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INTRODUCTION

Regardless of the type of hydraulic structure to be
investigated, the design procedure always is essentially
the same.

The time and involvement in any of the design proce-
dures discussed throughout the manual should be com-
mensurate with the relative importance of the structure.

The order in which the chapters are arranged follows the
usual order of design (Figure 1) and is briefly outlined as
follows:

FIELD SURVEYS: Field surveys, as discussed in Chap-
ter 1, represent the beginning point for a proper design
procedure. Items are gathered during the field survey
that cannot be obtained elsewhere; therefore, particular
attention is given numerous individual items necessary
for the complete design of a hydraulic structure.

RUNOFF: Discharge, or rate of runoff, at a given site
depends upon the hydrologic characteristics of the area.
Methods for determination of discharge or runoff are
discussed in detail in Chapter II. Discharge frequency
requirements also are covered in this chapter.

OPEN CHANNELS: When designing a hydraulic struc-
ture that will restrict a channel or stream, existing or
proposed conditions must be analysed prior to restrict-
ing the channel so that the extent of the restriction can
be evaluated. When a new channel is being designed, the
proposed cross-section can be analysed to determine the
depth of flow that will occur at design discharge. It is
essential that design highwater be established in the
natural channel, an improved channel, or a proposed
new channel prior to restricting the flow with a
hydraulic structure. Also, the design highwater should be
established at the outlet end of proposed storm sewers
prior to design. Chapter III discusses methods for
designing or analysing channels and ditches.

CULVERTS: After all conditions affecting the design
have been gathered, a tentative decision must be made
regarding type of structure required. The choice of
structures may lie between a culvert or a bridge.
Generally, culverts would be used for lower discharges
and bridges for higher discharges. For some intermediate
discharge rates, an economic comparison between a
bridge and a culvert must be made. Hydraulic calcula-
tions and calculation procedures for all types of culverts
may be found in Chapter IV. Also included are design
procedures for special hydraulic tools such as improved
entrances, outlet velocity devices, etc. which may be
used to improve the operating characteristics of the
culvert.

BRIDGES: Hydraulic calculation procedures for bridge
waterways may be found in Chapter V. Included in this
chapter are discussions of spur dikes, skewness, sizing,
and multiple structure proportioning.

STORM-SEWERS: If an underground drainage system is
required, information pertaining to storm-sewer design
may be found in Chapter VI.

PUMP STATIONS: It is economically desirable from
time to time to mechanically lift water in the outfall by
means of pumps. Chapter VII discusses the procedure
for sizing and analysing pump systems.

RESERVOIRS: A special treatment has been made in
Chapter VIII that covers factors affecting highways
either crossing or bordering reservoirs. Also, the govern-
ing design criteria and guidelines, are presented.

PIPE STRENGTH: Chapter 1X is devoted to structural
design directly concerned with pipe structures. Included
is a discussion of conduit bedding and embankment
loads.

DOCUMENTATION: A general discussion is presented
imChapter X covering certain points of preliminary
submissions, design files and plan preparation with
regard to drainage structures.

DESIGN AIDS: Nomographs, tables and other graphs
are presented throughout the manual as valuable aids in
hydraulic design. These tools allow for more rapid
calculation of hydraulic problems. In addition to these
aids, several computer programs which solve hydraulic
problems are available and in production in the Highway
Department. These computer programs and their uses
are discussed more fully in another manual.

TERMINOLOGY

Throughout the manual the user will encounter certain
terminology that appears to have the same meaning but
actually does not. This is the case with the terms
highwater, headwater, backwater, and tailwater and
abbreviations of same. The decision was made not to
depart from the use of these terms because they are
traditionally entrenched in highway hydraulic termi-
nology. These terms are briefly defined below although
the definitions may also appear elsewhere in the manual.

a. Highwater Elevation - The calculated water sur-
face elevation that will result from the passage of
the design discharge in the natural stream at the
highway site, without the restriction created by
the highway, or the observed water surface
elevation of an actual flood. The terms should be
accompanied by either "observed" or 'calcu-
lated" as the case may be. This term is usually
used in connection with bridge type structures
and denotes an elevation.

b. Backwater - The calculated depth of ponded
water above the unrestricted highwater surface
elevation, as a result of the passage of the design
discharge in the natural stream with highway
restrictions. This term is used in connection with



bridge type structures and denotes a depth.

. Tailwater - The calculated depth of the water at
design discharge flowing in the natural stream
without highway restriction, and is measured
from the downstream flowline of a culvert to the
water surface. This term is usually used in
connection with culverts and denotes a depth,

not an elevation.

. Headwater - The calculated depth of water

upstream of a culvert as a result of a design
discharge flowing in the natural stream with
highway restrictions, and is measured from the
upstream culvert flowline to the water surface.
This term usually is used in connection with
culverts and denotes a depth, not an elevation.
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FIELD SURVEYS
1-100. FIELD SURVEYS - GENERAL

In order to properly approach a correct hydraulic design
there are several items of data which must be collected
by means of field surveys. Generally these items are as
follows:

Drainage Area Characteristics
Stream Course Data

Data on Existing Structures
Allowable Headwater Elevation
Drift

Allowable Outlet Velocities

AV AW —

Many of the items described may be obtained by a
simple on-site inspection or by referring to old highway
plans. Other items may require a more detailed survey
but all items mentioned are essential to a proper
hydraulic design. Only after a thorough study of the area
and a complete collection of all information mentioned
above should the designer proceed with sizing and
shaping the hydraulic facility. All pertinent data and
facts gathered through the field survey should be shown
on the plans as explained in Chapter 10.

1-200. DRAINAGE AREA CHARACTERISTICS
1-201. DRAINAGE AREA SIZE

The size of drainage area may be determined by one of
the following methods:

a. Direct field survey with conventional surveying
instruments

b. Use of topographic maps together with field
checks as to artificial barriers such as terraces,
ponds, etc. (USGS topographic maps are avail-
able for many areas of the State in the Austin
office, File D-10.)

c. Use of State Highway Planning Survey Maps

d. Aerial maps or aerial photographs (many areas
have been photographed and mapped by the Soil
Conservation Service)

1-202. NATURE OF TERRAIN

The nature of the terrain of the watershed should be
determined by thorough field inspection of the area.

The average slope of the watershed may be classified as
follows:

Classification Slope (%)
1. flat Otol
2. rolling 1to31/2
3. hilly 31/2to51)2
4. mountains 512+

The above table may be helpful but on site field
inspection is necessary.

1-203. SOIL CLASSIFICATION

The soil included within the limits of the watershed
should be classified as follows:

1. very slowly permeable - includes clay with high
swelling properties and some shallow soils with
practically impermeable subhorizons near the
surface.

2. slowly permeable - comprises shallow soils and
soils containing considerable clay and colloid but
to a lesser degree than soils under (1). These soils
have below average infiltration rate after pre-
saturation.

3. permeable - includes deep sandy soils and loess
with very little silt and clay with above average
infiltration rate after thorough wetting.

1-204. SOIL COVER
The soil cover should be classified as follows:

cultivated

pasture

timber

terraced for cultivation

P L=

Again, on site inspection is necessary for a proper
determination of soil cover classification.

1-205. LAND USE

Possible future development of the drainage area or
watershed must be taken into account. Prediction as to
development of an area for 20 years or so hence is often
difficult. However, an estimation of future development
should be made by interviewing local owners, devel-
opers, officials, etc.

1-300. STREAM COURSE DATA

Of prime importance to a good hydraulic design is the
acquirement of a complete understanding of the nature
of the natural stream course.

1-301. STREAM MEANDERS

The meander of the main stream and the nature of flow
over the entire flood plain should be determined. Data
concerning the meanders and flood plain is necessary to
determine the feasibility of possible channel changes or
improvements in the vicinity of the crossing, or to
establish the general skewed condition with respect to
the centerline of the highway. The meanders -are
preferably shown on the plans by contours. They should
be reasonably accurate for some distance on each side of
the crossing and within the limits of possible channel
changes.
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1-302. ROUGHNESS COEFFICIENTS

Roughness coefficients, ordinarily in the form of
Manning's "'n'' values, should be estimated for the entire
flood limits of the stream. A tabulation of Manning's
"n" values with descriptions of their applications can be
found in Chapter III. These values depend upon the
nature of the channel lining with respect to vegetation,
soil roughness and size, and general roughness of the

waterway.
1-303. STREAM PROFILE

The profile of the stream should be extended sufficient-
ly upstream and downstream to determine the average
slope and to encompass any channel changes. A mini-
mum distance of 500 feet both upstream and down-
stream (for a total of 1,000 feet) or a distance equal to
twice the length of the structure, whichever is greater,
should be used in determining the stream profile.

