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LESSON 1
INTRODUCTION TO CULVERT DESIGN - PARTICIPANT’S WORKBOOK

LESSON 1

INTRODUCTION

OVERVIEW: Method of Instruction: Lecture
Lesson Length: 30 minutes
Resources: Student Workbook
Graphics
CULVERT DESIGN
gfsl)esamnw
Federal Hig
Administrition
1.0
OBJECTIVES
INTRODUCTION
LESSON 1 gzﬁ:gﬁ:;’g:f IMPORTANCE OF
KNOW THE OBJECTIVES OF THIS
TRAINING COURSE
UNDERSTAND THE COURSE OUTLINE,
MATERIALS AND SCHEDULE
FHWA CULVERT DESIGN COURSE
1.1a 1.1b

OBJECTIVES: At the conclusion of this lesson, the participant shall be able to:

1. Understand the importance of culvert design.
2. Know the objectives of this training course.
3. Understand the course outline, materials and schedule.
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LESSON OUTLINE

- |- INTRODUCTION
1.1. HOST WELCOME
1.2. INTRODUCTIONS
1.3. SIGNIFICANCE OF CULVERT DESIGN
1.4. COURSE OBJECTIVE
1.5. COURSE OUTLINE

1.6. ADMINISTRATIVE NOTES
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1.1. HOST WELCOME

1.2. INTRODUCTIONS
A. Instructors

B. Participants

As participants in this course, you are the center of attention. Your self-
introduction defines who you are and what your interests are with respect to
culvert design. This information is useful to the instructors and can be helpful

to the other course participants.

1.3. SIGNIFICANCE OF CULVERT DESIGN

A. Culvert Definition

CULVERT TERMS
ey S ~ ..,..;..
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S i \
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m/ mom \m
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B. Culvert Usage

A culvert is used primarily in a roadway system to move water flow (runoff)
from one side of the roadway to the other. Culverts can have multiple uses
as well.

CULVERTS

+ HIGH FREQUENCY OF INSTALLATION

» APPROXIMATELY 12.5 MILLION CULVERTS
ON RURAL HIGHWAYS

1.6

e Culverts are used on the average of approximately once every 1/4 mile on
typical rural highway projects in the United States.
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e Since there are 3.1 million miles of rural highways, there are
approximately 12.5 million culverts in the United States.

C. Culvert Failure

When culverts fail, the results usually are not catastrophic but, because of
their large numbers on highway systems and therefore, high frequency of

potential loss, failures are costly and cause considerable interference with
normal traffic flow.
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D. Types of Culverts

TYPES OF CULVERTS

SHAPES
MATERIALS

1.10

CULVERT SHAPES

Circular
Oval (elliptical)
Pipe arch and high and low profile arch

CULVERT MATERIALS

+ METAL (STEEL, STRUCTURAL PLATE,
OR ALUMINUM)
CONCRETE {CAST-IN-PLACE OR
PRECAST)

* PLASTIC

1.12

Concrete box culverts are either cast-in-place or precast

» Metal box culverts are viable alternatives in some cases
Pipe culverts of metal, concrete or plastics are either fabricated in a
plant or assembled in the field from various components
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E. General Culvert lllustrations

Concrete box culvert with wingwalls:

1.14

Corrugated metal pipe culvert with a mitered concrete headwall:

1.15
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1.4. COURSE OBJECTIVE

The course objective is to develop a comprehensive understanding of culvert
hydraulics and to become familar with the tools and techniques for the hydraulic
analysis and design of culverts.

COURSE OBJECTIVE

To develop a comprehensive
understanding of culvert hydraulics
and to become familar with the tools

1.16
This will be accomplished through lecture presentations, workshop problems and

flume demonstrations. The design of a culvert involves many different
considerations and decisions:

A. Design Considerations

DESIGN CONSIDERATIONS

- SITE DATA

« PHYSICAL PARAMETERS
- DESIGN CRITERIA

« POLICY

« FUNDING

117
Identify the design considerations leading to proper culvert designs.

Site data

Physical parameters
Design criteria
Policy

Funding
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B. Significant Design Decisions

DESIGN DECISIONS

» GULVERT TYPE

- MATERIAL

- SHAPE

» ORIENTATION

- DESIGN FACTORS
- DESIGN CRITERIA

1.18

culvert types,

materials,

shapes,

orientations,

design parameters and factors,
and design criteria.

Understand the significance of early decisions regarding culvert types,
materials, shapes, orientations, design parameters and factors, and design
criteria.

C. Design Procedures

DESIGN PROCEDURES

+ HYDRAULIC
- STRUCTURAL
« ECONOMIC

119

Understand culvert design principles and procedures regarding hydraulic and
structural aspects.

e Hydraulic
e Structural
¢ Economic
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D. Operational Characteristics

OPERATIONAL CHARACTERISTICS

« ROUTINE MAINTENANCE
« SPECIAL MAINTENANCE
« REPLACEMENT

« REPAIR

« SERVICE LIFE

1.20

Recognize the importance of consideration of operational characteristics of
culverts.

* Routine maintenance
* Special maintenance
* Replacement

* Repair

¢ Service life

E. Discipline Coordination

DISCIPLINE COORDINATION

» HYDRAULICS

« STRUCTURES

- CONSTRUCTION
« MAINTENANCE

1.21

Realize the importance of coordination between disciplines: hydraulic,
structures, construction, and maintenance.

Hydraulics
Structures
Construction
Maintenance
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1.5. COURSE OUTLINE

COURSE LESSONS

INTRODUCTION

DESIGN CRITERIA

BASIC HYDRAULICS
CONVENTIONAL CULVERT DESIGN
IMPROVED INLET DESIGN
CULVERT DESIGN APPLICATIONS
ENERGY DISSIPATOR DESIGN

1.22

Neonpwpos

A. Course Schedule

A detailed course outline and schedule is indicated on the pages which
follow. The scheduled time, estimated length, topic, and method of
instruction are indicated for each lesson. General and specific references
regarding the lesson material also are shown.
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Session
Course Length
Segment Topic Resources | Reference |(minutes) Time Day
Lesson 1 |Iintroduction Graphics Workbook 30 8:00 - 8:30 1
Lesson 2 |Design Criteria Graphics Workbook 90 8:30-10:00 | 1
BREAK 15 10:00 - 10:15| 1
Lesson 3 |Basic Hydraulics Graphics Workbook 75 10:15-11:30| 1
LUNCH 60 11:30-12:30| 1
Workshop Problems 135 12:30-2:45 | 1
Culvert 2 Demonstration (Lesson 2)
Flume Demonstration Flume
BREAK 15 2:45 - 3:.00 1
Lesson 4 |Conventional Culvert Design Graphics Workbook 90 3:00 - 4:30 1
Quiz 30 4:30 - 5:00 1
Quiz Discussion 30 8:00 - 8:30 2
Culvert Workshop 60 8:30 - 9:30 2
BREAK 15 9:30 - 9:45
Lesson 5 |Improved Inlet Design Graphics Workbook 60 9:45-1045 | 2
BREAK 15 10:45-11:00] 2
Improved Inlet Workshop 90 11:00-12:30| 2
LUNCH 60 12:30-1:30 | 2
Lesson 6 |Culvert Design Applications 135 1:30 - 3:45 2
Computer Demonstrations
Flume Demonstration Flume
Design Workshop 75 3:45 - 5:00 2
Design Workshop 135 8:00-10:30 | 3
BREAK 15 10:30-10:45| 3
Lesson 7 |Energy Dissipator Design Graphics Workbook 75 10:45-12:00 | 3
LUNCH 60 12:00- 1:00 3
Energy Dissipator Video 90 1:00 - 2:30 3
Flume Demonstration Flume
BREAK 15 2:30- 2:45 3
Workshop Problem 75 2:45 - 4:00

112




Lesson 1 Introduction to Culvert Design - Participant’s Workbook

B. Material Sources

The primary references for this course are:

1.23

e Culvert Hydraulics - FHWA Hydraulic Design Series No. 5 (HDS#5),
"Hydraulic Design of Highway Culverts”, September, 1985. This
publication serves as the primary reference for the hydraulic aspects of
this course. It is distributed as a course handout. The CD-ROM
version of this document will also be distributed.

Hydraullc Designat —

e Energy Dissipators - FHWA Hydraulic Engineering Circular No. 14
(HEC#14), "Hydraulic Design of Energy Dissipators for Culverts and
Channels", September, 1983. This publication is distributed as a
course handout.

¢ Student Workbook - Specific to this course, the Student Workbook
comprises notes and information pertinent to the lessons and
workshops in the course. This publication is distributed as a course
handout.
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Other useful documents that are referenced, but not distributed include:

OTHER REFERENCES

FHWA MANUALS:
HIGHWAY HYDROLOGY (HDS 2)
DESIGN CHARTS FOR OPEN CHANNEL
FLOW (HDS 3)
INTRODUCTION TO HIGHWAY
HYDRAULICS (HDS 4)

AASHTO MANUALS

1.25

* Hydrology - FHWA Hydraulic Design Series No. 2 (HDS#2), "Highway

Hydrology", 1996.
* Channels - FHWA Hydraulic Design Series No. 3 (HDS#3), "Design

Charts for Open-Channel Flow", 1961.
* Channel Design - FHWA Hydraulic Design Series No. 4 (HDS#4),

"Introduction to Highway Hydraulics", 1997.

Useful AASHTO references include (available from AASHTO, 444 North Capital
Street, N.W., Suite 249, Washington, D.C. 20001):

e 1991 AASHTO Model Drainage Manual

MODEL
DRAINAGE
MANUAL
1991

AN At NIAT MW [ STETR
LW AY AND IRANAAOR PATHON OTFICIALS

1.26

e AASHTO Guidelines, Volume 4
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C. Computer Programs

COMPUTER PROGRAMS

HY-8
CULVDUR
CULVERT3
BOXCAR
PIPECAR
PLASTIC
CMPCHECK

1.28

Numerous computer programs styled for micro-computer application are
available to culvert designers. While these are useful design tools, they
cannot replace basic design understanding and decision requirements by the
designer. Generally, microcomputer software which is useful for culvert
design is available through McTRANS or PCTRANS.

McTRANS

512 Weil Hall

University of Florida

Gainesville, FL 32611-2083

(352) 392-0378

e-mail: Mctrans @ ce.ufl.edu

web site: www-uftrc.ce.ufl.edu/info-cen/info-cen.htm

PCTRANS

2011 Learned Hall

Lawrence Kansas 66045

(785) 864-5655

e-mail: pctrans @Kuhub.cc.ukans.edu

web site: Kuhub.cc.ukans.edu/~pctrans/index.html
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1. HY8
HY-8
1.29

The FHWA Culvert Hydraulic Analysis Program is distributed to each
participant of this course. Documentation for this program is found in
"Culvert Analysis Microcomputer Program Applications Guide", May,
1987. Further documentation also may be found in Volume 6 of
HYDRAIN.

2. CULVDUR
This FHWA program determines culvert durability for a variety of culvert
materials.

3. CULVERTS3
The California Department of Transportation's CULVERT2 program is
another materials durability program.

4. Other Programs
Other culvert programs such as BOXCAR, PIPECAR, PLASTIC, and
CMPCHECK facilitate structural analysis. They will not be demonstated
during this course.

D. Other References

There are other references throughout the course which will be delineated as
appropriate.
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1.6. ADMINISTRATIVE NOTES

A. Housekeeping

DAILY SCHEDULE

APPROXIMATE DAILY SCHEDULE

1.30

Announcements will be made regarding facilities, breaks and lunch, and other
activities. Please observe the time limits for breaks and lunches since the
complete presentation requires that a time schedule be met.

B. Course Activities

The course activities will comprise a series of lectures, workshops, example
problems, flume demonstrations, computer demonstrations, and a quiz.

