or
grate opening from above. The distance of fall is the vertical length from:

The invert of the next upstream segment along another analysis path at a
junction to the center of the current segment pipe.

The structures’ curb and/or grate opening to the center of the current segment
pipe.
Two important facts to note in determining this loss are:

The water depth in the inlet or access hole is approximated as the level of the
hydraulic grade line at the upstream end of the segment pipe.

If both sources of plunging flow are present in the same structure they will
both add to the turbulence and head losses. In this case the average plunging
height between the two shall be used to determine the factor.

h h, —d
Co=1+02] = S
D, D,

Q

current segment

dQ- water depth in inlet or access hole
D.- segment pipe diameter
hQ- vertical distance of plunging flow

Record the vertical distance of plunging flow in column 54. Calculate and record the
plunging flow factor in column 55.

STEP 4F, STRUCTURE BENCHING FACTOR: Benching provides an improvement
for the transmission of flow through a structure. It tends to direct flow through the
inlet or access hole, resulting in a reduction of head loss. The factor is obtained from

CHAPTER 5: STORM DRAINAGE SYSTEMS ADDENDUM 2 6/2015 PAGE 5-105



2007 WVDOH DRAINAGE MANUAL

the following table for flow depths within the structure respective to the segment pipe
diameter. Refer to the diagram for the plunging flow factor for an illustration of dq
and Ds. If the do requirement is not met then this factor is equal to one.

Bench Type Submerged Unsubmerged
(pressure flow) (free surface flow)
Flat or Depressed Floor 1.00 1.00
Half Bench 0.95 0.15
Full Bench 0.75 0.07
Improved Bench 0.40 0.02

Types of structure benching

Flat or W w

depressed Half Full

Improved

for pressure flow dg > 3.2 D,
for free surface flow dg < D,

Record the benching factor in column 56 from the table above.

STEP 4G, MINOR LOSS COEFFICIENT: Multiply the values in columns 45, 47 (if
applicable), 49 (if applicable), 53, 55, & 56 to obtain the minor loss coefficient K and
record it in columns 57 on Form 5-4 and 34 on Form 5-3. Determine the access hole
or inlet loss for the current segment by multiplying columns 34 and 33 and record
this value in column 35.

STEP 5, TOTAL HEAD LOSS: The total loss is simply the addition of the major and
minor losses for the current segment. Add the values in columns 31 and 35 and
record this value in column 36. This energy loss will determine the hydraulic grade
line elevation from the outlet end of the pipe (TO POINT) to where flow enters the
structure (FROM POINT) for the current segment.
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STEP 6, WATER SURFACE ELEVATION (HGL): Add the head or energy loss from
column 36 to the pipe outlet water surface elevation from column 26 and record this
value in column 37. This represents the hydraulic grade line elevation for the
beginning of the current segment.

STEP 7, STRUCTURE TOP ELEVATION: Record the top cover elevation for the
access hole or the top of grate elevation for the inlet in column 38. This step
provides the check for a flow surcharge from the system. If column 37 is higher in
elevation than column 38, water is purging from the system for the design storm.

STEP 8, ENERGY GRADE LINE: The energy grade line (EGL) is an imaginary line
that represents the total energy along a channel or conduit that carries water. Total
energy includes elevation head, velocity head and pressure head. The energy
equation states that the energy head at any cross section within the system must
equal that in any other downstream section plus the intervening losses. The EGL for
the beginning of the current segment is the HGL plus the velocity head at the end of
the next upstream segment. Therefore once column 33 is determined for the next
line on Form 5-3 (or the next upstream segment) you can return to column 39 and
add that value to column 37 and record the EGL.

STEP 9, REPEAT AND CONTINUE TO MOVE UPSTREAM: Move to the next line
on Form 5-3 and fill in column 24 with the TO POINT for the next upstream segment.
Fill in column 25 with the flow state for the segment from column 19 on Form 5-2.
Record the hydraulic grade line elevation for the outfall in column 26 which shall be
the same as the column 37 value from the previous line.

Return to STEP 3 and STEP 4 and determine the losses in the segment.