1-304. STREAM CROSS-SECTIONS

Usually, downstream conditions such as roughness,
slope, shape and size of cross-section control the
highwater and channel velocity. However, any section in
the vicinity of the highway crossing which may be
considered as typical will serve as well. This typical
cross-section will be subsequently used in calculations of
a stage-discharge curve; however, more than one cross-
section may be required depending on choice of meth-
ods outlined in Chapter III. All channel sections should
be taken at right angles to the anticipated direction of
general stream flow at flood stages.

1-305. FLOOD STAGES

Past flood stages are necessary and very helpful. Much
information can be obtained from THD personnel, city
and county personnel, and local residents. In addition,
much can be learned about the behavior patterns of a
stream by watching it flow at flood stage. Such things as
direction of current with relation to low flow channel,
estimated velocity, drift (amount and size), erosion, the
drop from upstream side to downstream side of struc-
ture, the highest stage and date of occurrence can be
pertinent information to later channel analysis or design.
All observations will be more useful if the discharge is
determined for the observed stage. Generally, the dis-
charge can be determined only by recognized methods
such as current meter measurement, slope-area determin-
ations, etc. To take only.a single stream cross-section
and a flood stage leaves much to be desired from the
standpoint of accuracy. Photographs of the flood can
provide useful information for future studies at a given
site.

Observed flood flow data across roadway sections can be
used to approximate the discharge over the roadway by
using the following weir formula: (Figure 1)

Q = cLu?

where

Discharge over roadway

Coefficient of discharge and approximates
3.02 (use C=3.02)

Length of overflow associated with average
depth along roadway center line

Depth of flow above roadway estimated just
upstream

= e =
o

Downstream conditions should be noted, because, for
the roadway to be controlling the flood there should be
a drop in the water surface downstream of the roadway.

When a structure exists under the roadway at the site
where the overflow occurred, additional calculations are
necessary to determine the flow through the structure.
This is done by determining the headwater and the
tailwater for the structure, and calculating the flow
through the culvert from procedures in Chapter IV.

1-306. DOWNSTREAM CONTROL

Any ponds or reservoirs, along with their spillway
elevations and design levels of operation, should be
noted as their backwater effect may bear directly on the
proposed structure. Also, any downstream confluence of
two or more streams should be studied to determine the
backwater effects on the proposed site.

1-307. UPSTREAM CONTROLS

Upstream control of runoff in the watershed should be
noted. Often, conservation and/or flood control dams in
the watershed may be used to distinct advantage by, in
effect, eliminating some of the drainage area under
consideration. Capacities and operation designs for these
fixtures should be obtained. The Soil Conservation
Service, the Corps of Engineers, the Bureau of Reclama-
tion, consulting engineers, reservoir sponsors, etc. often
have complete reports concerning the operation and
design of any proposed or existing conservation and/or
flood control dams.

1-308. BORROW PITS IN CHANNELS AND FLOOD
PLAINS

Existing borrow pits and proposed borrow pits in
channels and flood plains can adversely affect the
roadway and bridges that cross the same stream in the
near vicinity to the said borrow pits. Any pits should be
noted, but the borrow pits within 500 feet upstream or
downstream of the roadway should be carefully ana-
lyzed and evaluated as to their affect on the flood
distribution and as a potential source of stream scour
problems.

1-400. DATA ON EXISTING STRUCTURES

The location, size, description, observed flood stages,
and channel section of existing structure on the water
course should be secured in order to determine their
capacity and their effect on the stream flow. Any
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structures, downstream or upstream, which may cause
backwater or retard normal stream flow should be
noted. Also, the manner in which existing structures are
and have been functioning with regard to scour, over-
topping, etc. should be noted. This data should include
span lengths and type of piers which generally may be
secured from existing structure plans.

Sometimes the Engineer has the opportunity to observe
the structure under extreme flood conditions. When
possible, photographs of the flood action in the vicinity
of the structure should be taken for use in future
studies. If the difference in water surface elevations
between the upstream and downstream end of the
structure is measured, a fairly accurate estimate of the
discharge can be made.

1-500. ALLOWABLE HEADWATER ELEVATION

Improvements, property use, etc. adjacent to the pro-

posed site may directly effect the allowable headwater.
Elevations of these improvements or fixtures involved in
determining allowable headwater should be noted. The
allowable headwater may be based on freeboard require-
ments to the highway itself, (but not necessarily so.)

1-600. DRIFT

The probable nature, size and volume of drift should be
noted in order to determine the amount of freeboard
that will be required for the proposed structure.

1-700. OUTLET VELOCITIES

Scour or erosion characteristics inherent to the soil in
the vicinity of the proposed structure should be noted.
These characteristics will be used in determining allow-
able outlet velocities and structure type and geometry.

Figure |.
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RUNOFF
2-100. GENERAL

Prior to making any hydraulic design, the amount of
runoff, or discharge, that a given area is capable of
yielding at a given site must first be determined. The
discharge ‘quantity is the "hydraulic load" that the
hydraulic structure is to accommodate; therefore, this
discharge quantity governs the size of the hydraulic
structure.

The cost of drainage structures, whether they are
bridges, culverts or storm sewers, constitutes a large
portion of the overall cost in highway construction. It is
imperative that these structures perform efficiently and
yet be designed as economically as possible.

2-101. SOURCES OF INFORMATION

There are various sources of reliable hydrological infor-
mation in addition to the charts and publications
contained in this chapter. Some additional sources are
listed below:

STREAMFLOW DATA:

a. The U. S. Geological Survey has complete stream-
flow data available for each gaging station site, as
well as data at miscellaneous sites where flood
measurements have also been made.

b. U.S. Corps of Engineers
c. Texas Water Development Board

d. Texas Highway Department data on small water-
sheds (less than 20 sq. mi.)

MAPS:
a. Texas Highway Department Planning Survey Maps

b. U.S. Geological Quadrangles
c. U. S. Soil Conservation Service Aerial Photography
2-200. DESIGN FREQUENCY

Since it is not economically feasible to design a structure
for the maximum runoff a drainage area is capable of
yielding, a design frequency must be established. The
storm frequency (recurrence interval or return period)
may be defined as the average interval of time within
which the given flood will be equaled or exceeded once.
(American Society of Civil Engineers, 1953, page 1221.)
Therefore, a storm with 50 year frequency or recurrence
interval would be expected to recur within an approxi-
mate 50 year period following its last occurrence. Note
that it does not have to recur at the end of the 50 year
period but within the period, i.e. the storm has a 2%
chance of occurring in any one year, but if it does, it

does not mean that it will not occur again for the
remainder of the 50 year period. The chance for such a
flood remains at 2% in any one year. Consequently, the
recurrence chance for a S year storm is 20%, a 10 year
storm is 10%, a 25 year storm is 4%.

Table I has been prepared to show generally the design
frequencies used for the various hydraulic structures on
certain highways. The frequency or chance of occur-
rence on which the design is to be based should be made
only after due consideration of several factors including
importance of the highway, land use, etc. Possible land
use should be considered for 20 years into the future.

TABLEI
Design Frequency in Years
Interstate & Con- Other Highways
Type of Structure trolled Access Hwys. &
Main Lanes Frontage Roads
Inlets and Sewers 10 2to 5
Inlets for Depressed
Roadways 50 2to 10
Culverts 50 2to 10
Small Bridges 50 10 to 50
River Crossings 50 10 to 50

2-300. METHODS OF DISCHARGE DETERMINA-
TION

Drainage areas smaller than 20 square miles differ
materially in a hydrological manner from areas of 100
square miles or more. Factors such as degree of soil
moisture content, soil type and depth, land use, shape
and size of watershed have marked effects on peak rates
of run-off quite distinct from those of larger areas.

It is granted at this point that the discharge determina-
tion is one of the most nebulous to make and much
work is being done to increase the accuracy of the
discharge determination. Regardless, there are, at pre-
sent, four methods recommended below that each
designer shall use. If there is reason to vary from the
procedures discussed below, a complete documentation
of those reasons shall accompany the hydraulic design to
which the variance pertains.

In order of preference, the four recommended proce-
dures presently employed are outlined below, and the
selection of the proper method is accomplished by the
process of elimination with the decisive parameter being
the drainage area size.

2-301. TEXAS WATER COMMISSION BULLETIN
6311

The primary tool for discharge determination for most
areas exceeding 20 square miles is the information
contained in Texas Water Commission Bulletin 6311,
"Floods in Texas, Magnitude and Frequency of Peak
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Flows'. This publication has priority over all methods
for determining discharge in large (over 20 square miles)
areas in Texas. As may be seen in the publication, there
are still some sections of Texas where a correct discharge
determination is difficult, if not impossible. For sites
that fall on an area or region boundary line, the selection
of the proper area or region should be based upon the
area and region in which the drainage area is located.
Without doubt there will be a few sites for which certain
deviation from the published methods must be made.
When a deviation is deemed proper, complete documen-
tation must be made. This documentation will consist of
compiling a statement of all factual information which
contributed to the decision to deviate from the establish-
ed method as published.