C. Course Roster and Evaluation |
The roster serves as a record of attendance and the basis for certificates.

The evaluation is the National Highway Institute's method for obtaining
feedback.
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NOTES:
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DESIGN CRITERIA - PARTICIPANT'S WORKBOOK

LESSON 2

DESIGN CRITERIA

OVERVIEW: Method of Instruction: Lecture
Lesson Length: 90 minutes
Resources: Student Workbook
Graphics
DESIGN CRITERIA
LESSON 2
FHWA CULVERT DESIGN COURSE
2.0a
DESIGN CRITERIA OBJECTIVES

UNDERSTAND GENERAL SITE CRITERIA

UNDERSTAND HYDRAULIC DESIGN
CRITERIA

RECOGNIZE IMPORTANCE OF
DURABILITY CRITERIA

RECOGNIZE THE IMPORTANCE OF
STRUCTURAL CRITERIA
APPRECIATE OTHER DESIGN FACTORS

2.0b

OBJECTIVES: At the conclusion of this lesson, the participant shall be able to:

1.

2,

Understand general site criteria, including whether to use a
culvert or a bridge, and location and orientation criteria.
Understand hydraulic criteria is necessary for the successful
design of a culvert.

Recognize the importance of environmental and durability
considerations.

Recognize the importance of adequate structural design.
Appreciate other design factors (availability/cost, economy,
documentation).
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LESSON OUTLINE

2. DESIGN CRITERIA
2.1. INTRODUCTION
2.2. GENERAL SITE CRITERIA
2.3. HYDRAULIC DESIGN CRITERIA
2.4. DESIGN FREQUENCY CONSIDERATIONS
2.5. DESIGN HEADWATER
2.6. OUTLET VELOCITY CRITERIA
2.7. ENVIRONMENT/DURABILITY FACTORS
2.8. SAFETY CONSIDERATIONS
2.9. FISH PASSAGE CRITERIA
2.10. AVAILABILITY AND COST
2.11. ECONOMY
2.12. DOCUMENTATION

2.13. WORKSHOP - CULVERT2 DEMONSTATION
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2.1 INTRODUCTION

INTRODUCTION

CULVERT DESIGN INVOLVES

CONSIDERATION OF:
GENERAL SITE CONDITIONS
HYDRAULIC FACTORS
DURABILITY FACTORS
STRUCTURAL FACTORS

2.1

A. Culvert design involves consideration of general site conditions, hydraulic
factors, durability factors and structural factors.

B. The design criteria related to each of these considerations will be introduced
in this lesson.

2.2, GENERAL SITE CRITERIA

GENERAL SITE CRITERIA

- BRIDGE OR CULVERT 7
« SITE LOCATION AND ORIENTATION
« EVALUATION OF RUNOFF CONTENT

2

A. General site criteria includes:

» whether to use a bridge or a culvert (or to consider both),
e gspecific site location and facility orientation,
* and evaluation of runoff content (ice, debris, etc.).

2-3



Lesson 2 Design Criteria - Participant’s Workbook

B. Bridge/Culvert

BRIDGE OR CULVERT

? ==

2.3

1L Use of Bridges

USE OF BRIDGES

= CLHVERTS NOT FEASIBLE

i MADRE ECONCRICAL

« LAND USE REQUIREMENTS

« ENVIRONMENTAL COMETRAINTS
» AYOID) ENCROAGHMENTS

= O£ AND LARGE DEBRIS

= CHANNEL DEGRADATION

2.4
Bridges are used where:

e Culverts cannot be used.

e A bridge configuration is more economical.

* Special or unusual land use requirements must be satisfied.
e Environmental harm caused by a culvert must be mitigated.

* Floodway or irrigation canal encroachments must be avoided.
e |ce or large debris must be accommodated.

* Significant vertical degradation in the channel is expected.

2. Use of Culverts

USE OF CULVERTS

» BRIDGES NOT REQUIRED HYDRAULICALLY
» DEERIG ANDICE CONTENT TOLERABLE

» CHLYERTS MOF ONCIMICAL

~ ALTERNATE DEBIGNS

2.5
Culverts are used where:
e Bridges are not required hydraulically.

» Debris and ice content are tolerable.
e Culverts are more economical than bridges.
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* Some situations justify a design analysis of both types of facilities
and may even be shown as alternate designs.

£ Location and Orientation Criteria

In general, the culvert will be located at the point where the main channel of
the associated stream crosses the highway location. In some instances, it
may be justified to locate the culvert at a different place.

ORIENTATION
VERTICAL HORIZONTAL
= ch i~ el
4
2.6

i Vertical Orientation
Vertical orientation usually is tied to the stream elevations in the vicinity of

the ends of the culvert. Culvert profiles usually match the associated
stream bed profile

Straight Profile

STRAIGHT PROFILE

L 2%

2.7
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The most common profile is simply a straight line between the upstream and
downstream flow line elevations of the culvert.

Broken-back Profile

BROKEN-BACK PROFILE
f \\

2.8

Broken-back culverts comprise two or more straight profiles within the same
culvert.

* A broken-back profile may be necessary to accommodate a large
differential of flow line elevation.

* A broken-back profile may be the result of one or more extensions to
an original straight profile culvert.

* For certain circumstances, broken-back culverts may be used to
control excessive outlet velocities if coupled with an appropriate
energy dissipator.

2. Horizontal Orientation

ORIENTATION
VERTICAL HORIZONTAL

”
e e

e,

4

2.9
Horizontal orientation is fixed closely to two items.

* Horizontal orientation of the stream with respect to the roadway
centerline.

* Standard plan details available to the designer such as reinforced
concrete boxes. The standards may vary from state to state.
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D. Other General Site Criteria (runoff content)

1. lce

2. Debris

RUNOFF CONTENT

2.10

Aside from the rate of runoff itself, two types of runoff content should be
considered by the designer. These are ice and/or debris.

ICE

ICE BUILDUP CAN BE MITIGATED
WITH:

EXTRA FREEBOARD

INCREASED WIDTH (EXCEPT WITH
CIRCULAR PIPES)

2.1

Any ice buildup may be mitigated by allowing some freeboard (such as
one foot) to the culvert height or diameter.

For culvert shapes other than circular, further mitigation would be to
increase the culvert width to encompass the channel's static ice width.
Such mitigation may not be particularly cost effective,

DEBRIS

DEBRIS CONSISTS OF:
MINOR VEGETATION
URBAN TRASH
LARGE TREES
MUD FLOWS

- HEC-9

2.12

Debris in storm runoff can occur in one or more of several different
types.

o
o
o
o

Minor dead vegetation.

Urban trash.

Large trees.

Debris flows of rock, vegetation, mud, and trash.

2-7
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* The designer should be acquainted with the history of the watershed
and the type of debris which might be generated by storm events.

Where the culvert is in a mountainous or steep region and the

watershed contains much vegetation, or if the culvert is under a

high fill and/or maintenance access is limited, the designer should

beware of debris.

If a debris control device is necessary, provide access to clean it

out.

* Refer to the FHWA publication "Debris Control Structures", HEC#9 for
discussions of debris and suggestions for debris control structures.

nnnnnnn

e
i

213

= Normal debris may consist of minor to major vegetation, soil, rocks,
trash, and other detritus.
 Debris Flows

2.3. HYDRAULIC DESIGN CRITERIA

A. The three primary hydraulic design criteria are frequency, headwater and
outlet velocity.

DESIGN CRITERIA CONSTRAINTS

« DESIGN FREQUENCY
« DESUEN HEADWATER
« QUTLET VELOCITY CONSIDERATIONS

2.14

B. The following sections consider each one in detail.




Lesson 2

Design Criteria - Participant’s Workbook

2.4. DESIGN FREQUENCY CONSIDERATIONS

FREQUENCY SELECTION
FACTORS
FUNGTIONAL CLASSIFICATION
FUNDING

TRAFFICDEMAND | | DESIGN

LAND USE

215

Culvert design is typically based on selection of a single design frequency;
however, culvert performance over a range of flood conditions should also be
considered. Generally, there are two approaches to establishing design
frequency.

¢ Design policy
e Risk analysis.

Design Policy

DESIGN FREQUENCY

= ROADWAY TYPE

« FACILITY SIZE AND IMPORTANCE
« AVAILABLE FUNDING

= PHYSICAL CONSTRAINTE

2.16

The selection of a specific design frequency based on a policy approach is a

function of:
* the type of roadway,
* the importance and size of the facility,
¢ the available funding,

certain physical constraints.
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1. Type of Roadway

Design frequency should be consistent with the type, level, and
importance of the associated roadway.

a. Operational Characteristics

Determine the operational characteristics for a wide range of
discharge applications.

b. Roadway/Culvert Combination

The general geometrics of the associated roadway in combination
with the culvert configuration is a design alternative.

C. Example

Design frequency often is dictated by policy. The following table is an
example of design frequency assignments relative to the facility type.

Functional Classification and

Structure Type 100 50 25 10 B 2

Freeways (Main Lanes)

Culverts X

Bridges X
Principal Arterials

Culverts X

Small Bridges X

Major River Crossings X

Minor Arterials and Collectors
(Including Frontage Roads)

Culverts X X
Small Bridges X
Major River Crossings X

Local Roads and Streets

(Off-System Projects)
Culverts X X
Small Bridges X X

X X
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2 Importance and Size of Facility

SPECIAL FREQUENCY
CONSIDERATIONS

« CULVERT SIZE

» DISCHARGE

« SENSITIVE FEATURES
« DIVERSION

.17

A further consideration by the designer in the matter of design frequency
criteria is the specific importance and/or size of the culvert.

a. Culvert size.
b. Discharge.
C: Sensitive Features

Proximity of the culvert to sensitive features (both inside and outside
the roadway right-of-way).

d. Diversion
Consideration of watershed diversion levels or special roadway

profiles.

3. Available Funding

DESIGN CONSIDERATIONS

« LARGEST FLOOD ACCOMMODATION NOT
ECONOMICAL

« SOME PROBABLE FLOODS MAY NOT BE
ACCOMMODATED

+ SUFFICIENT FUNDING SHOULD SUPPORT
DESIGN POLICY

2.18
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In most instances, a practical limit of the flood accommodation by the
culvert is governed by budgetary constraints for the roadway project.

e Usually, it is not possible to design a culvert economically to
accommodate reasonably the largest possible flood.
e Certain probable floods present a risk of not being passed

reasonably.
* Where policy dictates the magnitude of the design flood (and
frequency), it is assumed that sufficient funding is available.

B. Design by Risk Analysis

RISK ANALYSIS

CONSIDERS ALL TECHNICAL AND
ECONOMIC FACTORS

NOT USUALLY JUSTIFIED FOR
CULVERT DESIGN

HEC-17

2.19

Ideally, the actual design frequency can be established systematically by
means of a "design by risk analysis (or evaluation)". Design by risk analysis
involves the consideration of a wide range of probable floods and not any one
design frequency alone.

* Not usually justified for culvert design.
e Referto HEC #17.

LOWEST TOTAL
EXPECTED COST 7

w
~‘\\\ TOTAL
. Coss v’/

CAPIEAL,
costs -

ALTERNATIVES

2.20
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15 Systematic Process

This systematic process also involves the consideration of costs of
installation and potential losses due to flooding for several possible
physical alternatives.

2. Total Cost

The sum of capital cost and operational cost for an alternative
represents the total cost for the alternative. A description of these
total costs in relation to the various alternatives is the total
expected cost curve.

3. Lowest Total Expected Cost
The lowest total expected cost is the minimum on that curve.
Unless there are other overriding considerations, the designer
should select the alternative causing the lowest total expected cost.

4, HEC#17, "Design by Risk Analysis"

Reference is made to HEC #17 for more comprehensive
discussions on the subject of design by risk analysis.
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2.5. DESIGN HEADWATER

DESIGN HEADWATER

+DESIGN CRITERIA
+SITE SPECIFIC

2.21

One of the most important design criteria which must be established by the
culvert hydraulic designer is the design headwater.
A. Design Criteria
This criteria is used as the basic measure of the adequacy or inadequacy of
the culvert configuration.
B. Site Specific

The design headwater at a culvert site is specific to that site and is a function
of several considerations.

DESIGN HEADWATER
CONSIDERATIONS

- UPSTREAM PROPERTY

+ UPSTREAM ROADWAY(S])

« LOW POINT IN ROADWAY

« ELEVATION GOVERNING DIVERSION

2.22

1. Design Headwater

The design headwater is the depth of water that can be ponded at the
upstream end of the culvert which will be:

2-14



Lesson 2 Design Criteria - Participant’s Workbook

* a cause for no serious damage to upstream property,

e« at some arbitrary level with respect to the roadway profile or
roadway appurtenances,

e no greater than a critical elevation of an upstream roadway,

* no greater than the low point in the roadway grade,

* no greater than the elevation where flow diverts from the culvert to
some other outlet.