Continue through STEP 5 to STEP 8 and repeat STEP 9 until you reach the end of a
leg in the system or the beginning of the system. It is important to note that the
segment at the start of a leg is called the beginning of the system when the time of
concentration from this leg to the outfall is the longest for any path in the system.
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Form 5-3
Storm Sewer, Hydraulic Grade Line Form
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Storm Sewer, Minor Losses Form

Form 5-4
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Chart 5-30

Hydraulic Elements for Partially Full Circular Storm Drains
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Source: Louisville & Jefferson County M.S.D. Design Manual, January 2001
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Chart 5-31

Hydraulic Elements: Example
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HYDRAULIC ELEMENTS Y _ and —3

vV full Q full
Given: D =18 in, Q = 7 cfs (the design flow - i.e., what the actual flow will be

under design conditions), Viul = 5.96 fps (what the velocity would be at full flow), Qur
=10.5 cfs (what Q will be when the pipe is flowing full)

Required: (a) depth, d, when Q =7 cfs (i.e., when the sewer is partially full) and (b)
velocity, v, when Q =7 cfs (i.e., when the sewer is partially full)

Solution: Q/ Qs =7/10.5=0.67

From figure related to hydraulic elements, d / dwun = 0.61
d = (dfun) (0.61) =11 in

From figure related to hydraulic elements, V / Viui = 1.08
V = (Vsun) (1.08) = 6.4 ft / sec

Source: Louisville & Jefferson County M.S.D. Design Manual, January 2001
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CHAPTER 6: DITCHES

6.1

6.2

INTRODUCTION

Ditches are V-shaped or trapezoidal shaped channels lined with grass,
concrete, rock or manufactured protective linings. They are generally
designed to convey the design discharge and to resist erosion of the in-situ
soil from a lower discharge. Higher design discharges may be necessary
when the ditch intercepts offsite drainage. Ditches may also drain subsurface
water from the base of the roadway that is conveyed through pipe
underdrains.

Ditch design is accomplished by the selection of a cross-section geometry,
horizontal alignment, grade, and protective linings.

DESIGN POLICY

Roadway ditches shall be designed to collect storm water runoff from the
roadway right of way (including the pavement, median, cut slopes, and
embankment fill slopes) and convey it in a manner that minimizes the
potential for adverse effects to the roadway and adjacent properties.

The designer shall use the following general policies as a guide to plan, select
and design ditches placed along roadways:

e Ditches shall be hydraulically designed.

e Ditches shall be located by: adhering to the required cross-section
geometry of the WVDOH design directives, taking advantage of local
terrain, and considering clear zone requirements for locations away from
the roadside.

e Ditch locations should consider possible maintenance access.
e Ditch linings shall be designed to be structurally stable.

e Permanent erosion control matting shall not be used in a ditch where the
frequent removal of sediment is anticipated.

e Ditches and ditch outlets shall be designed to consider construction and
maintenance costs, risk of lining failure, risk of property damage, traffic
safety and environmental considerations.
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6.3

DESIGN CRITERIA

Ditch design criteria are controlled by geometric and safety standards
applicable to the roadway design project. The following criteria shall apply to
the hydraulic design of ditches:

6.3.1 FREQUENCY

Median, roadside, and secondary ditches shall be designed to carry onsite
runoff from the roadway right of way for a 10-year rainfall return period or
recurrence interval.

6.3.2 SIizE AND SHAPE

Roadside and median ditches shall be designed to be triangular or
trapezoidal in shape with side-slopes specified by the typical roadway section
(refer to Design Directive 601). Consideration shall be given to achieving the
project clear zone when sizing a ditch. The bottom width of trapezoidal
ditches shall vary depending on the capacity required.

The design flow capacity of trapezoidal ditches located at the toe of cut
slopes shall be calculated assuming one-half of the constructed bottom width.
This means that the required bottom width shall be doubled to account for
filling due to erosion of the cut slope. For example: a roadside ditch design
requires a two foot flat bottom to carry the 10 year discharge from the
roadway and cut slope, this ditch shall be constructed with a four foot flat
bottom to meet this criteria.

If significant flow from offsite is carried in a roadside ditch, then it shall be
sized to carry the design discharge for the offsite drainage area. This design
discharge may be defined by a nearby culvert design that will convey the
offsite flow.

6.3.3 FLow DEPTH

The maximum flow depth in a median ditch shall be 0.6 feet or 7.2 inches.