The Texas Water Commission Bulletin 6311 "Floods in
Texas, Magnitude and Frequency of Peak Flows' con-
tains a method on pages 1 through 30 for estimating
runoff based on regional analysis plus curves, limitation,
etc. The Bulletin 6311 method divides the State into 8
hydrologic areas, each area having a minimum size that
varies from 20 square miles to 100 square miles but
never less than 20 square miles. If the designer has a
drainage area less than the minimum size for a given
hydrologic area, then the Bulletin 6311 method is
eliminated and stream gaging data should be invest-
igated.

2-302. STREAM GAGE DATA

As a general rule, stream gaging stations are installed to
measure discharge, etc. on large drainage areas of over
100 square miles. However, many stations exist at
locations where drainage areas are somewhat less than
100 square miles. There are instances when a gaging
station may yield data that is instrumental in a discharge
determination, or the data may be used to supplement
Bulletin 6311. However, it should be noted that the
Bulletin 6311 method usually takes precedence over a
single stream gaging station because the single station has
only recorded what has happened at a single site to date.
The Bulletin 6311 method by the nature of the regional
evaluation considers all stream gage data for similar
hydrologic areas and then determines the discharge a
certain drainage area is capable of yielding based on
what the other similar hydrologic areas have yielded.
This statistical method yields more probabie results.

If the Bulletin 6311 method of determining discharge
does not apply, then stream gage data should be sought.
If the drainage area being studied has no stream gage,
and there is no gaged area that will favorably compare
hydrologically, then stream gage data is eliminated and
the rational method should be investigated.

The two situations where stream gage data will be useful
are as follows:

a. One or more stream gaging stations located
within the area.

b, The area itself is not gaged but stream gaging
stations are located in nearby comparable areas
with similar hydrologic characteristics so that
the records can be transposed and flow data
obtained in this manner.

The determination of the discharge for Cases (a) and (b)
requires the use of Flood Frequency Curves which may
be derived by either an annual or partial duration series.
The annual flood frequency series is the simplest method
to apply and is used in this manual. The required
discharge data for preparing these curves can be found in
Texas Water Commission Bulletin 6311, from U. S.
Geological Survey yearly water supply papers, or from
computer output for each gage. The computer output is
prepared by D-5 personnel from U. S. Geological Survey
data. These printouts are updated each year and each
District Engineer is furnished an output print on all
gages within each district.

Step 1 - The proper gaging station or stations in the
vicinity of a proposed structure should be selected. A
record of 10 years or more is considered desirable, but
records as short as 5 years may be used if no other data
is available. The influence of usual storage or artificial
controls should be properly evaluated by adjusting the
recorded discharge to conditions of uncontrolled flow.
Only the latest revised records should be considered.

Step 2 - As shown on Tables II, IIl and IV the peak
stages and discharges for each water year are listed in
chronological order. A water year extends from October
1 through September 30. Partial yearly records are not
to be included.

Step 3 - After the discharges have been listed they
are then numbered in order of their magnitude; that is,
the highest discharge for a particular gaging station is
assigned the number 1, the next highest 2, and etc. The
numbering system will indicate the relative distribution
of floods during a given period of years.

Step 4 - The recurrence intervals are next computed
from the formula

Recurrence Interval = -ILL]
where
= Number of years of record
M = Relative magnitude of floods beginning with

the highest which is 1

It is apparent from the above formula that the greatest
known flood will plot at a recurrence interval equal to
one plus the number of years of record; however, in
computing recurrence intervals by any formula there are
times when the computations must be modified. For
example, the highest flood in a 40-year record should
not always have a recurrence interval of 41 years. There
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is frequently additional historical knowledge which
might indicate, for example, that the highest flood in a
40-year record is the highest in 300 years. Its plotting
position should then be computed as though it were the
highest in a series of 300 items or as 301 instead of 41
years. The second flood (in 40 years) would then be
computed as usual.

Step 5 - The recurrence interval versus discharge for
each water year is next plotted as shown in Figures 1, 2,
and 3. These points are then connected by a line using as
many of these points as possible. More weight should be
given to the large grouping of points rather than single
plots of extremely high discharges.

If the bridge site is located on a stream having an
established gaging station with adequate record (Case a),
the determination of the design discharge is a simple
matter. First construct a Frequency versus Discharge
Curve for the station as previously discussed and
determine the design discharge for the desired frequency
at the gaging station. This discharge must now be
projected up or down stream of a selected bridge site.

This is accomplished by multiplying the gage discharge
by the direct ratio of the respective drainage area raised
to the 2/3 power. Thus for a bridge site on Richland
Creek having 500 square miles of contributing area, a
25-year discharge would be

737,
(Projected Upstream)

2/3
62,000@) = 47.926 cfs

where
62,000 = Discharge at the gaging station for a
25-year frequency flood. (See Figure
2)
500 = Contributing area at the bridge site.
737 = Contributing area at the gaging station.

Note: Tables for 2/3 powers are in Chapter III.

On certain streams where no gaging stations are in
existence, records of other nearby gaging stations may
be utilized provided all areas have similar hydrologic
characteristics. The discharge for such an ungaged stream
may be determined by the transposal of records (Case
b.). Reference is made to Figures 1, 2 and 3 showing
Discharge versus Frequency for three gaging stations.
For example, consider a location with a drainage area of
450 square miles having similar run-off characteristics of
the above three mentioned stations. To determine the
25-year discharge, first project the 25-year discharge of
each station outlined in Case (a) and average the results.
The computations are as follows:

/3
Cedar Creek 38,000 (220" = 27,322 cfs
734
/3
Chambers Creek 45,000(;‘% = 26,820 cfs
450\2/3
Richland Creek - 62,000 (ﬁ) = 45,074 cfs
Total = 99,216 cfs
25-year Design Discharge = —2:21% = 33,072 cfs

2-303. RATIONAL METHOD

The rational method is accepted as a means of determin-
ing the discharge from drainage areas up to approxi-
mately 5 square miles. If the drainage area in question is
greater than S square miles, then the rational method is
usually eliminated, and the Regional Curves should be
investigated as discussed in Section 2-304.

The rational method is based on the principle that the
maximum rate of run-off from a given drainage area for
an assumed rainfall intensity occurs when all parts of the
area are contributing to the flow at the point of
discharge.

The rational method is especially applicable to urban
areas or developed sections of right of way where the
influence of subsections of varying hydrologic character-
istics may be weighted in the final analysis.

The method is expressed by the formula Q = CIA.
where
Q = Discharge in cfs

C = Run-off coefficient which varies with the
topography, land use and moisture content
of the soil at the time the run-off producing
rainfall occurs and the existence or non-
existence of well defined drainage channels.
In selecting the run-off coefficient from
Table V , consideration should be given to
possible future land developments that might
take place in the next 20 years.

1 = Rainfall intensity in inches per hour =

—b__
(t+d)°

where b, d and e are constants listed in Table
V1. The time of concentration or ''t" is the
time in minutes required for the run-off to
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flow from the most remote point in the
drainage area to the structure site, and is
equal to the average run-off velocity in feet
per minute of flow divided into the distance
in feet along the course. In certain cases it is
advisable to divide the calculations in seg-
ments of overland flow and channel flow to
arrive at a more realistic time of concentra-
tion. Average velocities may be obtained by
actual measurements, by the use of
Manning's formula or by using the average
values for the velocity of various conditions
of topography and land use listed in Table
VII.

Rainfall intensities may also be determined
from the nomograph at Figure 4, which is
also based on the above mentioned b, d, and
e constants listed in Table VI,

Example:

Given:

{
l/ Shopping m— 78

. /
A}
\ -~
279 Residential - 3 Ac. -5 Ac. /

=
{Not to Scale)

Location - District 7
Tom Green County
Design Frequency - 10 years
Drainage Area - 17 Acres

Required: Discharge for a 10 year frequency.
Solution:

Step 1 - Divide the drainage area into sections
having similar run-off characteristics and determine the
cocfficient of run-off from Table V for each section.
Multiply each sectional area by the corresponding
coefficient ¢ and add the products to arrive at the total
CA.

C(Woodtand) =0.18 x 7 acres = 1.26
C(Shopping Center) =0.90 x 5 acres = 4.50
C(Residential) =0.50 x 3 acres = 1.50
C(ROW) =0.70 x 2 acres = 1.40

Total CA = 8.66

Step 2 - Calculate the time of concentration by
determining the longest route the run-off will follow and
divide this length by the average run-off velocity as
determined from TableV1l. The time of concentration
will be affected by the slope and type of watershed.
Therefore, a time of concentration must be calculated
for each section that the natural water course passes
through.