2 Consideration of Upstream Features
The designer must establish a design headwater which will preclude the

possibility of damage to upstream property by the headwater caused by
the culvert as it accommodates the design flow.

C. Several possible "design headwater" levels must be considered.

HEADWATER LEVEL
VARIES WITH DISCHARGE

i_a*

2.23

8 Basic Design Headwater Elevation

The designer should establish an elevation above which the headwater
level caused by the culvert operation will not rise. This basic design
headwater elevation governs for a specific frequency of discharge.

2. Other Headwater Elevations
A wide range of design headwaters is applicable where the culvert is
designed and then analyzed for hydraulic performance over a range of
discharges.

3. Efficient Accommodation of Low Flows
In some cases, the designer may configure the culvert for efficient

accommodation of low to medium flows. Then, allow a higher design
headwater for a "design discharge”.
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D.

E.

Review Headwater

REVIEW HEADWATER

« NFIP LIMITATIONS
= TOLEBABLE T0O THREATENED FEATURES

2.24

The review headwater is a flood depth which:

* does not exceed some specified maximum increase over the existing 100-
year flood elevation in the National Flood Insurance Program mapped
floodplains or in the vicinity of insurable buildings.

* has a level of inundation which is tolerable to upstream property and
roadway(s) for the review discharge.

Federal Highway Policy on Culvert Design

FHWA POLICY (23 CFR 6504)

PROJECT PLANS MUST SHOW
The magnitude, exceedance probability
and elevations associated with the
overtopping flood or largest reasonable
flood (eg. 500-year)
The magnitude and elevation of the base
flood if larger than the overtopping flood

2.25

Section 650.117 of 23 CFR 650A states that project plans for encroachment
locations shall show:

(1) The magnitude, approximate probability of exceedance and ...the water
surface elevations associated with the overtopping flood or the flood of Sec.
650.115(a)(1) (which is the largest flood that may be reasonably estimated such
as the 500-year flood)

(2) The magnitude and water surface elevation of the base flood, if larger than
the overtopping flood. (The base flood is the 100-year flood).
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2.6. OUTLET VELOCITY

OUTLET VELOCITY
CONSIDERATIONS
- NATURAL STREAM VELOCITY
- SOIL TYPE
« CHANNEL PHYSICAL CHARACTERISTICS
« PROXIMITY OF THREATENED FEATURES
- SCOURING POTENTIAL
« POTENTIAL DAMAGE DUE TO IMPACT
- PAST CULVERT PERFGRMANCE

2.26

An acceptable culvert outlet velocity must be judged on the basis of:

natural stream velocity,

soil type,

channel physical characteristics,

proximity of threatened property or facilities,
scouring potential of soil and/or appurtenances,
potential of damage due to impact (momentum),
past culvert performance in the specific locale.

An excessive outlet velocity usually is addressed more economically by
specific appurtenances which ordinarily do not affect the upstream
headwater.
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2.7. ENVIRONMENT/DURABILITY FACTORS

The durability of a culvert depends upon several environmental factors.
Statistically, it has been found that the vast majority of culverts do not fail
hydraulically or structurally, but rather they wear out from the effects of corrosion
and/or abrasion.

DURABILITY

« CORROSION
« ABRASION

2.27

A. Corrosion

CORROSION

« ACIDITY/ALKALINITY
« RESISTIVITY
« AGE

2,29

Corrosion of a culvert material is a chemical or electro-chemical (also termed
galvanic) reaction between associated soil and/or water and the culvert
material. The important factors include the acidity/alkalinity and the resistivity
of the host soil, the culvert backfill material, the ground water, and the runoff
water.
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y [ pH Factor

Acidity or alkalinity is depicted by the pH factor. The pH factor is the
negative logarithm of a measure of hydrogen ion activity.

2. Resistivity

Resistivity is the opposite of conductivity and represents the current
carrying capacity of a material. A high current carrying capacity is
conducive to the electro-chemical reaction represented by corrosion.

a3 Character of Ground and Runoff Waters

a. Acidity/Alkalinity

The corrosive potential of water is measured by acidity or alkalinity and
the current carrying capacity (resistivity).

pH SCALE

{ AGHHC ALKALINE 3
I

i 1

L]

2.30
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b. Corrosive pH Values

Extreme values of pH include those substances having a pH value of
5.5 or less (strongly acid) and 8.5 or more (strongly alkaline).

e Acid water stems from two sources, mineral and organic.

e A general guide for compatibility between various culvert
materials and pH values is shown in the following table. Since
conditions vary widely with respect to geographic location, the
designer should adapt the table to local experience and

conditions.
Culvert Material Recommended pH
value range

Galvanized Steel 55-9.0
Aluminum 4.0-8.0
Reinforced Concrete 5.0-10.0
Plastic 4.0-8.0
Polymer Coated 40-8.0

c: Resistivity

Resistivity in water is usually related to the type and amount of salts
which may be present in the water, such as:

e Sea water or intrusion.
» Significant farm fertilizer content.
d. Age

CALTRANS CHART
ANTICIPATED SERVICE LIFE

s
b
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CALTRANS CHART
ANTICIPATED SERVICE LIFE
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Deterioration due to corrosion and/or resistivity (as well as abrasion) is
dependent upon age as well as pH, resistivity, and abrasive content of
flow. Typically, the designer will desire a minimum service life for the

structure.
4, Soil and Backfill Material

a. General Character

The chemical and physical characteristics of the soil which will come
into contact should be known. The following figure is general and
should be adapted to local experience and conditions.

RESISTIVITY SCALE
{Ohm~Cm)

_LOW CORROSION FOTENTIAL TO ALUMMNUM -
| ~ A Ho-mummm_‘
T L]

0 500 2,500

2.32

b. Resistivity

Resistivity in the soil is one of the most significant geotechnical factors
affecting durability.
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& Permeability

Permeability of soil to water and to oxygen is another variable in the
corrosion process.

d. Geotechnical Data Source

Usually, details of these geotechnical factors are known only on a
project-wide basis.

B. Abrasion

ABRASION

RESULTS FROM SEDIMENT
MOVEMENT
DEPENDS ON:
VELOCITY
SEDIMENT LOAD
CULVERT MATERIAL

2.33

Abrasion is defined as the wearing of the culvert invert by the bed load
carried by the water. The mechanism is a function of the velocity of flow and
the bed load content of the water. Abrasion potential also depends upon the
culvert material.
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C. Age

AGE

+ SOME MATERIALS DETERIORATE
WITH AGE ALONE
SEE “"DURABILITY OF SPECIAL
COATING FOR CORRUGATED STEEL
PIPE”

2.34

Age of the culvert material has a direct bearing on the durability of the
material. Some materials deteriorate with age alone. The corrosive and/or
abrasive threats are exacerbated by greater age in the material.

o

sxiesran
SR

2.35

Refer to FHWA Publication FHWA-FL-91-006, "Durabiiity of Special Coatings for
Corrugated Steel Pipe", June, 1991 for a comprehensive compilation of data and
discussions regarding durability of various culvert conduit materials, or FHWA-
RD-97-xxxx, “Durability Analysis of Aluminum Type Il Corrugated Metal Pipe.”
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D. Service Life

There are several systematic procedures which address the anticipated durability
and service life of various culvert materials. The designer should give
consideration to experience with respect to durability of materials in association
with the geo-technical factors of the culvert site. All procedures are being
updated constantly with the accumulation of more experience and data.

MATERIAL SERVICE LIFE

FHWA CULVDUR

CALTRANS CULVERT2
AND CULVERT3

« OTHER METHODS

2.36

CULVDUR and CULVERT2/CULVERTS3

—

e The FHWA Aluminum type Il research project included development of the
computer program CULVDUR, which evaluates culvert material durability
based on several different procedures.

e The CULVERT2/CULVERTS3 program is from the California Department of
Transportation (CULVERTS is a newer metric version).

* Primarily addresses metal pipe.
e Simple and convenient to use.

2. Other Procedures

Other useful procedures, both computerized and otherwise, are available for
use in various states. Typically, these procedures reflect the experience
within the specific locality.
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2.8. SAFETY CONSIDERATIONS

A. Major safety issues relate to structural and hydraulic adequacy. Assuming that
these issues are addressed, supplementary safety issures relate to traffic safety
(vehicles leaving the roadway) and child safety.

SAFETY CONSIDERATIONS

MAJOR SAFETY ISSUES RELATE TO
STRUCTURAL AND HYDRAULIC
ADEQUACY

SUPPLEMENTARY SAFETY ISSUES
INCLUDE:

TRAFFIC SAFETY
CHILD SAFETY

2.37

VEHICLES LEAVING ROADWAY

INLET AND OUTLET
LOCATION

SAFETY BARRIERS
AND GRATES

2.38

B. Guidance for safety in culvert design is found in the AASHTO Model
Drainage Manual, Chapter 9.

1. Small Culverts

AASHTO SAFETY GUIDANCE

SMALL CULVERTS
LARGE CULVERTS
INSPECTION

HEAD LOSS ESTIMATION

2.39

Small culverts (30" in diameter or less) - use an end section or a sloped

headwall.
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2, Larger Culverts

Culverts greater than 30" in diameter - use one of the following
treatments.

3. Inspection

The culvert should be extended to the appropriate "clear zone"
distance per AASHTO Roadside Design Guide. A clear zone
distance varies with the type of roadway and is usually considered
30 feet beyond the traveled way.

The culvert should be safety-treated with a grate if the
consequences of clogging and causing a potential flooding hazard
are less than the hazard of vehicles impacting an unprotected end.
If a grate is used, an open area should be provided between the
bars of 1.5 to 3.0 times the area of the culvert entrance.

The culvert should be shielded with a traffic barrier if the culvert is
very large, cannot be extended, has a channel which cannot be
safely traversed by a vehicle, or has a significant flooding hazard
with a grate.

Periodically inspect each site to determine if safety problems exist for
traffic or for the structural safety of the culvert and embankment.

4, Head Loss Estimates

Estimation of head losses due to the application of safety grates is
accomplished by procedures and equations found on page 130 of HDS#5.
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2.9 FISH PASSAGE CRITERIA

FISH PASSAGE
BAFFLE ARRANGEMENT

i FLOW l\

, s— Batfles

Culvert Barrel

2.41

A. Migrating Fish

FISH ACCOMMODATION

+ FISH LADDERS
« SERIES OF BAFFLES
« SERIES OF FISH HAVENS

2.42

These culvert configurations are provided and used where migrating fish
must be accommodated by the stream. There are different types of
configurations, including:

e Fish ladders.

e A series of baffles.
e A series of fish havens within the culvert barrel.

B. Hydraulic Capacity Reduction

Any type of fish passage appurtenance characteristically will decrease the
hydraulic capacity of the culvert.
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2.10. AVAILABILITY AND COST

AVAILABILITY AND COST

CULVERT MATERIAL SELECTION
SHOULD CONSIDER

LOCALLY AVAILABLE MATERIAL
TRANSPORTATION COSTS

2.43

It is important to consider the material and facility availability in the region of
the subject highway project.

1. Limited Availability

In most locations, only a few types of culvert materials and facilities are
readily available.

2. Cost Considerations

Any material or facility selection can be furnished; but at a cost which may
be unacceptable. Delivery costs may be excessive for remote sites.
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2.11. ECONOMY

BALANCE ENGINEERING AND COST

'2.45

The designer is responsible for satisfying the technical demands while
minimizing the cost.

1. Alternative Designs
The designer should consider more than one alternative design for any
culvert location in order to:
e better meet technical demands,
* minimize costs.

2. Consistency of Alternatives

The extent of consideration of other alternatives should be consistent with
the importance of the structure.
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2.12. DOCUMENTATION

o 0 W »

m

DOCUMENTATION

2.46

The importance of documentation of the culvert design criteria cannot be over-
emphasized. Included in comprehensive documentation should be:

Design Criteria Bases

Data Evaluation/Reduction

Applications
Design Qualifications

Judgment Clarification
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2.13 WORKSHOP - CULVERT2 DEMONSTATION

DISCUSSION

A. Observed Data
B. Design Charts

C. Computer Programs

CULVERT2

This program calculates maintenance-free service design estimates using
California test method numbers 417, 422, 532, and 643 as well as the
considerations delineated in California DOT Highway Design Manual, Index 850,
Physical Standards.