The maximum flow depth in a roadside ditch shall be 1 foot and shall not
exceed a height of 1.5 feet or 18 inches below the edge of the shoulder.
Roadside ditches along low volume roads may be exempted from this
standard to enable a more cost effective design. The flow depth shall not be
higher than the low elevation (bottom) of the roadway subgrade in all cases.
If this cannot be achieved then use an underdrain (see Section 5.3.2.11) in
conjunction with a ditch.
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6.3.4 LONGITUDINAL SLOPE

The longitudinal slope of a median or roadside ditch shall not be less than 0.5
percent. Flatter slopes may be permitted with the use of paved gutters. In
general, the longitudinal slope of the ditch shall be sufficient to satisfy the
minimum velocity criteria.

6.3.5 MINIMUM FLoOw VELOCITY

The flow velocity in a median or roadside ditch shall not be less than 0.5 foot
per second when ditch is flowing at one-third of the design flow depth.

6.3.6 DITCH INLETS AND MAXIMUM SPACING

Inlets with the WVDOH standard Type G grates ranging in size from 32" X 38"
to 60" X 66” are primarily used in median and roadside ditches. The Type 1
Grate has 1” bars, 2” on center. The type 2 grate has 1” bars, 4” on center.

The maximum pipe length between inlets shall not be greater than 400 feet to
allow for maintenance access. Upon WVDOH approval, this distance may be
extended up to 100 feet to enable practical drainage layouts. See design
criteria for access structures in Chapter 5, Section 5.2.7.

6.3.7 SECONDARY DITCHES

Secondary ditches are to be considered at the top or toe of cut slopes and at
the bottom of embankments in order to carry offsite drainage separate from
the median or roadside ditch system. The need for secondary ditches shall
be determined by factors such as:

e Ground cover

e Ground slope

e Type of sall

e Depth of cut

e Contributing drainage area

e Concentration of runoff

e Conveyance of runoff to a temporary sediment basin
e Maintenance of existing drainage patterns

e Need for protection of the median or roadside ditch system.
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Pipe flumes and cascades may also be considered as options to convey
offsite drainage from steep slopes. See the pipe culvert design criteria
(Section 8.3) in Chapter 8.

6.3.8 ROUGHNESS COEFFICIENT SELECTION

The Manning’s roughness coefficient selected for ditch protection should be
based on the condition that represents the minimum resistance to flow. This
design value shall be selected with consideration of a variation with flow
depth and whether vegetative linings will be maintained (mowed or
unmowed). Values for ditches with vegetative linings that cannot be mowed
due to their location (such as ditches located at the bottom of steep
embankments) shall be selected based on the condition that provides the
maximum resistance to flow. This yields a higher flow depth and a higher
shear stress.

Manning’s roughness coefficient for vegetative linings shall be selected from
the ranges shown in Table 6-1. Vegetative ditch linings should consist of
seed mixture Type B with the use of Type C-1 in areas viewable and
traversable by traffic. More information on the standard seed mixtures can be
obtained from Section 652 of the WVDOH standard specifications. For flat
longitudinal ditch slopes a higher value within the range should be selected.

Table 6-1
Manning’s Roughness Coefficient for Vegetative Ditch Linings

Minimum Standard Maximum

WVDOH Grass Seed roughness roughness roughness

Mixture coefficient. coefficient coefficient

N N n

Type B (mowed) 0.036 0.042 0.050
Type C-1 (mowed) 0.030 0.036 0.040
Type C-2 (mowed) 0.022 0.027 0.033
Type B (unmowed) 0.050 0.090 0.140
Type C-1 (unmowed) 0.050 0.080 0.120
Type C-2 (unmowed) 0.025 0.030 0.040
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Manning’s roughness coefficient for non-vegetative linings shall be based on
the material type and flow depth as shown in Table 6-2.

Table 6-2
Manning’s Roughness Coefficient for Non-Vegetative Ditch
Linings
Manning’s Roughness Coefficient, n
Material Type | Depth Range (ft) | Depth Range (ft) | Depth Range (ft)
0-0.5 05-2.0 >2.0
Rigid
Concrete 0.015 0.013 0.013
Grouted Rock 0.040 0.030 0.028
Unlined
Bare Soll 0.023 0.020 0.020
Rock Cut 0.045 0.035 0.025
Rock (Dso)
4-inch 0.090 0.058 0.035
6-inch 0.104 0.069 0.035
12-inch - 0.078 0.040

Source: Design of Roadside Channels with Flexible Linings, HEC-15, FHWA, 1988
6.3.9 DITCH PROTECTION

Ditches shall be protected with vegetative grass lining (with or without erosion
control matting) or non-vegetative linings such as dumped and placed rock
gutters, concrete, or grouted rock as required. Choice of the lining method
shall depend on physical and economic considerations.