Time of Concentration _ 400 _ 333

(Woodland) 2x60

Time of Concentration _ 600__, , 0
(Residential and Shop-  5x60
ping Center)

Time of Concentration _400 _ 333
(ROW) 2x60

Total =8.66
use t = 10 minutes
(generally, the time of concentration used should be no
less than 10 minutes)

Step 3 - Determine ‘{10 from the formula

Tn=  wb
10 {trd) ©

= (T(l)-?-_(z)'z_)'o-875 = 6.3 inches per hour

or use nomograph, Figure 4.

Step 4 - Calculate the discharge from the above
information.

QIO =CAxI
=8.66 x 6.3 =545 cfs
2-304. REGIONAL CURVES

If the drainage area being studied is too small for the
Bulletin 6311 method to apply, and there is no stream
gage data, and the size is greater than five square miles,
then use the applicable curve froin Figures 6, 7, or &.
These curves, and the classification of regions, Figure 5,
were prepared with the assistance of Mr. G. G. Com-
mons, Texas Board of Water Engineers, in about 1946,
They represent an attempt at a regional analysis and
although the curves have served well where there was
nothing else, they are now generally accepted as yielding
higher than expected discharges for given frequencies.
Interpolation of curves is usually allowable if the area in
question does not fall within one of the outlined area
limits.

To determine the 25-year discharge for a drainage area
of 10 square miles in Wichita County, select the "North
Texas Discharge Frequency Curve" from Figure 5.
Enter Figure 8 with the drainage area of 10 square
miles on the abscissa and determine 025 =3,500 cfs on
the ordinate.
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Flood data for

TEXAS HIGHWAY DEPARTMENT

Cedar Creek near Mabank

TABLE I

BRIDGE DIVISION

Im-17

Drainage oreo —~—- ___
Location of Gage at bridge on Farm Road

sq. miles. Period of record

1939 thru 1957

ELEV-

ANNUAL FLOODS

YEAR| DATE ATION DISCHARGE ORDER REMARKS
{ - INTERVAL
(feet) | {second-feet) "\ Pi“m,
1939 2-27-39 3,720 19 1.05
1940 | 4- 8-40 9,000 14 1.43
1941 6-17-41 16,800 12 1.67
1942 | 4- 9-42 29,400 2 10.0
1943 6- 7-43 27,600 4 5.0
1944 | 5- 3-44 28,800 3 6.67
1945 3-30-45 [310.93 44,800 1 69.0 * (Stage = 25,43 Ft.)
1946 | 5-31-46 23,500 _ 8 2.5
1947 | 4-10-47 20,900 9 2.22
1948 [12- 9-47 16,100 13 1.54
1949 | 2-25-49 19,300 10 2.0
1950 { 2-13-50 25,800 6 3.33
1951 6- 5-51 5.120 17 1.18
1952 4-23-52 18,600 11 1.82
1953 | 5-16-53 24,000 7 2.86
1954 | 5-13-54 8,000 15 ~1.33
1955 | 3-22-55 4,720 18 1.11
1956 | 5- 4-56 6,170 16 1.25
1957 4-28-57 26,300 5 4,0
*Historidal Data}
Maximun stage|since at least 1849, that of
March 30, 1945,
i o (1957-1B89) # 1 oo
N (= 1 - UJeVV




II-18 TABLE III

TEXAS HIGHWAY DEPARTMERT
BRIDGE DIVISION

Flood data for__ Richland Creek near Richland

Drainage area — /37 __ gq.miles,_ Period of record 1940 thru 1955
Locaﬁoqn of Gog. at bridqqe on I?S Hwy. 7%

ELEV- ANNUAL FLOODS
YEAR DATE ATION DISCHARGE W REMARKS
{ - INTERVAL
(feet) | {(second-feet) (M) l‘iy A
1940 | 4- 7-40 10,600 12 1.42
1941 |11-24-40 43,000 4 4,25
1942 | 4-26-42 39,600 5 3.40
1943 | 5- 8-43 16,600 8 2.12
1944 | 5- 2-44 55,000 3 5,67
1945 | 3-31-45 55,000 2 8.50
1946 | 5-13-46 15,200 9 1.89
1947 | 1-19-47 22,400 7 2.43
1948 | 5-12-48 [323,73 58,900 1 43,0 * (Stage = 24,61 Ft,)
1949 | 5-27-49 1,740 16 1,06
1950 | 2-13-50 12,100 11 1.55
1951 | 9-13-51 3,000 15 1.13
1952 | 4-23-52 13,500 10 1.70
1953 | 5-13-53 29,500 6 2.83
1954 | 5-13-54 . 4,600 13 1.31
1955 | 3-22-55 3,740 14 | _1.21

*Historical Dataf

Maximum stage|since 1913, that jof

May 12/ 1948.

e (1955-0913) b 1 o o
i = = 4343,U
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TABLE IV

TEXAS HIGHWAY DEPARTMENT
BRIDGE DIVISION

Flood data for
Drainage area — 971 gq.miles. Period of record 1940 thru 1955

Location of Gage__at bridge on St. Hwy, 31

ELEV- ANNUAL FLOODS

YEAR| DATE |ATION| DISCHARGE R RECURRENCE REMARKS
(feet) | (second-feet) (M) IriIgEgL\;l,\L

1940 4-— 7-4( 18,400 6 2.83

1941 |111-24-40 25,400 S 3,40

1942 4-25-42 37,400 2 8.5

1943 7—-_6-43 16,000 9 1,89

1944 5- 3-44 1321.45 48,000 1 43,0 * (Stage = 27,19 Ft,)

1945 3-31-45 32,900 3 5.67

1946 2-19-46 12,000 10 1,70

1947 6-22-47 18,200 7 2,43

1948 5-12-48 18,200 8 2.12

1949 2-25-49 9,140 13 1.31

1950 2-13-50 11,000 11 1.55

1951 6—- 5-51 6,060 14 1.21

1952 4-23-52 26,000 4 4,25

1953 5-16-53 10,200 12 1,42

1954 5-13-54 3,700 15 1.13

1955 5-21-55 2,350 16 _1.06

*Historldal Dataj:

Maximum stagelsince 1913, that|of

May 3,11944,

nr (1955-01913) |+ 1
R}——=
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TABLE VI

CONSTANTS FOR USE IN FORMULA I = ..b____
(t+d)©

Based on Weather Bureau (NWS) Technical Paper No. 40
"Rainfall Frequency Atlas of the United States"

All
COUNTY 5 year 10 year 25 year 50 year Fregs.
e b e b e b e b d
Anderson 0.792 77 0.763 78 0.772 92 0.744 93 8.8
Andrews 0.827 57 0.809 63 0.793 69 0.807 84 10.2
Angelina 0.762 69 0.746 73 0.726 77 0.727 86 7.6
Aransas 0.787 77 0.753 79 0.745 88 0.739 95 8.5
Archer 0.783 6l 0.794 74 0.789 86 0.792 100 8.5
Armstrong 0.819 63 0.820 75 0.835 95 0.831 105 10.4
Atascosa 0.791 74 0.780 80 0.770 90 0.757 95 9.0
Austin 0.781 75 0.757 79 0.739 85 0.733 92 8.1
Bailey 0.848 62 0.777 55 0.806 72 0.819 85 9.0
Bandera 0.770 62 0.774 72 0.764 82 0.765 94 8.2
Bastrop 0.781 72 0.765 77 0.762 88 0.748 93 8.4
Baylor 0.780 59 0.797 75 0.791 87 0.801 103 8.8
Bee 0.796 78 0.762 79 0.760 92 0.748 97 8.7
Bell 0.780 69 0.773 77 0.771 90 0.754 93 8.5
Bexar 0.784 70 0.779 79 0.769 88 0.756 94 8.7
Blanco 0.777 65 0.776 75 0.766 85 0.758 93 8.4
Borden 0.808 158 0.802 66 0.805 80 0.795 87 10.2
Bosque 0.779 66 0.772 74 0.776 91 0.765 97 8.6
Bowie 0.769 64 0.753 68 0.743 76 0.742 83 8.0
Brazoria 0.751 70 0.749 80 0.730 85 0.718 90 8.0
Brazos 0.785 76 0.763 80 0.754 89 0.745 98 8.5
Brewster 0.819 60 0.833 70 0.818 78 0.833 91 9.6
Briscoe 0.824 63 0.815 73 0.823 89 0.818 101 10.3
Brooks 0.797 80 0.769 82 0.771 97 0.746 98 9.1
Brown 0.770 57 0.763 66 0.768 80 0.770 91 7.6
Burleson 0.784 74 0.763 79 0.760 920 0.743 97 8.4
Burnet 0.773 64 0.777 75 0.769 86 0.758 94 8.5
Caldwell 0.785 72 0.769 77 0.764 88 0.748 92 8.5
Calhoun 0.772 73 0.760 81 0.745 88 0.737 95 8.4
Callahan 0.767 55 0.776 68 0.770 80 0.783 95 8.1
Cameron 0.786 78 0.781 90 0.760 95 0.727 93 8.8
Camp 0.782 70 0.761 74 0.758 84 0.743 87 8.8
Carson 0.828 65 0.829 77 0.842 97 0.849 113 10.6
Cass 0.768 65 0.750 69 0.746 78 0.738 83 8.3
Castro 0.819 56 0.802 65 0.827 84 0.829 95 9.5
Chambers 0.735 66 0.742 76 0.727 83 0.711 87 7.4
Cherokee 0.783 74 0.754 75 0.751 85 0.742 91 8.5
Childress 0.807 65 0.814 78 0.821 97 0.822 108 10.2
Clay 0.787 64 0.790 74 0.787 88 0.790 99 8.4
Cochran 0.840 60 0.782 57 0.802 70 0.813 83 9.5
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TABLE VI (continued)