The program is formatted for use on an MS-DOS based microcomputer system
and is invoked by the command 'CULVERT2".

A. Input Considerations
1. Identification
2. Runoff Water

* pH - measure of acidity or alkalinity (negative logarithm of a measure
of the hydrogen ion activity in the substance).

* Resistivity - measure of reciprocal of current carrying capacity (ohm-
cm).

* Velocity - velocity of flow in the culvert conduit (fps)

* Abrasive material content.

* Other damaging material content.

3. Ground Water
. pH

* Resistivity
e Abrasive material content
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4, Local Soil

pH

Resistivity

Salts

Abrasive characteristics

5. Embankment Soil

pH

Resistivity

Salts

Abrasive characteristics

6. Backfill Soil

° pH

* Resistivity

e Salts

e Abrasive characteristics

7. Conduit Bedding Soil

pH

Resistivity

Salts

Abrasive characteristics

8. Conduit protection

Galvanizing
Epoxy
Polymer
Bituminous
° Internal
° External

° Both

° Heavy coating
° Partial coating

B. Output
1. Standard screen

e Controlling factors
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* Table of life expectancy
* Footnotes
* Concrete pipe considerations

2. Other screens
cC. Discussion
* What to expect.

¢ Type of installation.
e Alternatives.

D. Example Problem

1. Identification
€CO.—-RTE. -P.M:: ... TUL~-99-6.2/6.5
EXP. AUTH....... 06-256501
LOCATION. . ...... STA. 75+00 40.0 LT
TEST NO. 85-265
OPERATOR ID..... DMC
DATE TESTED..... 09-01-93

2. Runoff Water

* pH - measure of acidity or alkalinity (negative logarithm of a measure
of the hydrogen ion activity in the substance).

* Resistivity - measure of reciprocal of current carrying capacity (ohm-
cm).

* Velocity - velocity of flow in the culvert conduit (fps)

* Abrasive material content.

* Other damaging material content.

PH = 5.0
RESISTIVITY = 650 OHM-CM

3. Ground Water
e pH.
* Resistivity.
e Abrasive material content.

Not applicable for this example.

4, Local Soil
e pH.
* Resistivity.
e Salts.
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e Abrasive characteristics.

Non-abrasive.

5. Embankment Soil
* pH.
* Resistivity.
e Salts.
e Abrasive characteristics.

Not applicable for this example.
6. Backfill Soil

pH.

Resistivity.

Salts.

Abrasive characteristics.

PH = 5.2

RESISTIVITY = 550 OHM-CM
CHLORIDES = 700 PPM
SULFATES = 3500 PPM

7. Conduit Bedding Soil

pH.

Resistivity.

Salts.

Abrasive characteristics.

Not applicable for this example.
8. Conduit protection

Galvanizing
Epoxy

Polymer

Bituminous
° Internal
°  External
° Both

Heavy coating
Partial coating

Consider all conduit protections for this example.
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Program Demonstration

MAINTENANCE-FREE SERVICE DESIGN ESTIMATES USING PROGRAM:
'CULVERT2.EXE' (11/11/92 WITH CALIFORNIA CULVERT CRITERIA

CO.-RTE.-P.M....TUL-99-6.2/6.5

EXP, -AUTH, .« 06-256501
LIOCATTION: & s« siais STA. 75+00 40.0 LT
TEST NO. 85-265

OPERATOR ID..... DMC

DATE TESTED..... 09-01-93

**%*x*x* THE VALUE OF ZERO (0) INDICATES NO DATA INPUT ****k*%x
SITE PH = 5.2, WATER PH = 5.0, SOIL PH = 5.2
MINIMUM RESISTIVITY, OHM-CM: SITE = 550, WATER = 650, SOIL = 550
CHLORIDES, PPM... 700, SULFATES, PPM... 3500
Kok ko Kk Kok K Kk Kk K Kk K Kk kK K Kk K Kk kK kR K kR Kk kK ok kK kK ok ok ok k kR ko k ko ok ko k k k ok ok Kk ok k kK
ESTIMATED SERVICE LIFE OF CSP CULVERTS, YEARS
SEE HIGHWAY DESIGN MANUAL FIG. 854.3A & 854.3B

CSp GALV. GALV.PLUS GALV.PLUS GALV.PLUS
GAGE THICKNESS 2 0OZ. BIT. COAT. BIT.COAT. & BIT.COAT.
INCHES (WATER SIDE) PAVED IN. (SOIL SIDE)
| (ABRASION)
18 0.052 2 10 17 27
16 0.064 2 10 17 27
14 0.079 3 11 18 28
12 0.109 L 12 19 29
8 0.168 7 15 22 32

FLOW VEL. <5 FPS WITH NON-ABRASIVE CONDITIONS, (DEFAULT VALUES)
16 GAGE CAP AND 18 GAGE CSP/CASP MAY BE USED WITH THESE FLOW VELOCITIES

STANDARD REINFORCED CONCRETE PIPE DESIGN MAY BE ADVERSELY
AFFECTED BY CHLORIDES. REVISED DESIGN IS:

FOR CHLORIDE RESISTANT RCP, ESTIMATED SERVICE LIFE, YEARS = 52
USING CEMENT CONTENT, SK/CY, C = 7
USING CONCRETE COVER, INCHES, S = 2
USING TOTAL MIX WATER, % BY VOL., W = 15

FOR SULFATE RESISTANT RCP
TYPE V CEMENT OR 7 SK/CY TYPE II MOD. CEMENT

DUE TO ACIDIC CONDITIONS, REINFORCED CONCRETE PIPE
REQUIRES EXTRA COVER OR A PROTECTIVE COATING

AN ALUMINUM CULVERT, CAP, SHOULD NOT BE USED
DUE TO CORROSIVE CONDITIONS
SEE HIGHWAY DESIGN MANUAL FIGURE 854.3B

AN ALUMINIZED STEEL CULVERT, CASP, SHOULD NOT BE USED
DUE TO CORROSIVE CONDITIONS

SEE HIGHWAY DESIGN MANUAL FIGURE 854.3B
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Figure 854.3B
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LESSON 3

BASIC HYDRAULICS

OVERVIEW: Method of Instruction: Lecture
Lesson Length: 75 minutes

Resources: Student Workbook
Graphics

BASIC HYDRAULICS
LESSON 3

FHWA CULVERT DESIGN COURSE

3.0a

OBJECTIVES

REVIEW HYDRAULIC EQUATIONS
IMPORTANT IN CULVERT DESIGN
UNDERSTAND THE APPLICATION OF
MANNING'S EQUATION

KNOW WHAT COMPUTER TOOLS ARE
AVAILABLE

3.0b

OBJECTIVES: At the conclusion of this lesson, the participant shall be able to:

1. Review and understand basic hydraulic equations and theory
important in culvert design.

2. Understand the application of Manning’s Equation to evaluate
tailwater conditions downstream of a culvert.

3. Appreciate the range of computer programs available to assist
with open channel flow analysis and their potential application in
culvert design.

3-1




Lesson 3

Basic Hydraulics - Participant’s Workbook

3.1.

3.2.

3.3.

3.4.

3.5.

3.6.

3.7.

3.8.

3.9.

3.10.

3.11.

3.12.

3.13.

3.14.

3.15.

LESSON OUTLINE

BASIC HYDRAULICS

BASIC DEFINITIONS

BASIC EQUATIONS

MANNING’S EQUATION

CRITICAL DEPTH EQUATION

OTHER DEPTH RELATIONSHIPS

FROUDE NUMBER

WEIR AND ORIFICE FLOW

APPLICATION OF BASIC HYDRAULICS IN CULVERT DESIGN
PRACTICAL APPLICATION OF THE MANNING’S EQUATION
WATER SURFACE PROFILES

COMPUTER METHODS

WORKSHOP 3A - CRITICAL/NORMAL DEPTHS
WORKSHOP 3B - SLOPE AREA METHOD

WORKSHOP 3C - SLOPE AREA METHOD BY HY8

WORKSHOP 3D - FLUME DEMONSTRATIONS
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3.1 BASIC DEFINITIONS

DEFINITIONS

STEADY FLOW .VS. UNSTEADY FLOW
UNIFORM FLOW .VS, VARIED FLOW
STEADY, UNIFORM FLOW

SUBCRITICAL AND SUPERCRITICAL
FLOW

CONTROL SECTION

3.1

A. Steady flow. Depth of flow at a given cross section does not change or it can
be assumed to be constant during the time interval under consideration.

B. Unsteady flow. Depth of flow at a given cross section changes with time.

C. Uniform flow. Depth of flow is the same at every section along the length of
the channel.

D. Varied flow. Depth of flow changes along the length of the channel. Varied
flow may be either gradually varied or rapidily varied.

E. Steady, uniform flow. An idealized concept of open-channel flow which
seldom occurs in natural channels. However, for many practical applications,
the flow is steady and changes in width, depth or direction are sufficiently
small that the flow can be assumed as uniform flow.

F. Subcritical flow. A flow condition that can be generally described as relatively
deep with low velocity on a mild slope.

G. Supercritical flow. A flow condition that can be generally described as
relatively shallow with high velocity on a steep slope.

H. Control Section. Any cross section for which the depth of flow can be
uniquely predicted for a given discharge.
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3.2. BASIC EQUATIONS

BASIC EQUATIONS
« CONTINUITY
ENERGY

MOMENTUM

3.2

The three basic equations that govern flow behavior are the continuity, energy
and momentum equations. These equations also form the basis for derivation,
using mathematics, laboratory experiments and field studies, of other useful
hydraulic equations.

A brief review of the continuity, energy and momentum equations is provided
below. For more detailed discussion of all three fundamental equations, see
“Introduction to Highway Hydraulics” (FHWA HDS-4, 1997) or any standard
hydraulics textbook.

A. Continuity Equation

CONTINUITY EQUATION

Q = ViA = V, A,

3.3

The continuity equation assumes that discharge remains constant from one
cross-section to the next and is represented generally as:

Q:V1A1=V2A2=...VnAn

.................................. 3-1
where: Q = total discharge (cfs),
Vi = average velocity at section n (fps),
Ap = cross-sectional area of flow at section n (ft2).
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B. Energy Equation

ENERGY EQUATION

2 V2
z1+y,+—2-—‘é—=22+y2+53 + h,

Z,+ +V—1—z + +V— + h
1 y1 29_2 y2 2 L

where:z4 and zo = elevations of the streambed at the upstream and downstream

sections respectively (ft),
y1 andyo = depths of flow at the upstream and downstream sections

respectively (ft),
V4 and Vo = average velocity of flow at the upstream and downstream

sections respectively (ft/sec),
h, = head losses between sections 1 and 2,

g = the acceleration due to gravity 32.2 ft/sec?.

ENERGY 1 = ENERGY 2 + HEADLOSS

3.5

The energy grade line (EGL) represents the total energy at any given section, defined
as the sum of the three components of energy represented on each side of the energy
equation. These components of energy are often referred to as the:

1. Velocity head
2. Pressure head
3. Elevation head

The hydraulic gradeline (HGL) is below the EGL by the amount of the velocity head, or
is the sum of just the pressure head and elevation head.

3-5
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The specific energy is the energy relative the to channel bed (no elevation head).

SPECIFIC ENERGY DIAGRAM
& ot
S O\Q\

SPECIFIC ENERGY = Y+ ;’—g

3.6
The specific energy is defined as:
2
H=y+ e —————————— 3.2b
29
where: H = specific energy (ft),

y = depth of flow (ft),
V = average velocity of flow (fps)
g = acceleration of gravity (32.2 ft/s?)

C. Momentum

MOMENTUM EQUATION

ZF, =p Q BV - B1Vaa)

3.7a

The momentum equation is

b Fx =p Q (Bzvxz = B1Vx1) ............................................................. 3-3

where Fyx = Forces in the x direction
p = density of water
Q =discharge
B = Momentum coefficient, normally assumed to be one
V = velocity in the x direction

3-6
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3.3

The momentum equation is derived from Newton’s second law, which
states that the summation of all external forces on a system is equal to
the change in momentum. The equation is a vector relationship and the
form shown is for the x-direction, with a similar form in the y and z
directions.