The selection of vegetative lining with or without temporary or permanent
erosion control matting shall be based on permissible shear stress criteria.
Proper installation of matting is critical to its performance. Each manufacturer
provides guidelines on installation. The design drawings shall stress that
matting must be installed in strict accordance with the manufacturer's
specifications.

Rock linings shall also be designed based on permissible shear stress
criteria. Standard drawings for rock linings and concrete gutters are shown in
the WVDOH Standard Details. Rock or stone lining should generally not be
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placed within the highway clear zone. However, it may be permitted to
protect existing ditches in the clear zone that have eroded to deep gullies. It
also may be permitted where pavement resurfacings have created unsafe,
deep ditches provided that the top 6 inches of rock does not have sizes
exceeding 4 inches in diameter.

6.3.10 DESIGN METHODS

Ditches shall be analyzed for shear stress, depth and minimum velocity at
appropriate intervals by solving Manning’s equation using a trial and error
process. Ditches should typically be analyzed at 50-foot intervals. Additional
points of analysis may be required due to change in slope, inflow from other
channels or pipes, a change in channel material or sudden increase in
drainage area. Form 6-1 shall be used to record the calculations. Ditches
may also be analyzed using computer based spreadsheet calculations.
Publicly available ditch design charts or nomographs published by state or
federal agencies may be used in lieu of spreadsheet calculations provided the
sources are documented and the data required in Form DR-6 is provided.

Where design discharges exceed 50 cubic feet per second, the design of rock
linings shall be based on FHWA'’s HEC-11.

The flow chart in Figure 6-1 outlines the ditch analysis method. The ditch
shall be checked first to determine if vegetation is adequate as the ditch lining
for the 10-year frequency. If vegetation is adequate, the earth-lined ditch as
originally constructed shall be checked to see if temporary matting is required
during the establishment of vegetation for the 2-year frequency event. It
should be noted that even if the ditch is in rock, one side of the ditch
consisting of fill will not be able to withstand the shear stresses comparable to
rock. If vegetation is not adequate, permanent matting shall be required if the
ditch cut is not in rock.
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Figure 6-1
Ditch Analysis Flowchart
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6.4 DESIGN CONCEPTS AND GUIDELINES

6.4.1 MANNING’S EQUATION

Uniform flow in a channel exists when there is no change of velocity along the
channel. Under this condition, the convective acceleration is zero, and the
streamlines are straight and parallel. Because the velocity does not change,
the velocity head will be constant; therefore, the energy grade line and water
surface will have the same slope as the channel bottom. For the flow to be
uniform, the channel must be straight and without change in slope or cross
section along the length of the channel. Such a channel is called a prismatic
channel. When flow is uniform, the depth in the channel is called normal
depth. Uniform or nearly uniform flow conditions can be assumed in ditches
because they generally have prismatic shapes (triangular or trapezoidal).
Therefore, Manning’s equation can be used to compute the velocity and
normal depth for steady, uniform flow:

1.486 2/301/2
=—AR“"S
Q n

Where: = Manning’s roughness coefficient

n
R Hydraulic Radius = A/P, ft
A

Cross-sectional area of flow, ft?
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p
S

Wetted Perimeter of the cross-section, ft

Slope of the energy grade line in ft/ft

For a given discharge, normal depth is calculated by expressing A in terms of
depth (d) and then solving for depth by trial and error. The slope of the
energy grade line (S) can be approximated as the channel slope as long as
steady, uniform flow conditions can be assumed. This method of calculating
normal depth is referred to as the single cross-section method and it can be
easily accomplished using a spreadsheet program.

6.4.2 DITCH PROTECTION

Ditch boundary protection is meant to produce stable ditches that are
resistant to erosion. The two common protection approaches currently in use
are the permissible velocity approach and the permissible shear stress (or
tractive force) approach. The more physically based, permissible shear
stress approach is preferred by the WVDOH.

6.4.2.1 PERMISSIBLE VELOCITY

The permissible velocity approach dates back to the 1920’'s and was widely
used until the permissible shear stress approach became more popular a few
decades ago.

Manning’s equation is used to compute the average flow velocity in the ditch
for the design storm. The flow velocity is then compared with the maximum
permissible velocity for the soil and the proposed lining material in order to
design the ditch protection. The ditch is assumed to be stable if the mean
velocity in the ditch is lower than the maximum permissible velocity of the
boundary material. Table 6-3 presents permissible velocity values