All

COUNTY 5 year 10 vyear 25 year 50 year Fregs.

e b e b e b e b d
Coke 0.766 51 0.777 65 0.778 77 0.787 91 9.3
Coleman 0.763 54 0.770 66 0.763 78 0.781 92 8.0
Collin 0.781 67 0.778 79 0.779 92 0.776 102 8.8
Collings-
worth 0.821 68 0.822 81 0.837 102 0.825 110 10.5
Colorado 0.778 74 0.756 79 0.744 87 0.736 94 8.3
Comal 0.781 69 0.775 78 0.766 87 0.753 91 8.6
Comanche 0.770 59 0.765 68 0.773 83 0.769 92 7.8
Concho 0.752 50 0.779 67 0.755 73 0.785 91 8.0
Cooke 0.779 65 0.780 77 0.791 93 0.787 104 8.7
Coryell 0.774 66 0.777 76 0.774 89 0.761 95 8.5
Cottle 0.799 6l 0.805 75 0.811 91 0.817 105 9.8
Crane 0.819 55 0.818 66 0.785 69 0.801 82 10.2
Crockett 0.791 56 0.781 63 0.782 74 0.777 82 9.3
Crosby 0.815 6l 0.809 69 0.811 83 0.807 92 10.1
Culberson 0.851 53 0.831 58 0.814 62 0.818 72 10.8
Dallam 0.866 68 0.824 68 0.846 90 0.872 111 10.6
Dallas 0.782 68 0.777 78 0.774 90 0.771 101 8.7
Dawson 0.818 59 0.814 68 0.807 77 0.801 86 10.4
Deaf Smith 0.844 60 0.794 6l 0.831 82 0.837 94 9.3
Delta 0.783 68 0.775 77 0.770 89 0.759 94 9.1
Denton 0.777 65 0.779 77 0.781 90 0.780 102 8.5
DeWitt 0.785 75 0.758 78 0.758 90 0.747 96 8.7
Dickens 0.807 6l 0.803 71 0.808 85 0.808 96 10.0
Dimmit 0.806 74 0.795 82 0.783 94 0.781 105 9.4
Donley 0.832 68 0.825 79 0.836 96 0.823 103 10.6
Duval 0.802 79 0.781 84 0.772 94 0.755 98 9.2
Eastland 0.772 58 0.771 69 0.772 81 0.775 92 7.8
Ector 0.821 56 0.816 65 0.789 68 0.802 82 10.5
Edwards 0.759 54 0.759 63 0.769 76 0.776 88 7.5
Ellis 0.788 71 0.777 79 0.771 91 0.766 98 8.8
El Paso 0.802 34 0.795 42 0.843 60 0.900 90 12.0
Erath 0.772 6l 0.770 72 0.785 89 0.772 96 8.1
Falls 0.786 72 0.771 79 0.772 93 0.750 94 8.5
Fannin 0.778 66 0.782 79 0.782 93 0.770 99 9.1
Fayette 0.782 73 0.758 76 0.758 88 0.743 94 8.2
Fisher 0.779 55 0.793 70 0.790 83 0.798 96 9.5
Floyd 0.321 63 0.809 71 0.818 85 0.813 97 10.0
Foard 0.787 60 0.806 77 0.807 91 0.817 109 9.5
Fort Bend 0.760 71 0.751 80 0.729 84 0.726 91 8.1
Franklin 0.782 69 0.765 74 0.759 84 0.751 89 8.8




TABLE VI (continued)

I1-23

All
5 year 10 year 25 year 50 year Fregs.
COUNTY
e b e b e b e b d

Freestone 0.795 77 0.769 80 0.775 95 0.749 94 9.0
Frio 0.789 71 0.789 82 0.772 89 0.765 96 9.1
Gaines 0.832 58 0.805 63 0.797 70 0.807 84 10.0
Galveston 0.739 66 0.742 78 0.727 85 0.704 88 7.6
Garza 0.81l1 60 0.800 67 0.810 83 0.799 88 10.2
Gillespie 0.766 60 0.767 71 0.765 82 0.764 94 8.1
Glasscock 0.796 55 0.803 66 0.789 74 0.789 83 10.0
Goliad 0.789 75 0.758 77 0.755 89 0.746 97 8.7
Gonzales 0.788 74 0.763 77 0.760 89 0.747 95 8.6
Gray 0.837 70 0.836 83 0.842 99 0.841 114 10.8
Grayson 0.778 65 0.779 78 0.790 95 0.781 104 8.9
Gregg 0.783 71 0.750 72 0.753 84 0.740 87 8.6
Grimes 0.784 75 0.760 81 0.744 87 0.742 95 8.3
Guadalupe 0.787 72 0.772 78 0.765 89 0.750 93 8.7
Hale 0.827 61 0.815 69 0.823 84 0.812 92 9.9
Hall 0.821 66 0.815 75 0.822 92 0.819 103 10.3
Hamilton 0.770 62 0.761 72 0.778 89 0.766 95 8.3
Hansford 0.846 73 0.842 84 0.862 104 0.867 124 11.3
Hardeman 0.794 61 0.810 78 0.816 95 0.817 110 9.5
Hardin 0.738 65 0.740 74 0.720 80 0.718 87 7.5
Harris 0.749 70 0.753 81 0.724 81 0.728 91 7.7
Harrison 0.773 69 0.750 70 0.747 80 0.730 82 8.4
Hartley 0.855 67 0.814 67 0.840 85 0.863 106 10.2
Haskell 0.779 57 0.799 74 0.787 85 0.805 103 9.2
Hays 0.783 69 0.776 78 0.765 87 0.747 90 8.6
Hemphill 0.851 76 0.842 87 0.843 103 0.840 115 10.7
Henderson 0.796 77 0.770 79 0.773 93 0.752 93 9.0
Hidalgo 0.795 80 0.778 87 0.771 98 0.749 99 9.2
Hill 0.790 72 0.777 78 0.773 91 0.764 o8 8.8
Hockley 0.832 60 0.807 64 0.812 78 0.810 87 10.0
Hood 0.773 63 0.773 75 0.782 90 0.773 98 8.3
Hopkins 0.783 70 0.775 77 0.767 88 0.754 93 9.1
Houston 0.780 73 0.757 78 0.748 86 0.740 93 8.3
Howard 0.800 56 0.802 65 0.796 76 0.791 86 10.1
Hudspeth 0.840 44 0.827 50 0.819 60 0.856 78 11.4
Hunt 0.785 69 0.783 80 0.776 93 0.764 99 9.2
Hutchinson 0.844 70 0.837 80 0.851 100 0.863 121 11.0
Irion 0.789 55 0.775 61 0.783 77 0.759 81 9.6
Jack 0.779 63 0.786 75 0.782 88 0.782 98 8.5
Jackson 0.769 73 0.757 80 0.745 89 0.737 95 8.5
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TABLE VI (continued)