HYDRAULIC JUMP

Y2=05y,({T+ 8F2 - 1)

3.7b

The momentum concept is important in grate design, hydraulic jump
analysis, analysis of paved channels intersecting at angles and in design
of energy dissipators.

MANNING’S EQUATION

The culvert hydraulic operation often is a direct function of the unconstricted
channel flow characteristics. One of the most common methods of analyzing
open channel flow is the Manning’s Equation.

MANNING’S EQUATION
(MERGED WITH CONTINUITY)

3.8

Manning's Equation describes uniform flow in a prismatic conveyance or
channel. The depth of flow associated with uniform flow is termed normal
depth. The original equation described uniform velocity. However, in
combination with the Continuity Equation, its more familiar format is given
as follows.
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Q= AR2/3g12
B ° ' e e ek 3-4
where: Q = discharge (cfs),
n = roughness coefficient (dimensionless),
A = cross-sectional area of flow (ft2),
WETTED PERIMETER
3.9
R = hydraulic radius [area (A) divided by wetted perimeter] (ft),
S = longitudinal slope of water surface (ft/ft).

Uniform flow can occur when discharge, channel geometry, roughness
characteristics, and water surface slope are constant for a significant
reach of stream. In natural stream settings, uniform flow is not likely.
However, for many practical applications Manning's Equation is often
appropriate.

Normal depth of flow sometimes is referred to as uniform depth and is the
depth at which uniform flow would occur.

3.4. CRITICAL DEPTH EQUATION

GENERAL EQUATION
CRITICAL FLOW

G _A

g ol

3.10
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Critical depth of flow occurs at a critical state of flow. Critical depth is
defined by the general equation:

Qc _A¢
< s e L 3-5
where: Q= Critical discharge (cfs),

Ac= Cross-sectional area of flow (ft?),

T = Width of water surface (ft),
g = acceleration due to gravity (32.2 ft/s).

3.5. OTHER DEPTH RELATIONSHIPS

A. Hydraulic Depth

HYDRAULIC DEPTH

A B
Yo — T

3.11

The hydraulic depth, or mean depth, is often used to define an average
depth condition in open channel flow. It is equal to the area of flow
divided by the top width of flow:

A
U PO SR 3-6
Yh T
where: y, = hydraulic depth (ft),
A = Cross-sectional area of flow (ft?),
T = Top width of water surface (ft),
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B. Equivalent Depth

EQUIVALENT DEPTH

The equivalent depth is often used as an approximate depth of flow in energy
dissipator calculations. It is the depth corresponding to an area of flow which

has a width that is twice the depth:
Ye =

equivalent depth (ft),

where: y,
Cross-sectional area of flow (ft%).

A

3.6 FROUDE NUMBER

FROUDE NUMBER

3.13a

A. The Froude number is defined as

Vv

N Y e 3-8

Fr=

where Fr = Froude Number
V = Flow velocity (fps)
g = acceleration of gravity (32.2 ft/s?)
y = flow depth (ft).

For irregular sections, y is the mean or hydraulic dezpth (y=A/T) and for
)

circular sections it is the equivalent depth (y=(A/2)“

3-10



Lesson 3

Basic Hydraulics - Participant’s Workbook

B. The Froude number can be used to define subcritical, critical, and
supercritical flow:

1.

Fr <1 subcritical
Fr=1 critical
Fr>1 supercritical

FLOW REGIME

concmosen WATER SURFACE PASFLE
cAmCAL CEPT
- o DETH

CHANNEL BOTTOM \

3.13b

Subcritical

Subcritical flow occurs when the depth of flow, velocity, and orientation of
flow is dependent upon factors from the point in question to downstream.
The flow usually has a low velocity and is described as tranquil.

Normal depth of flow is defined according to Manning's Equation for
Uniform Flow (Equation 3-4). Subcritical flow can also be defined as the
condition when normal depth is greater than critical depth

Supercritical

Supercritical flow occurs when the depth of flow, velocity, and orientation
of flow is dependent upon factors from the point in question to upstream.
The flow usually has a high velocity and may be described as rapid,
shooting, and torrential.

Supercritical flow can also be defined as the condition when normal depth
is less than critical depth.
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3.7 WEIR AND ORIFICE FLOW

WEIRS

TYPICALLY A NOTCH OF REGULAR
SHAPE

WEIR CREST IS THE EDGE OR SURFACE
OVER WHICH WATER FLOWS

3.14

A. A weir is typically a notch of regular shape (rectangular, square, or triangular)
with a free surface.
e the edge or surface over which water flows is called the crest

e a weir with a crest where the water springs free of the crest at the
upstream side is called a sharp-crested weir

3.15

o if water does not spring free and the crest length is short, the weir is called a
not sharp-crested weir, round edge weir, or suppressed weir

¢ if the weir has a horizontal or sloping crest sufficiently long in the direction of
flow that the flow distribution is hydrostatic it is called a broad-crested weir

WEIR EQUATION
DISCHARGE ACROSS A WEIR:
Q = CD LH 32
3.16
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e the discharge across a weir (sharp-crested or broad-crested) is:

]
(@)
O
-
- =
@
N
P
©

Q

where Q = discharge (cfs)
Cp= coefficient of discharge for weirs
L = flow length along the weir (ft)
H = the depth of flow above the weir crest (ft), typically measured a
distance 2.5H upstream of the weir

ORIFICES

ORIFICE IS AN OPENING WITH A
REGULAR SHAPE

WHEN FLOWING PART FULL IT
BECOMES A WEIR

3.17

B. An orifice is an opening with a regular shape (circular, square or rectangular)
through which water flows in contact with the total perimeter.

e if the opening is flowing only partially full, the orifice becomes a weir
e an orifice with a sharp upstream edge is called a sharp-crested weir

3.18

ORIFICE EQUATION

DISCHARGE THROUGH AN ORIFICE:

Q=C,A/2g AH

3.19
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the discharge through an orifice is:

Q=Co A 2g AH 3-10

where Q = discharge (cfs)
Cp= coefficient of discharge for orifices
A = area of the orifice (ft’)
g = acceleration of gravity (32.2 ft/s?)
AH = difference in head across the orifice (ft)

3.8. APPLICATION OF BASIC HYDRAULICS IN CULVERT DESIGN

APPLICATION OF BASIC
HYDRAULICS

UNDERLIES CULVERT NOMOGRAPH
AND COMPUTER PROGRAMS

BASIS FOR TAILWATER ANALYSIS

3.20

The application of basic hydraulic concepts and equations, as reviewed above, is
essential in any culvert design. These basic equations and concepts underlie
the culvert nomographs and computer programs that are used in design. The
proper application, understanding and interpretation of the design results is
predicated on a comprehensive understanding of these basic principles and
equations.

Additionally, the application of basic hydraulics is necessary to evaluate the
tailwater conditions in the channel downstream of the culvert. The tailwater level
may be influential on both the headwater and the outlet velocity characteristics of
the culvert flow.

TAILWATER INFLUENCE

< CULVERT HEADWATER
« CULVERT QUTLET VELOCITY

3.21
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A. Influence On Culvert Headwater
Depending upon the conditions of flow through the culvert, the headwater
required to force water through the culvert may be directly influenced by the
level of the tailwater. ;

B. Influence On Outlet Velocity

C. Strategies for defining tailwater conditions

1.

Culvert outlet velocity may be directly controlled or at least affected by the
tailwater level.

In some instances for inlet control, the tailwater can cause a hydraulic
jump. Velocity is affected directly in such instances.

TAILWATER STRATEGIES

- MEASURED RATING CURVE

« NEGLIGIBLE TAILWATER

+ CONSTANT TAILWATER LEVEL
= STAGE-DISCHARGE CURVE

3.22

Measured Rating Curve

If measured data is available, a rating curve may be used to describe the
tailwater characteristics.

Negligible Tailwater

Where flow is not concentrated or there is small discharge with indefinite
outfall channels, tailwater may be found or assumed as negligible.
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3. Constant Tailwater Level

* Ininstances of irrigation channels or constant level outfall situations, a

constant value for the tailwater may be used.
* A properly developed culvert performance curve usually should be
supported by a stage-discharge relationship.

4. Stage vs. Discharge Curve

STAGE-DISCHARGE CURVE

i3 E

Elevation
=

100 200 300 400 500 600
Discharge

3.23

When a measured rating curve does not exist and tailwater may not be
neglected or assumed constant, it usually is necessary to develop a
stage-discharge curve.

Estimating a stage vs. discharge curve requires some simplifying
assumptions. The difficulty in making a channel analysis is associated
with the highly variable nature of flow during flood events. There are wide

variations in:
e directions of flow,
¢ resistance to flow,
e and channel geometry.

* One dimensional flow usually is assumed.

1 V8. 2 DIMENSIONAL FLOW

;

! -/—"-’3';""? \

\

3.24
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e Steady flow usually is assumed.

UNSTEADY VS. STEADY FLOW

3.25

* Uniform flow may be assumed in many instances.

UNIFORM FLOW VS, GRADUALLY
VARIED FLOW

UNIFORM GRADUALLY VARIED
FLOW FLOW

3.26

GENERAL METHODS FOR
CHANNEL ANALYSIS

» SLOPE-AREA METHOD
« STEP-BACKWATER METHOD

3.27

a. Slope area Method (application of Manning’s equation)

The use of the slope-area method depends upon an assumption of
uniform flow in the channel. The analysis is based on the Manning’s
Equation.
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b. Step-backwater Method

The step-backwater method can be used to develop gradually varied
backwater profiles which can be used as bases for a stage-discharge
curve.

3.9 PRACTICAL APPLICATION OF THE MANNING’S EQUATION

PRACTICAL APPLICATION OF
MANNING’S EQUATION

TAILWATER OFTEN DEFINED BY
“SINGLE SECTION SLOPE-AREA
METHOD”

* USED TO DEVELOP STAGE-
DISCHARGE CURVE

3.28
Most culvert designs merit a relatively simple approach for estimating stage-
discharge relations. The single section slope-area method, based on the
Manning’s equation, is straightforward and simple.
A. General Approach
Manning's equation does not allow a direct solution of depth of flow, given the
discharge. For this reason, either an iterative or graphical solution is
necessary. The stage-discharge curve represents a graphical solution.

B. Slope-area Procedure lllustration

SINGLE SECTION
SLOPE-AREA METHOD

- DEFINE GEOMETRY, SLOPE, n-VALUES

- APPLY ARBITRARY WATER SURFACE ELEVATIONS
- MANNING'S EQUATION FORQ

« PLOT PAIRS OF ELEVATION/DISCHARGE

3.29

* Using a typical representation of the channel downstream of the culvert,
define the geometry, longitudinal slope, and roughness characteristics.
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* Apply arbitrary water surface elevations to the typical cross-section,
calculating total discharges using Manning's Equation (across the cross-
section).

* Plot or tabulate the assumed elevations with respect to their associated
total discharges. This will constitute the stage-discharge curve.

e For each subject discharge; graphically (or by tabular interpolation) extract
the associated water surface elevation.

C. Typical Cross-sections

TYPICAL CROSS-SECTION

ELEYATION

20 40 60 80 100
STATIONING

3.30

CROSS-SECTION(S)
CHARACTERISTICS

» MATHEMATICAL CHANNEL ANALYSIS

- REPRESENTATIVE OF STREAM REACH
- PERPENDICULAR TO FLOW

- ADEQUATE TO CONTAIN FLOW

3.31

Typical cross-sections used for channel analysis with Manning's Equation
should be:

Used when a mathematical channel analysis is to be made.
Representative of the subject stream reach.

Oriented normal (perpendicular) to the flow at flood stage.
Adequate to contain flow.
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D. Roughness Characteristics

The roughness characteristics or elements which resist flow are quantified
in Manning's Equation as the "n-value".

a. Influences on the n-value

MANNING’S n Value

SURFACE ROUGHNESS
VEGETATIVE COVER

SIZE AND SHAPE OF CHANNEL
STAGE AND DISCHARGE
SEASONAL CHANGE

3.32

The roughness coefficient "n" is significant in Manning's Equation and
varies with:

e surface roughness,

e vegetative cover,

* size and shape of channel,
» stage and discharge,

e seasonal change,

b. Methods of n-value Assignment.