All

Fregs.
COUNTY 5 year 10 year 25 vyear 50 year q

e b e b e b e b d

Jasper 0.743 65 0.736 73 0.719 78 0.715 84 7.4
Jeff Davis 0.865 63 0.853 69 0.802 65 0.818 77 10.8
Jefferson 0.733 65 0.727 74 0.730 86 0.710 87 7.5
Jim Hogg 0.813 82 0.786 87 0.780 98 0.756 99 9.4
Jim Wells 0.797 79 0.765 80 0.768 94 0.748 98 8.9
Johnson 0.779 67 0.773 77 0.776 90 0.771 929 8.6
Jones 0.771 55 0.794 73 0.780 82 0.803 102 9.0
Karnes 0.791 75 0.766 77 0.767 91 0.751 95 8.9
Kaufman 0.790 72 0.776 80 0.777 93 0.763 98 9.0
Kendall 0.771 64 0.773 74 0.764 84 0.762 94 8.3
Kenedy 0.793 79 0.771 84 0.763 94 0.735 96 8.7
Kent 0.801 60 0.796 70 0.806 85 0.799 93 10.0
Kerr 0.765 58 0.764 69 0.763 80 0.766 91 8.0
Kimble 0.758 53 0.763 66 0.757 75 0.772 88 7.6
King 0.794 59 0.804 74 0.802 87 0.811 103 9.6
Kinney 0.780 62 0.773 70 0.777 82 0.790 97 8.0
Kleberg 0.79%4 79 0.764 81 0.761 93 0.739 96 8.7
Knox 0.788 58 0.801 76 0.798 88 0.809 104 9.3
Lamar 0.777 66 0.770 74 0.769 87 0.759 93 8.9
Lamb 0.828 60 0.800 63 0.821 80 0.818 88 9.6
Lampasas 0.770 63 0.770 73 0.771 86 0.762 94 8.4
LaSalle 0.801 77 0.795 86 0.776 91 0.767 99 9.4
Lavaca 0.782 74 0.757 78 0.750 89 0.741 95 8.5
Lee 0.782 73 0.764 77 0.761 89 0.745 94 8.3
Leon 0.788 76 0.766 80 0.762 92 0.746 95 8.8
Liberty 0.739 65 0.747 78 0.716 78 0.726 S0 7.4
Limestone 0.792 74 0.772 79 0.772 92 0.753 93 8.8
Lipscomb 0.858 78 0.846 89 0.849 106 0.851 121 10.7
Live Oak 0.795 76 0.768 79 0.765 92 0.752 96 8.9
Llano 0.768 60 0.768 72 0.769 84 0.763 93 8.2
Loving 0.825 50 0.822 6l 0.804 63 0.813 77 10.2
Lubbock 0.821 60 0.813 69 0.816 82 0.808 88 10.1
Lynn 0.821 59 0.813 69 0.815 81 0.802 87 10.3
Madison 0.785 76 0.765 81 0.751 90 0.755 100 8.7
Marion 0.770 67 0.750 71 0.746 79 0.736 83 8.4
Martin 0.813 57 0.820 70 0.796 74 0.797 85 10.4
Mason 0.766 56 0.760 68 0.770 81 0.769 921 7.9
Matagorda 0.757 71 0.759 83 0.737 87 0.727 94 8.5
Maverick 0.801 70 0.788 76 0.782 88 0.796 106 8.7
McCulloch 0.761 53 0.767 67 0.766 79 0.772 91 7.8
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All

Fregs.
COUNTY 5 year 10 year 25 year 50 year q

e b e b e b e b

McLennan 0.787 71 0.777 78 0.774 91 0.757 94 8.7
McMullen 0.797 77 0.782 83 0.770 91 0.758 96 9.2
Medina 0.779 67 0.784 79 0.771 86 0.765 95 8.7
Menard 0.751 51 0.781 69 0.750 72 0.779 91 7.6
Midland 0.812 57 0.823 71 0.788 71 0.795 83 10.5
Milam 0.784 72 0.769 78 0.768 91 0.748 93 8.4
Mills 0.769 59 0.763 69 0.772 84 0.766 93 7.9
Mitchell 0.778 54 0.782 64 0.792 78 0.792 88 9.7
Montague 0.785 65 0.783 75 0.785 89 0.788 100 8.6
Montgomery 0.771 73 0.757 81 0.728 82 0.736 92 7.7
Moore 0.847 65 0.825 72 0.851 96 0.864 118 10.7
Morris 0.777 67 0.760 71 0.757 8l 0.741 85 8.5
Motley 0.817 63 0.806 72 0.807 85 0.814 101 10.0
Nacogdoches 0.773 71 0.748 73 0.740 81 0.733 86 8.0
Navarro 0.795 75 0.776 80 0.777 94 0.757 95 8.9
Newton 0.741 65 0.734 71 0.718 76 0.709 82 7.4
Nolan 0.768 52 0.780 68 0.781 79 0.793 96 9.3
Nueces 0.794 79 0.762 79 0.759 91 0.741 96 8.7
Ochiltree 0.847 74 0.848 88 0.858 106 0.866 127 11.2
Oldham 0.844 64 0.804 62 0.833 84 0.850 103 9.6
Orange 0.733 65 0.728 73 0.730 85 0.709 87 7.5
Palo Pinto 0.775 61 0.781 74 0.781 87 0.778 96 8.4
Panola 0.773 70 0.743 70 0.741 79 0.724 81 8.3
Parker 0.777 63 0.781 76 0.781 88 0.777 99 8.4
Parmer 0.845 62 0.783 56 0.821 76 0.827 88 9.1
Pecos 0.819 56 0.811 64 0.786 69 0.806 84 9.7
Polk 0.761 69 0.748 75 0.718 76 0.730 88 7.5
Potter 0.817 58 0.818 70 0.841 93 0.855 112 10.2
Presidio 0.860 62 0.854 72 0.837 75 0.848 90 10.6
Rains 0.786 73 0.781 81 0.771 91 0.759 94 9.2
Randall 0.793 52 0.811 68 0.837 89 0.846 106 9.5
Reagan 0.800 58 0.802 67 0.785 74 0.781 82 9.9
Real 0.769 57 0.771 68 0.770 78 0.769 91 7.6
Red River 0.776 66 0.758 70 0.758 81 0.752 86 8.4
Reeves 0.846 57 0.834 65 0.793 62 0.810 77 10.5
Refugio 0.788 77 0.753 78 0.751 920 0.743 96 8.6
Roberts 0.848 72 0.845 87 0.849 103 0.856 121 11.2
Robertson 0.784 74 0.767 80 0.765 91 0.748 96 8.6
Rockwall 0.787 70 0.780 79 0.778 92 0.768 100 8.9
Runnels 0.756 50 0.778 67 0.767 76 0.792 96 8.5
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TABLE VI (continued)

All

5 year 10 year 25 year 50 year Fregs.
COUNTY

e b e b e b e b d
Rusk 0.781 72 0.749 72 0.751 84 0.738 87 8.5
Sabine 0.758 66 0.740 71 0.721 75 0.715 80 7.6
San Augustine 0.758 67 0.741 72 0.725 76 0.719 82 7.6
San Jacinto 0.761 70 0.751 79 0.723 79 0.731 91 7.5
San Patricio 0.789 78 0.759 78 0.757 91 0.743 96 8.7
San Saba 0.767 59 0.762 69 0.771 83 0.767 92 8.0
Schleicher 0.771 53 0.772 63 0.769 74 0.771 86 8.6
Scurry 0.800 57 0.790 67 0.800 82 0.791 89 10.0
Shackel ford 0.777 58 0.786 72 0.777 82 0.788 97 8.5
Shelby 0.768 68 0.742 71 0.737 78 0.717 80 8.0
Sherman 0.857 71 0.836 77 0.859 101 0.870 120 10.9
Smith 0.787 74 0.760 76 0.760 87 0.746 90 8.8
Somervell 0.771 63 0.770 73 0.782 90 0.770 97 8.4
Starr 0.805 82 0.791 89 0.780 99 0.758 100 9.4
Stephens 0.775 59 0.782 72 0.776 83 0.781 94 8.1
Sterling 0.779 53 0.780 62 0.788 76 0.783 85 9.6
Stonewall 0.790 59 0.801 74 0.797 85 0.806 100 9.5
Sutton 0.760 51 0.764 61 0.765 73 0.772 85 8.1
Swisher 0.808 58 0.807 69 0.826 87 0.822 98 10.0
Tarrant 0.778 66 0.777 77 0.774 88 0.775 101 8.5
Taylor 0.760 52 0.781 69 0.776 80 0.796 100 8.7
Terrell 0.793 54 0.800 67 0.793 76 0.806 o1 9.0
Terry 0.828 59 0.806 65 0.809 77 0.806 86 10.0
Throckmorton 0.779 59 0.792 74 0.783 84 0.795 98 8.6
Titus 0.780 69 0.759 72 0.758 82 0.744 87 8.6
Tom Green 0.769 51 0.777 64 0.771 75 0.782 88 9.0
Travis 0.780 69 0.775 77 0.766 87 0.751 91 8.6
Trinity 0.764 71 0.750 76 0.729 80 0.734 20 7.7
Tyler 0.750 66 0.740 74 0.71l6 77 0.721 86 7.4
Upshur 0.782 71 0.760 74 0.757 84 0.742 87 8.7
Upton 0.808 56 0.824 71 0.788 72 0.793 82 10.0
Uvalde 0.779 o4 0.779 73 0.772 83 0.773 95 8.2
Val Verde 0.767 52 0.767 6l 0.780 76 0.794 92 8.0
Van Zandt 0.792 74 0.775 79 0.772 91 0.755 93 9.1
Victoria 0.782 75 0.755 78 0.752 920 0.745 97 8.6
Walker 0.778 73 0.759 80 0.739 84 0.740 94 8.0
Waller 0.785 77 0.757 80 0.736 84 0.729 91 8.1
Ward 0.833 56 0.810 61 0.789 65 0.808 81 10.5
Washington 0.784 75 0.759 79 0.747 87 0.740 94 8.2
Webb 0.812 81 0.801 90 0.781 95 0.774 103 9.6
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All
Fregs.
COUNTY 5 year 10 vear 25 year 50 vear
e b e b e b e b d
Wharton 0.767 72 0.758 81 0.738 86 0.733 93 8.3
Wheeler 0.832 71 0.832 85 0.836 103 0.833 114 10.6
Wichita 0.784 62 0.795 76 0.792 88 0.797 104 8.7
Wilbarger 0.782 60 0.797 77 0.799 20 0.807 107 9.0
Willacy 0.790 78 0.777 87 0.762 95 0.732 95 8.8
Williamson 0.779 68 0.777 77 0.769 88 0.751 92 8.5
Wilson 0.792 74 0.769 78 0.768 90 0.752 95 8.9
Winkler 0.829 56 0.811 6l 0.790 66 0.817 83 10.4
Wise 0.778 65 0.782 77 0.782 89 0.781 100 8.6
Wood 0.787 73 0.770 78 0.761 87 0.753 92 8.9
Yoakum 0.841 59 0.798 59 0.797 69 0.812 82 9.6
Young 0.779 61 0.786 74 0.781 85 0.787 97 8.4
Zapata 0.815 84 0.795 91 0.785 99 0.763 100 9.6
Zavala 0.794 69 0.785 77 0.779 89 0.778 98 8.9
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TABLE VII
Approximate Average Velocities of Run-off Flow for Calculating