* Designers usually rely upon guide tables and experience
* FHWA HDS No. 3, "Design Charts for Open-Channel Flow"
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* Useful systematic approach in Report No. FHWA-TS-84-204,
"Guide for Selecting Manning's Roughness Coefficients for Natural
Channels and Flood Plains".

Roughness
Characteristics
of Natural Channels

v;,j'.jf“':-'
=)

3.33b
e USGS. Water-Supply Paper 1849, "Roughness Characteristics of \

Natural Channels", Harry H. Barnes, Jr. |
* The n-value assignment is subjective. {

c. Subdivision n-value Assignment |

In order to simulate actual flow conditions and the velocity variations
accurately, and to avoid discontinuity in the stage-discharge curve, it
usually is necessary to subdivide a cross-section on the basis of
roughness elements and geometry.

VELOCITY PROFILE

3.34

3-21



Lesson 3

Basic Hydraulics - Participant’s Workbook

ROUGHNESS ELEMENT SUBDIVISIONS
{(VEGETATION CHANGES)

3.35

If the typical cross-section is improperly subdivided, a discontinuity
(known as a switchback) in the stage-discharge curve may appear. A
switchback can occur.

SWITCHBACK

ELEYATION
2

DISCHARGE

3.36

In a switchback, the discharge appears to decrease with an associated
increase in elevation. With a minor increase in water depth, there is a
large increase of wetted perimeter. Simultaneously, there is a small
increase in cross-sectional area This results in a net decrease in the
hydraulic radius. The combination of the lower hydraulic radius and
the slightly larger cross-sectional area, may cause a discontinuity in
the discharge or conveyance.

ROUGHNESS ELEMENT SUBDIVISION
{GEOMETRY CHANGES)

202 ¥ o 2656 nurs amn DEC 68
&4 W e e

3.37

e More subdivisions within the cross-sections should be used in

order to avoid this discontinuity.
* The cross-section usually should be subdivided with respect to

both vegetation and geometric changes.
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3.10. WATER SURFACE PROFILES

STREAM BACKWATER PROFILE

3.38

A. When a uniform flow assumption and the application of Manning’s equation is
not appropriate, the gradually varied flow water surface profile must be
calculated.

B. Several different types of water surface profiles are possible for natural
stream flow. The type of profile is governed by the flow's position on the
specific energy diagram. This may be determined by comparison of critical
depth of flow and normal depth of flow.

C. Subcritical Flow in the Channel
1. Mild Slope Streams

2. M1 Backwater Curve

TYPE M1 WATER SURFACE
PROFILE

URTER SURFACE PROMLE

CRITC AL DEPTH NCEM oL DERTY

CHANNELROTTH

3.39

The M1 backwater curve occurs as backwater from a location where flow
is impeded (for example, the impoundment in a reservoir). The
downstream depth is greater than normal depth in the channel.
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3. M2 Backwater Curve

TYPE M2 WATER SURFACE

K
CRIMC hL DERTH

PROFILE

N®R AL DEPTH

CHUNNELEoTTEN

3.40

The M2 backwater curve occurs where the downstream control section
represents a "free fall" situation. The downstream depth is less than
normal depth but greater than critical depth in the channel.

4. Backwater Control

Mild slope curves are controlled by downstream conditions. Therefore,
water surface profiles must be calculated from downstream to upstream.

5. M Curve Tendencies

Curves tend to approach and converge with normal depth of flow for the
channel (from the downstream direction).

1. Steep Slope Streams

2. S1 Backwater Curve

D. Supercritical Flow in the Channel.

TYPE S1 WATER SURFACE PROFILE

WATER SURFACE
PROFILE
CRITICAL DEPTH
oot i b

Sl

CHANNEL BOTTOM

3.41a
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2. S2 Backwater Curve

TYPE S2 WATER SURFACE PROFILE

CRITICAL DEPTH

s
WATER SURFACE PROFILE

NORMAL DEPTH

CHANNEL BOTTOM

3.41b

The S2 backwater curve is the most commonly encountered of the
supercritical water surface profiles.

3. Upstream Control

Supercritical backwater surface profiles must be calculated from upstream
to downstream.

4. S Curve Tendencies

The water surface profile for an S2 backwater curve tends to approach
and converge with normal depth of flow for the channel (from the
upstream direction).

A gradually varied water surface profile can be estimated by the standard
step-backwater method of channel analysis. Gradually varied flow is a type of
non-uniform flow in which the area of the stream cross-section changes so
slowly that the energy losses can be computed for various reaches in the
same manner as for uniform flow. Therefore, apply the step-backwater
method when uniform flow cannot be assumed.

ENERGY DIAGRAM

The energy diagram of two adjacent cross-sections in a stream reach
illustrates the constituents and relationships of the various parameters in
the Energy Equation.
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1. Procedure
a. Direction of Computations

e (Calculate in an upstream direction for subcritical flow.
e Calculate in a downstream direction for supercritical flow.

b. Beginning Elevation
A known (or assumed) water surface elevation must be used as a
starting point.
2. Data Requirements
The step-backwater method is a data intensive method. Cross-section

geometries, stream reach distances, and roughness characteristics are
necessary for computation.

3.11. COMPUTER METHODS

COMPUTER METHODS

WIDE RANGE OF PROGRAMS
AVAILABLE

DATA REQUIREMENTS VARY

3.43

Computer methods for channel flow analysis vary from simple slope-area
methods to highly sophisticated two-dimensional flow analysis.

The character, quantity, and quality of the data required for each channel flow
computer model varies considerably. For most culvert design situations, themost
productive and usually justifiable method is the single section slope area method.
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A. Single Section Slope Area Analysis with HY-8

FHWA CULVERT ANALYSIS
COMPUTER PROGRAM

3.44

The single section slope-area method algorithm in the computer program HY-
8 is effective and productive for typical culvert design. The method is useful if
uniform flow can be assumed.

1. HY-8 Options

Within HY-8, there are several different approaches available; ranging
from:

» Simple assignment of a single tailwater level associated with a
single discharge.

e Up to a more comprehensive stage vs. discharge development
algorithm which may require a moderate amount of input data.

2. Embedded Algorithm

The single section slope-area algorithm in HY-8 is accessible after
supplying various data concerning a culvert analysis.

B. Step Backwater Computer Programs

STEP BACKWATER COMPUTER
PROGRAMS

WSPRO
HEC-2/HECRAS
WSP-2

3.45
The intensive data manipulation involved in the step-backwater method has
led to the development of several useful computer programs.
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1. WSPRO

WHPRO

WATER SURFACE PROFILE

FHWBAISGE

3.46
Developed by FHWA and US Geological Survey. WSPRO (Water Surface
Profile) was specifically developed for use in highway drainage analysis.
2. HEC-2/HECRAS

These programs were developed and are administered by the US. Army
Corps of Engineers. HECRAS is a newer windows based version with
improved calculation features, such as calculating both subcritical and
supercritical profiles within the same reach.

3. WSP-2

Developed and administered by the Soil Conservation Service

4. Training Requirements

WSPRO requires extensive input and some training and/or experience of
the user for successful application.

5. Use for Culvert Design

Most routine culvert design developments do not justify the use of
WSPRO.
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3.12 WORKSHOP 3A - CRITICAL/NORMAL DEPTHS

FLOW TYPE DETERMINATION

SUPERCRITICAL
FLOW

SUBCRITICAL
FLOW

Differentiation of flow between supercritical and subcritical is possible by
comparing critical depth (d¢) and normal depth (dp).

A. Supercritical Flow

Technically, if dc > dp, there is supercritical flow.

e Usually, supercritical flow implies inlet control in the culvert hydraulics
for the subject discharge.
* In some instances, slug flow may occur.
B. Subcritical Flow

Technically, if dg < dp, there is subcritical flow.

CULVERT FLOW TYPES

« INLET CONTROL WiTH
SUPERCRITICAL FLOW

= DUTLET CONTROL WiTH
SUBCRITICAL FLOW

Subcritical flow always indicates an outlet control situation for the subject
discharge.

C. Threshold - Supercritical/Subcritical Flow

In general, if normal depth of flow is within about 5% of critical depth of flow,
the distinction between supercritical flow and subcritical flow is not clear.
Reference to the energy head diagram will confirm this. In such an unclear
situation, culvert hydraulics may fluctuate between inlet control and outlet
control. This is called slug flow.
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REVIEW OF DEFINITIONS - CRITICAL AND NORMAL DEPTHS

A. Critical Depth of Flow

2 DISCHARGE | GEOMETRY
- ,
S
-
.

/
\ _/"
% :

. ./_.;
S

| CRITICAL DEPTH OF FLOW

Critical depth of flow is a function of discharge and geometry alone. The
general equation for critical flow (equation 3-5) can be manipulated
algebraically for a rectangular cross-section (box culvert) to allow direct
solution for the critical depth (d¢):

2
"
g
where: q = Q/W (discharge per foot of width of the box culvert) (cfs/ft),
g = Acceleration due to gravity (32.2 ft/s?).

Manipulation of the critical flow equation (Equation 3-5) for other shapes such
as circular and arch-pipe yield indeterminate relations which require iterative
solution. Alternatively, graphical solutions can be used (e.g. Chart 4, HDS#5
or various charts provided in HDS #3), or various computer programs are
available and can be used to solve for critical depth in different geometrical
cross sections.

B. Normal Depth of Flow

[rouckness | [siope |

X
74
@ =
*\\-

quaMAL DE OF FLOW |

Normal depth is a function of discharge, geometry, roughness characteristics,
and slope of the conduit. Using Manning's equation for uniform flow, an
iterative procedure is necessary to solve for normal depth of flow.

3-30



Lesson 3

Basic Hydraulics - Participant’s Workbook

The Manning's Equation can be rearranged so that geometric parameters
appear on one side of the equation. The other side of the equation
comprises constant values which can be converted to a single constant
value.

A R% = Q—n}/ =Constant Value (K)
149 S72

By iteration, try various depths of flow which can be used to develop area (A)
and hydraulic radius (R) until a tolerable match between A R% and the
Constant Value (K) is made.

A graphical solution for normal depth is possible by use of an appropriate
chart in HDS #3.
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CRITICAL DEPTH PROBLEMS

Critical depth of flow may be determined directly for rectangular shapes by use
the equation provided above. Chart No. 14 in HDS#5 is a graphical depiction of
this equation.

Critical depth of flow for circular and other shapes requires an iterative solution of
a form of the general critical flow equation (3-5). Chart No. 4 in HDS#5 can be

used for this determination for circular pipe. HDS#3 also can be used for such
determinations.

A. Rectangular Shape

Find the critical depth of flow for a box culvert with a span = 8 feet and rise =
6 feet for discharges of 100, 200, and 400 cfs.

Use the equation:

2
dq zsfq_
g
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B. Circular Shape

Find the critical depth of flow for a circular concrete pipe, diameter = 48" for
discharges 50, 100, and 150 cfs.

Use Chart 4 in HDS#5 or Chart 56 in HDS#3:

<
: Z
- o 4
'o
: V&
E o 1/4/&"\0::
(@) v//
=
= %5 100 200 300
@
O

3-33



Lesson 3 Basic Hydraulics - Participant’s Workbook

NORMAL DEPTH PROBLEMS

Normal depth of flow must be determined by an iterative or graphic solution to
Manning's Equation. Graphic solutions to Manning's Equation for several culvert

barrel shapes are found in HDS#3.

A. Rectangular Shape

Find the normal depth of flow for a box culvert with dimensions span = 8 feet
and rise = 6 feet for a discharge of 100 cfs. Culvert slope = 0.002 ft/ft. Use

an n value (Manning's roughness coefficient) of 0.012 for this problem.

A mathematical rearrangement of Manning's Equation for this determination

IS
5/3
Qr]1/2 ZAR%=K= bl 2/3
1.486 S (2d, + W) .
K=

This relation requires an iterative solution for dp,.

Use the following table for the iterative calculations necessary.

dn (de)5/3 (2dpy + W)2/3 K(trial)

d¢
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B. Circular Shape

Find the normal depth of flow for a circular concrete pipe, diameter = 48" for

discharges 50, 100, and 150 cfs. Culvert slope - 0.006 ft/ft.

Use the following chart as one means for determination of normal depth of

flow for a circular shape. Other charts are available for this solution in

HDS#3.
-
Normal Depth - Circular Shape
1.0
N -
- / _
=) ) / -
o 08 4—1—1 wa —
- e | / 1
Q /
o N ‘s (esN| oumiey (ASsipny (SN (NGRS IS SRS (i g
) = e ol A .
£ 06 4—1 / =
S |
Q al /A— .| . 3
£ e ! -
0. 0.4 - / } S -
] :
o P4 [
© / il i
E 0.2 l
s 1A
= { }
0.0 T I e P |
0.00 0.10 0.20 0.30 0.40
Qn
1/2_8/3
1.486 S D
Example:
Q=10cfs, n = 0.013, S = 0.001 ft/ft, diameter = 30" (2.5 ft)
Abscissa value = 0.24
Normal depth / Diameter = 0.67
Normal depth of flow = 0.67 x 2.5 = 1.68'
\
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CALCULATIONS
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DISCUSSION OF OTHER SHAPES

The solution of critical depth and normal depth for most other commonly used
culvert shapes is based similarly. lterative or graphical methods are usually
necessary. lterative solutions are simple for computer calculations. HY-8 builds
a table of values in D/10 increments.

Graphical solutions to the indeterminate equations for critical depth and normal
depth for various barrel shapes may be found in HDS#3.

A. Critical Depth

The basis for critical depth for any shape is associated with the general
critical flow equation, (Equation 3-5). Usually, some iterative process based
upon this equation must be devised and used for critical depth of flow
determination.

B. Normal Depth
The basis for normal depth for any shape is Manning's Equation. Usually,

some iterative process based upon this equation must be devised and used
for normal depth of flow determination.
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3.13. WORKSHOP 3B - SLOPE AREA METHOD

Problem Statement

An irregular, heavily vegetated channel exists at the downstream end of a culvert
to be designed. The slope of the channel in this reach of stream is estimated by
reference to the contours on a USGS 15 minute quadrangle as 0.07% (0.0007
ft/ft). A culvert will be designed and a performance curve will be developed
covering discharges ranging from Qo = 100 cfs to Q1gg = 500 cfs. Based upon

a field survey, the coordinate points of the typical section best representing the
conditions at this site are as follows:

Point | Station | Elevation
1 3 992.5
2 5 989.5
3 25 980.0
4 30 980.7
5 37 989.0
6 52 990.0
7 55 992.0

The points are plotted below at a vertical and horizontal scale of 1" = 10" for
convenience in measuring areas and wetted perimeters.

( )
PLOTTED TYPICAL CROSS-SECTION
- n = 0.07 »g¢—n =0.09 —P
i\v‘ l 990 T i I n X .
1IN 11 | | 1|
H NN NN NN EEEENEEERRED JAE
S ees A
1 11 IS | T 1T 1T 11 | 11
HEEEIEEER. N [ 1110/ 1
EENNEESENEEEEER. NN EEEEEVAREREE
M 1980 e T T T T T T T T T T T
0 10 20 30 40 50 60
\. J

Reference is made to Table 11 in HDS#5 to estimate Manning's n-value for the
main channel (from point 1 to 5) at 0.07. The estimated n-value for the right
overbank (from point 5 to 7) is 0.09 from FHWA TS-84-204.
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By means of the single-section slope-area method, develop and construct a
stage-discharge curve for this channel location. Begin with an assumed water
surface elevation of 984.0 and use 2 foot elevation increments for additional
calculations. The water surface elevations for the various discharges then can
be extracted for use in the culvert performance curve development.

DISCUSSION
A. Slope-Area Method Basis

This method is based upon the use of the Manning's Equation, a uniform flow
equation involving channel characteristics, water-surface profiles, and
roughness coefficients. Manning's Equation was developed to describe
uniform flow in which the water surface profile and the energy gradient are
parallel to the stream bed. Furthermore, Manning's Equation assumes no
change in area, hydraulic radius, nor depth throughout a given reach. Natural
channels rarely, if ever, present such a set of circumstances. Therefore,
since there is no reasonable alternative, it is assumed that Manning's
Equation is valid for application to natural channels.

Given a discharge, Manning's Equation is indeterminate for depth of flow.
Therefore, its use depends on a series of assumed depths of flow from which
associated total discharges are derived. This series of assumed water
surface elevations with their associated discharges calculated by use of
Manning's Equation comprises a "stage vs. discharge" curve. Such a curve
can be used very productively in comprehensive culvert design, particularly
when a culvert hydraulics performance curve is to be developed.

B. Uses and Limitations

Useful if uniform flow is assumed.

Simple in application.

Used by USGS for indirect measurement calculations.

Results susceptible to water surface slope, calculation cross-section, and
subjectivity of roughness coefficient (n-value) assignment.

* Usually reliable enough for most culvert designs/analyses.
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C. Conveyance Calculations
Manning's Equation

0= 1488 % o

discharge (cfs),

roughness coefficient (dimensionless),
cross-sectional area of flow (ft2),

hydraulic radius (A divided by wetted perimeter) (ft),
longitudinal slope of water surface (ft/ft).

where:

i

Q
n
A
R
S

D. Procedure

e Assume a series of water surface elevations to be imposed on the
calculation cross-section.
* For each assumed water surface elevation:
° Calculate the cross-sectional area of flow, wetted perimeter, and
hydraulic radius for each subdivision of the cross-section.
° For each subdivision use the applicable n-value in Manning's Equation
and calculate the subdivision discharge increment.
° Total all subdivision discharge increments to represent the total
discharge for each assumed water surface elevation.

Elev As1 | WPg1 Rs1 Qs1 As2 | WPg2 | Rg2 Qs2 | Qrotal

984.0 | 39.7 | 18.7 - = - -

986.0 | 78.0 | 26.0 - - - -

988.0 | 128.1 | 33.2 -

990.0 | 189.4 | 38.6 7.5 15.0

992.0 | 255.4 | 41.1 40.5 18.6

e Tabulate or plot (on linear graph provided below) each pair of assumed
water surface elevation/calculated discharge to form a stage-discharge
relationship.
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Elevation (msl)
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3.14. WORKSHOP 3C - SLOPE AREA METHOD BY HY-8
Problem Statement

Using the same data as in Workshop 3B, access the slope-area algorithm
contained in HY-8 and perform the same calculations. This will be
demonstrated. The slope of the channel is 0.07% (0.0007 ft/ft). A culvert will be
designed and a performance curve will be developed covering discharges
ranging from Qo = 100 cfs to Qqpg = 500 cfs. The coordinate points of the

typical section best representing the conditions at this site are as before:

Point | Station | Elevation
1 3 992.5
2 5 989.5
3 25 980.0
4 30 980.7
5 37 989.0
6 52 990.0
7 55 992.0
a N\
PLOTTED TYPICAL CROSS-SECTION
|< n = 0.07 >'l€«—n=009 —»
T | ]
! \ [ | | T
EEL '990 1 i
11 |- y o
— 985 ————A
B 980\ [ ' ‘ | FITTT TR
0 10 20 30 40 50 60
\_ _J

The roughness coefficients are estimated at 0.07 for the main channel and 0.09 for
the right overbank.

Discussion
A. Culvert Analysis/Design

The program (HY-8) is written to accommodate culvert hydraulic analysis and
design.
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The tailwater algorithm within HY-8 consists of several options and is
encountered by menu after the specification of certain basic parameters for
culvert analysis. The program first displays screens which allow the input of:

minimum discharge,

design discharge,

maximum discharge,

embankment toe or culvert invert data,
specifications for the type of site data,
culvert shape,

culvert dimensions,

culvert material,

culvert inlet type,

culvert inlet condition,

ending with a data summary.

In order to facilitate the demonstration, necessary input (to be discussed in
subsequent lessons) will be provided to bring the program to the tailwater
algorithm.

B. Tailwater Option Screen

A tailwater rating curve option screen is then offered. There are six choices.

<1>
<L 2>
<3
<4>
<55

<6>

TAILWATER RATING CURVE

PRESS NUMBER OF OPTION

RECTANGULAR CHANNEL

TRAPEZOIDAL CHANNEL

TRIANGULAR CHANNEL

IRREGULAR CHANNEL (MAX. 15 COORDINATES)
ENTER RATING CURVE (11 POINTS)

ENTER CONSTANT TAILWATER ELEVATION

Rectangular channel - This could be a simple box shaped channel or a
simulation of a channel into the rectangular form.

Trapezoidal channel - This is one of the most common types of
constructed channels because of its hydraulic effectiveness, economy,
and ease of maintenance.

Triangular channel - Often used for median ditches and other
conveyances where discharges are relatively small.

Irregular channel - This option allows up to 15 ground points (or
coordinates) to define the shape of the channel.
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° Natural channels associated with culvert design can usually be
described with this option.
°  For this workshop, this will be the option selected.

* Enter rating curve - An 11 point rating curve can be entered if already
known (or assumed). Usually, a measured rating curve will not be
known, but there may be circumstances where one could be assumed
reliably.

* Enter constant tailwater elevation - This option should be used with
care because the tailwater level has a great influence on most culvert
hydraulics.

° If a constant pool level in the channel is anticipated.
° If a very low depth for the full range of discharges is anticipated.

C. Create File

A file will be established under a user-specified name (or an existing file could
be edited).

IRREGULAR CHANNEL MENU

PRESS LETTER OF CHOICE

<E> EDIT OR USE EXISTING TAILWATER

<C> CREATE A TAILWATER FILE

<ESC> TO RETURN TO MAIN PROGRAM MENU

The file name for this demonstration will be SLP-AREA.TW.

D. Channel Data Screen

NO. ITEM VALUE
<1> SLOPE OF CHANNEL (FT/FT) 0.0007
<2> NUMBER OF CROSS-SECTION COORDINATES

(MAX = 15, MIN = 3) ;
<3> SUBCHANNEL OPTION (4 POSSIBLE) 3

(1) LEFT OVER BANK AND MAIN CHANNEL
(2 LT & RT OVER BANKS & MAIN CHANNEL
(3) RIGHT OVER BANK AND MAIN CHANNEL
(4) SINGLE MAIN CHANNEL

COORDINATE NUMBER OF CHANNEL BOUNDARIES
LEFT OVERBANK
RIGHT OVERBANK 5

o

<NUMBER> TO EDIT ITEM
<ENTER> TO CONTINUE
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* slope,

e number of cross-section coordinates,

e subchannel option;

° |eft overbank and main channel,
° left and right overbanks and main channel,
e right overbank and main channel,

* single main channel,

e coordinate numbers. This option will define the left and right overbanks
and the main channel to assign the corresponding Manning's n-values.

* Note that many screens have additional options at the bottom of the
menu. One of the more useful of these is the data revision option.

Coordinates

The user then can specify the X and Y values.

CROSS-SECTION X

COORD. NUMBER (FT)
1 3.00
2 5.00
3 25.00
4 310 .00
5 37 .00
6 52.00
7 55 .00

IRREGULAR CHANNEL CROSS-SECTION
Y

(FT)

992.
989.
980.
= 10
989 .
990 .
992.

980

50
50
00

00
00
00

<NUMBER> TO EDIT COORDINATES
<I> <D> TO INSERT OR DELETE
<ENTER> TO CONTINUE

<P> TO PLOT CROSS-SECTION

e X = horizontal distance from one side within cross-section
* Y = elevation above some specified datum, (usually mean sea level).
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F. Manning's n-values

The Manning's n-values for the respective subchannels are input on the next
screen.

MANNING'S N MENU
(NORMAL N VALUES 0.001 TO 0.2)

NO. ITEM VALUE
(2) MANNING N MAIN CHANNEL 07
(3) MANNING N RIGHT OVER BANK .09

<NUMBER> TO EDIT ITEM
<ENTER> TO CONTINUE

G. Computation Mode
The final screen before calculation allows the choice of:

* Simple computation of a stage vs. discharge curve (termed rating
curve).
e Curve Computation/Interpolation

The interpolated values are based on the user's specification of a particular
discharge to obtain the water surface elevation, shear stress or velocity, or to
specify a particular elevation to obtain discharge..