Time of Concentration

Description of Water Course Slope in Percent

0-3 4-7 8-11 12-

(Ft/Sec.) (Ft/Sec.) (Ft/Sec.) (Ft/Sec.)

Unconcentrated*
Woodlands 0-1.5 1.5 - 2.5 2.5 - 3.25 3.25 -
Pastures 0-2.5 2.5 - 3.5 3.5 - 4,25 4,25 -
Cultivated 0-3.0 3.0 - 4.5 4,5 - 5.5 5.5 -
Pavements 0-8.5 8.5 -13.5 13.5 -17 17 -
Concentrated**
Outlet Channel - Determine velocity by Manning's Formula
Natural Channel Not
Well Defined 0-2 2-4 4-7 7 -

* This condition usually occurs in upper extremity of watershed
prior to the overland flow accumulating in a watercourse.

** These values vary with the channel size and other conditions.
Where possible, more a¢curate determinations should be made for
particular conditions by the Manning Channel Formula for velocity.
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OPEN CHANNELS
3-100. GENERAL

Channel design involves the determination of the chan-
nel cross-section required to accommodate a given design
discharge. Channel design is most frequently used for
sizing outfall channels and various roadway ditches.

Channel analysis is made to determine the depth and
velocity at which a discharge would flow in a channel
where the cross section is already established. Channel
analysis is most frequently used for establishing a water
surface elevation prior to the design or analysis of a
hydraulic structure and to establishing a roadway grade
line.

The three methods outlined in this chapter for calcu-
lating depth of flow may be used either for analysing an
existing channel or for the design of a proposed new or
improved channel.

3-200. METHODS FOR COMPUTING DEPTHS OF
FLOW
3-201. GENERAL

A proper determination of a highwater elevation or a
tailwater (TW) depth for a structure or channel design is
most important and should never be neglected. Methods
presented herein for analysing or designing a channel
are:

a. Single-section stage-discharge curve
b. Two-section slope-determination method
¢. Multi-section backwater curve

Computer routines are available for each of the three
methods. Where the expense is justified, it is recom-
mended that the multi-section method take precedence
over the other two methods. In turn, that the two
section method take precedence over the single-section
method.

3-202. SINGLE-SECTION  STAGE-DISCHARGE
CURVE

The single-section stage-discharge curve (or rating curve)

has been the most widely used for TW determination.
This method employs the use of Manning's formula:

Q= 1_-‘:1& ARZ3 112

where

Discharge, cfs

Cross-sectional area of flow, sq. ft.

~
1]

Hydraulic Radius

S = Slope of water surface, which "'S" is usually
assumed to be parallel to streambed slope.
n = Manning's Roughness Coefficient

Advantages are that it is a relatively simple procedure,
usually inexpensive, and expedient. However, due to the
assumptions necessary for its use, its reliability is often
reduced to cause such a disadvantage as to outweigh the
advantages.

For the usual culvert design, this single section method
will suffice for determining tailwater (TW) depth at the
culvert outlet.

The data required for this method includes: a channel
cross section which might safely be considered as typical
of the stream reach under consideration. Most engineers
prefer to locate this section downstream from the
proposed structure site. If a "'typical''section cannot be
found, then a "controlling" section (also downstream)
should be used. A "controlling' section would be where
the depth of flow is controlled by a constriction of
channel, a damming effect across the channel, or
possibly a heavily wooded area with high roughness
coefficients. Any section taken should be normal to the
direction of stream flow under flood condition. Once
the section has been obtained, Manning's roughness
coefficients ("'n" values) should be applied. Table II
gives Manning's roughness coefficients for various condi-
tions. The cross section should be subdivided with
vertical boundaries at severe changes in cross section
shape or at changes in vegetation cover. Additional
consideration should be given to such things as depth of
flow, size of boulders, etc.

It should be borne in mind that, however inexact the
"n" value determination may be, there are definite and
unchangeable ''n"' values in the cross section. Therefore,
once the engineer has chosen "n" values to the best of
his ability, the "'n"" values chosen should not be juggled
just to provide another answer. If there is uncertainty
about particular ''n'"" value choices, a more experienced

engineer should be consulted.

The third important factor necessary to calculate a
single-section rating curve is the slope. Manning's formu-
la is based on the slope of the water surface. Often this
slope will correspond to the average slope of the channel
bed. However, some reaches of stream may have a water
surface slope quite different from the bed slope at flood
flow. The least expensive and most expedient method of
slope-determination is the surveying and analysis of the
bed profile for some distance in a stream reach. Due to
the importance of the slope in Manning's formula, it is
recommended that, wherever possible, an accurate water
slope at flood stage be determined for use in Manning's
formula.

Obviously, the closer to the proposed site a typical
section is taken, the less error in final water surface is
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possible. This is because once the highwater elevation or
tailwater depth is determined, it must be projected to
the proposed site along some uncertain slope (as shown
above) which is assumedly constant.

After the section shape, ''n" values, and slope are
obtained or determined, the calculation of the stage-
discharge curve should proceed as follows.

Step 1. Assumed incremental water surface eleva-
tions should be applied to a plot of the
cross section. See Figure 1. A total dis-
charge under each assumed elevation is then
calculated by use of Manning's formula.
Care should be taken to apply the individ-
ual "'n"' values to their proper subsection. In
addition, the wetted perimeter is considered
only along the solid boundaries of the
cross-section and not along the water inter-
face between subsections.

Step 2. After several discharges have been calcu-
lated so that there are some discharges
which are less than design discharge and
some which are greater, a plot should be
made of elevation versus discharge. (Figure
2) A water surface elevation corresponding
to the design discharge may then be scaled
from the elevation discharge curve.

For trapezoidal channels a nomograph is provided
to aid the solution of Manning's formula (Figure 3).

3-203. TWO-SECTION METHOD

Of the three indicated methods for highwater elevation
or tailwater depth, the two-section method is probably
the best compromise for engineering expenses and design
reliability. The choice of sections and "'n" values should
proceed as explained above in the single-section method.
The chief difference being that two sections must be

selected instead of one. These sections should straddle
the proposed structure site, i.e., one upstream and one
downstream. Distance between the two sections should
also be determined.

A slope for use in Manning's formula is not necessary for
this method. This is explained by the following.

If it is assumed that discharge and siope are constant in
the reach of stream under consideration, then convey-
ance at the upstream section necessarily equals convey-
ance at the downstream section. Therefore, for a
particular design discharge, there is at least one convey-
ance value which defines a slope mathematically and also
subtends the same slope physically along the longi-
tudinal surface of the water.
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Step 3. Draw a vertical line representing K, inter-
cepting both conveyance curves.

The calculation procedure is as follows: Step 4. Scale the vertical elevation difference (AE)

Step 1. Since between the two curve intercepts.