3-46



Lesson 3 Basic Hydraulics - Participant’s Workbook

Output Screen
A. Compute Stage-Discharge Curve

For this workshop, the choice will be the simple computation of a stage vs.
discharge curve. The resulting tabulation lists eleven points, including the
specified design discharge, on the generated curve:

TRREGULAR CHANNEL FILE: SLP-AREA
NO. FLOW(CFS)  T.W.E.(FT) DEPTH (FT) VEL.(FPS)  SHEAR (PSF)
il 0.00 980.00 0.00 0.00 0.00
2 50.00 984.64 4.63 1.01 0.11
3 100.00 986.27 6.27 1.20 0.14
4 150.00 987.48 7.47 1.33 0.16
5 200.00 988.46 8.45 1.43 0.18
6 250.00 989.27 9.26 1.51 0.19
7 300.00 989.91 9.91 1.61 0.21
8 350.00 990.46 10.46 1.69 0.23
9 400.00 990.97 10.96 1.76 0.24
10 450.00 991.44 11.43 1.83 0.26
11 500.00 991.89 11.89 1.89 0.27
PRESS:
<D> FOR DATA
<P> TO PLOT RATING CURVE
<ESC> FOR CHANNEL SHAPE MENU
<ENTER> TO CONTINUE
e Flow |

° The flow increments are in arbitrary 10% increments.
° The specified design discharge is listed in place of the next 10%
increment.

* Tailwater Elevation (T.W.E.) - The algorithm iterates calculations to
'home in' on an elevation corresponding to the 10% increment of
discharge or the specified discharge, as the case may be.

* Depth (ft) - The difference between the T.W.E. and the low point in the
cross-section is given here.

* Velocity - Based upon the simple calculation of discharge divided by
cross-sectional area of flow.

* Shear - This is the boundary shear stress defined as YRS

where: y = specific gravity of water (62.4 Ib/ft3),
R = hydraulic radius (ft),
S = slope of the channel (ft/ft).

The boundary shear stress should be compared with the critical shear stress
(from HEC-15) to determine whether or not an energy dissipator or rock
riprap is needed in the channel.
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B. Stage-Discharge Plot

The program will generate an onscreen plot of water surface elevations vs.
discharges. Rescaling of both the ordinate and abscissa for screen plots are
possible within HY-8.

DOUNSTREAM CHANNEL RATING CURVE FILE: WRKS3C DATE: 68-29-1997

[ELEVATION

BBBiﬁ
DISCHARGE {ofs)

INTERPOLATED
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3.15. WORKSHOP 3D - DEMONSTRATION FLUME

CONTINUITY AND MANNING’S EQUATIONS
A steady, uniform flow condition will be created in the main channel of a
compound channel section. The class will be divided into groups and each
group will use a different procedure to estimate velocity and discharge:

1. Calculate the discharge from bucket/stop watch measurements and the
velocity from the continuity equation.

2. Calculate the velocity from Manning’s equation (n=0.009) and discharge
from the continuity equation.

3. Calculate the velocity from float measurements and discharge from the
continuity equation.

On the flip chart, write out the necessary equations and your solution. Be

prepared to discuss your results and compare your answers with the other
groups.

SUBDIVIDING CROSS SECTIONS

The discharge will be increased slightly, causing flow in the overbank of the
compound section. The discharge and velocity will again be calculated from:

1. Bucket/stop watch measurements, and a float measurement with continuity.
2. Manning’s equation without subdividing the cross section.

3. Manning’s equation with subdividing of the cross section.
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SUBCRITICAL, CRITICAL AND SUPERCRITICAL FLOW

To illustrate subcritical, critical, and supercritical flow conditions, a broad-crested
weir will be inserted into the flow. The class will be divided into groups and each
group will calculate the critical depth and evaluate flow conditions at different
locations in the flume:

1. Calculate critical depth for the rectangular channel using

2
g

2. Compare the flow depth before the weir with the calculated critical depth and
evaluate the flow condition.

3. Compare the flow depth after the weir with the calculated critical depth and
evaluate the flow condition.

4. By measuring the flow depth along the weir, find where critical depth occurs.
WEIR AND ORIFICE FLOW

Both broad- and sharp-crested weir flow conditions will be demonstrated. By
adjusting tailwater condition, both free overall and submerged weir flow
conditions will be created. For a given discharge, the differences in headwater
will be observed between broad- and sharp-crested weirs (remember that a
sharp-crested weir is one where the water springs clear of the crest). The weir
equation is @ = Co L H*Z

Orifice flow conditions will be demonstrated for a small orifice with a free
discharge. For a given discharge, the change in headwater will be measured
between a sharp-edged orifice and an orifice with a rounded inner face to
illustrate the importance of inlet condition. The orifice equation is

Q= CDAng AH
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LESSON 4

CONVENTIONAL CULVERT DESIGN

OVERVIEW: Method of Instruction: Lecture
Lesson Length: 90 minutes

Resources: Student Workbook
Graphics

CONVENTIONAL

CULVERT DESIGN
LESSON 4

FHWA CULVERT DESIGN COURSE

4.0a

OBJECTIVES

UNDERSTAND INLET AND OUTLET
CONTROL
. UNDERSTAND THE FACTORS
INFLUENCING INLET AND OUTLET
CONTROL
_ UNDERSTAND CONVENTIONAL v
CULVERT DESIGN PROCEDURES

4.0b

OBJECTIVES: At the conclusion of this lesson, the participant shall be able
to:

1. Understand the definitions of inlet and outlet control and
the relationships to subcritical and supercritical flow.

2. Understand the factors that influence inlet and outlet
control.

3. Understand conventional culvert design procedures.
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LESSON OUTLINE

4, CONVENTIONAL CULVERT DESIGN
4.1. INTRODUCTION
4.2. CULVERT NOMENCLATURE
4.3. ANALYSIS PROCEDURES
4.4. INLET AND OUTLET CONTROL

4.5. TYPES OF FLOW CONDITIONS IN INLET AND OUTLET
CONTROL

4.6. FACTORS INFLUENCING CULVERT PERFORMANCE
4.7. FACTORS INFLUENCING OUTLET CONTROL

4.8. FACTORS INFLUENCING INLET CONTROL

4.9. CULVERT ANALYSIS - CONCEPTUAL EXAMPLE
4.10. CULVERT DESIGN PROCEDURE

4.11. WORKSHOP 4 - CONVENTIONAL CULVERT DESIGN
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4.1 INTRODUCTION

INTRODUCTION

CONVENTIONAL CULVERT

~NO INLET IMPROVEMENT
CONSTANT SLOPE
NO CHANGE IN AREA

~MANY SHAPES/CONFIGURATIONS

4.1

A. A conventional culvert is one that has had no significant effort directed
at improving the inlet flow hydraulics.

B. Generally, they have an invert on a constant slope and have the same
cross section thoughout the culvert length.

C. Culverts are manufactured using a variety of materials, and they are of
many shapes and configurations:

Circular Culverts:

4.2b Circula? Concéte
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Box Culverts:

4.3 Concrete box with debris fins

Arch Culverts:

44 CM pipe arch (CMPA)

Open bottom arch culverts:

4 5a CM ah with no bttom
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4.5b Concrete arch with open bottom

Long Span Culverts:

OTHER SHAPES

» LONG BPANS
«HIGH PROFILE
#LOW PROFILE
<ELLIPTICAL

» METAL BOXES

4 .6a

4.6b Corrugated metal ellipse, long-span
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4.2 CULVERT NOMENCLATURE

A. Natural channel slope vesus culvert slope.
B. Headwater depth and headwater elevation.
C. Tailwater depth.

D. Total culvert fall.

4.3 ANALYSIS PROCEDURES

ANALYSIS PROCEDURES
+ COMPLEX HYDRAULIC SITUATION
+ DETAILED ANALYSIS DIFFICULT

FHWA HDS-5 AND HY-8

4.8

A. The hydraulics of culverts are quite complex. Nearly every hydraulic
phenomena is involved.

e detailed analysis of the actual flow situation is difficult.

e The only method of culvert design in the past was the use of
standard hydraulic texts.

e recognizing the difficulties involved in culvert design and the need
for improved hydraulic analysis, the FHWA developed design
procedures (HDS-5) and computer programs (HY-8) to facilitate
culvert design
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B. Two important ideas in culvert design are

DESIGN CONCEPTS

IGNORE TRANSIENT CONDITIONS

ASSUME WORST CASE CONDITION

4.9

e Miminum performance, that is, transient conditions which may improve
the flow conditions temporarily are neglected.

e Culverts may operate in several types of control and it is simpler to
check each type of control and design for the worst condition than to
try to determine how the culvert is actually flowing, which is variable in
time.

4.4 INLET AND OUTLET CONTROL

INLET AND OUTLET CONTROL

FUNDAMENTAL CONCEPT IN
CULVERT HYDRAULICS

* OGEE SPILLWAY EXAMPLE

4.10

A. To better understand basic culvert hydraulics, particularly the concepts
of inlet and outlet control, consider flow over an ogee spillway.
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411

e The flow downstream of the crest is is termed supercritical while
the upstream flow is subcritical. Generally, supercritical flow is
a high velocity, shallow flow, and subcritical is deep with a low
velocity.

412

e The dividing point is called a control section: A control section is
any cross section at which the depth of flow can be uniquely
predicted for a given discharge rate.

e The specific energy concept:

5T Py SEEUS WA B3EY e

413

e For any given specific energy, with constant discharge, there
are two depths-- subcritical and supercritical. For subcritical
flow, most of the energy is in terms of the depth or potential
energy. While for supercritical flow, the majority of the flow's
energy is in its velocity head or kinetic energy.
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e Also, recall that for supercritical flow, the control section is
upstream (downstream obstructions have no effect on an
upstream point). It is obvious that placing an obstruction at the
spillway toe will have no effect at the spillway crest.

e However, an obstruction placed upstream of the dam control
section would result in a higher backwater. The control section
for subcritical flow is downstream.

B. These characteristics of supercritical flow and subcritical are the
reason for the two basic types of culvert control -- inlet control and
outlet control.

4.14

e When the barrel is full or on a subcritical slope, control is downstream
or at the outlet.
When the slope is supercritical or steep, control is at the face, or inlet.
Basically, in inlet control the culvert opening permits less flow to enter
the culvert than the barrel could carry, and in outlet control the barrel is
restricting the flow.

4.5 TYPES OF FLOW CONDITIONS IN INLET AND OUTLET CONTROL
A. Inlet Control Variations

The FHWA recognizes certain basic cases of flow for inlet control.
These are described as follows (see also Figure IlI-1, HDS 5).

1. With low tailwater the inlet may be submerged or unsubmerged:
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INLET CONTROL
(LOW TAILWATER)

4.15

» Typically, critical depth occurs at or immediately downstream of
the culvert entrance.

* An S2 water surface profile describes flow through the culvert
barrel.

* Outlet depth approaches normal depth of flow.
* Flow is at partial depth throughout the culvert length.

2. Submerged Outlet (High Tailwater)

INLET CONTROL
(HIGH TAILWATER)

4.16

When the tailwater is high but does not submerge the entrance, the
headwater is still governed by entrance conditions and is in inlet
control.

If the tailwater elevation submerges the entrance, the culvert will
flow full and will no longer be in inlet control.

Inlet control with a high tailwater is a relatively unusual situation.

B. Outlet Control Variations

In outlet control, discharge can enter and flow through the culvert
only as fast as the conduit and its physical characteristics, the
tailwater level, and to a minor extent, the entrance configuration will
allow it.
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Outlet control implies subcritical flow.

The FHWA recognizes certain basic cases of flow for outlet control.
These are described as follows (see also Figure IlI-7, HDS 5).

In outlet control the culvert can have free surface flow throughout as
shown in A and B, or full flow as shown in C and D.

Outlet control usually occurs in areas of flat terrain where the culvert is on
a mild slope. Some outlet control culvert operations include those where
flow is partially full, either throughout the culvert length or through a
significant portion of the culvert length.

4.6 FACTORS INFLUENCING CULVERT PERFORMANCE

418

A. Note that, as the name implies, inlet control is only influenced by inlet
conditions, while outlet control is governed by the barrel conditions and
the tailwater as well.

B. There are eight factors that influence culvert performance in outlet
control, and four factors in inlet control.
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4.7 FACTORS INFLUENCING OUTLET CONTROL

0=32cfs

Q= 1152k

4.19

A. AREA - all other factors being equal, a larger area conveys more flow.

B. SHAPE-With the same total area, the pipe-arch conveys more flow
than the circular pipe.

4.20

e However, note that the perimeter of the pipe-arch is larger than that of

the circular pipe for the same area. <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>