K=Q /81/2 Step 5. Find §' = A—I{E-(L = distance between the

two sections)
or

At this point there are two slope values. One slope
(S;) is assumed and used to calculate K. K is then
used to establish the corresponding slope (S'l) from

K= 1.4:186 AR/

the conveyance at each of the two sections
may be calculated for a range of water
surface elevations. The result would be

the actual conveyance curves of the two sections.
The proper slope is arrived at when S =S’ . This

plots of the upstream and downstream usually requires trial and error and a plot (Figure 5)
stage-conveyance curves (plotted on the is used to aid this solution.
same graph, Figure 4). ,
]
Step 6. If S’ does not equal S, plot S’ versus the
Step 2. Find conveyance based on design discharge assumed slope (Figure 5) and increase or
and assumed slope according to the relation (ti}cicrease the assumed slope as necessay so
at by repeating the procedure outlined
K; =Q/S 1/2.Since any slope m .
1= U5 y slope (S1) may be above, a plot of several S' versus S inter-
assumed at the start, the channel bed slope cepts the line representing S' = S. The value
may be used. at this intercept is the derived slope.
1 ! Il 5 O 0 .
! Zaum
] Jpstream
| |
I i I w
treom
2 A H .
e , I |
| AT i o ]
2 HE a5 - i
Y Sifsimse i
Sl A A e e T R ———
§ »ili—-i»,+*-»l+1+ pa i—+ - ‘——+7-—1-»4- T T AT -
w A P eSS A e
,Li.i-r EREBE i»_-i)r T ~—»4]»4f r 4 «——_—; :‘i(;n,_ ? ] I
1 + I IRy 4 } Y = Ss RISy L1 IR S Ll L
A 15* I BnERE Y ann i “‘,?'""L'd"sldp’.‘““’-
o 1 I I 11 i 11
70 4 O Y I 07 B B W
T /AT R NN WA N A N R
e AT A S e sy e
et} B —_—
/Iﬁ“zf‘,i::%:+—.*1 R BN WA MR MEMRA N MaREE AR L
e R P e ++»{+ e R 4-+~+~——_—t+ B st b
A e Fiqure 5 s
ﬁ%‘—*;t:‘im A
o e T e S L o O B S o et e B -
AT ILLUSTRATION OF CONVEYANCE i
T CURVES FOR TWO-SECTION METHOD [ {11
A p e = T Tt T Tt T T == 7=t~ =t~ 1- —
1 0 B O O +
0 0 O O 0 O O A 1
A R e T e TR R
AT EEEEEEEY /IEEEESE ¢ SEEENY {36! NSNS ENEEEREEEEE.
1 8 B S A B

Conveyance - K
(No Stondard Units)

Figure 4



Im-6

Step 7. Divide design discharge by the square root
of the derived slope and draw a vertical line
representing the resulting conveyance on
Figure 4. The elevations on this line repre-
sent the predicted water surface elevations
between the upstream section and the
downstream section at design discharge.
The highwater elevation at the proposed
structure site need be only picked off this
vertical line (Figure 4) according to its
location between the two sections.

3-204. MULTI-SECTION BACKWATER CURVE

A calculated water surface profile according to
Bernoulli's energy equation is the most accurate of TW
determination methods. Unfortunately, the method is
also the most expensive to complete. This is because
several cross sections must be obtained. A minimum of
three cross sections (all downstream) is necessary if the
starting elevation in the most downstream section is
known for the design discharge. This is very rarely the
case. Therefore, when this starting elevation is not
known, a minimum of 20 downstream cross sections is
necessary to provide a reliable water surface profile.

The procedure outlined herein is applicable to most
open channel flow, including those streams having an
irregular channel with the cross section consisting of a
main channel and separate overbank areas with individ-
ual "n'"' factors. Referring to Figure 6, the objective is to
find the water surface profile at Section 2 knowing or
assuming its elevation over the given datum at Section 1.
Figure 6 shows in graphical form Bernoulli's Energy
Equation which is written:

22 +d2 +hv2 =Z1 +dl +h,',1 +hf+other losses

where

Zy and Zl = streambed elevation with respect to a
given datum at upstream and downstream sections
respectively.

d, and d; = depth of flow at upstream and

downstream sections respectively.

hy, and hy; = velocity head of upstream and

downstream sections respectively.

hf= friction head loss.

Other losses such as eddy losses are estimated as
10 percent of the friction head loss where the
quantity hy; - hv2 is positive and 50 percent

thereof when it is negative. Bend losses are
disregarded as an unnecessary refinement.

The basic equations involved are

Q=AV

2
_yv2
hv_2g

and Manning's formula

which is defined elsewhere in this chapter.
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The friction head can be determined by using Manning's
formula in terms of the friction slope S, where:

2
- [Qo
§¢ = 6.486 AR?/3

thus giving the total friction head

S +S
f17°f2
“f=L[ 2 ]

using the respective properties of Sections 1 and 2 for
the calculation of Sg and Sg,.

The velocity head h, is found by weighing the partial
discharges for each subdivision of the cross section, i.e.,

h, - [z( v,2Q,)

2gQ
where
Vp = Velocity in subdivision of the cross section
Ap = Area of the subdivision of the cross section
Qp = Disc.harge in the subdivision of the cross
section
v, = QA

Table I shows typical backwater calculations for a
stream carrying 42,000 cfs. Each cross section, num-
bered 1 through 6 is divided into subsections covering

n_n

areas with different roughness coefficients "'n'".

1. Calculations are based on a known or assumed
water surface elevation at Section 1 and assumed
elevations verified thru the calculations at sub-
sequent sections. Col. 3 shows the length be-
tween cross sections.

2. Col. 4 shows the subsection areas calculated
from the plotted cross sections.

3. Col. 5. The wetted perimeter is the wetted
boundary of each subsection exclusive of the
water interfaces between adjacent sections.

4. Col. 6. The roughness coefficient ''n" for
Manning's formula is chosen from the ranges
indicated in Table I1.

5. Col. 7. The values shown are obtained by
dividing 1.486 x Col. 4 by Col. 6.

6. Col. 8. The hydraulic radius equals the area
divided by the wetted perimeter or Col. 4
divided by Col. 5.

1.

12.

13.

1s.

. Col. 9 shows values of the hydraulic radius to

the two-thirds power.

Col. 10 is the conveyance factor for the section
which is K =186 AR2/3 o Col. 7 multiplied
by Col. 9.

. Col. 11 is the friction slope of the entire Section,

S¢.

Sf=

The total discharge 2
The total conveyance

or in this case

5. =[42,000) 2
f K

. Col. 12 is the average friction slope between
sections and the
S¢ +8S
sf = f1 f2
2

or in the case of Section 1 and 2 the mean Sf is

- 01297 + .00461 _

5 =.00879.

Col. 13 shows the loss in friction head for the
length between sections or for Sections 1 and 2
of the example 0.00879 x 500 = 4.40 ft.

Col. 14 shows values for the discharge of each
individual subsection. The discharges vary di-
rectly with the conveyance value and for Section
1 of the example the multiplication factor is

Total discharge _ 42,000
Total Conveyance 368 ,800

For Section 1a,

65.100 _
42,000 x 368800 7410

The sum of the values must equal the total
discharge.

Col. 15 is the value of the velocity for each
subsection or

Subsection Discharge _ Col. 14
Subsection Area Col. 4

. Col. 16 is self-explanatory.

Col. 17 contains values of Col. 14 multiplied by
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Col. 16 to obtain the weighted velocity head h,,
from the relationship

- 29
hV 2g
In the example the values for Section 1 are

(v2Q) = 14,102,100 and 2gQ = 2 x 32.2 x
42,000 i.e., total discharge multiplied by twice
the acceleration of gravity. Values of h, are

shown in Col. 18.

16. Col. 19 shows the algebraic differences in veloc-
ity head between sections. In the example the
velocity head loss between Sections 1 and 2 in
(521 - 2.95) = 2.26 feet and between Sections 2
and 3, (2.95 - 3.31) = -.36. The negative value
indicates that kinetic head has been converted
into static head.

17. Col. 20 shows eddy losses. The eddy losses are
calculated as ten percent of the value hyy - hyy

when such value is positive and 50 percent
thereof when the value is negative.

18. Col. 21 is H for the friction head loss + the
velocity head loss + the eddy loss or Col. 13 %
Col. 19 + Col. 20. Note that values in Col. 19
may be positive or negative.

19. Col. 22 shows the water surface elevation. In the
example the water surface elevation at Section 1
is 115.0. At Section 2 the water surface elevation
is 115.0 + 6.89 = 121.89, etc. If the elevations
calculated for subsequent sections do not agree
within reasonable limits with the assumed eleva-
tions shown in Col. 2, the assumed elevations for
such sections must be revised and the section
properties and losses recomputed until the de-
sired accuracy is obtained as shown for Section
4. An accuracy of * 0.3 feet is considered
adequate for this type of computation.

When the water surface profile method is used and the
starting water surface elevation is definite, the computer
can be of great use in calculating several backwater
profiles based on several arbitrary starting elevations. If
these profiles are plotted as shown in Figure 7, they will
tend to converge to a common curve at some point along
the way. This is because each successive calculation in
proceeding upstream brings the water level nearer the
correct profile. The purpose of plotting the curves and
finding the convergence point is to determine whether or
not the proposed structure site is at or upstream from
the convergence point. If so, the calculations have
started far enough downstream to define a proper TW
from an unknown starting elevation. Otherwise, the
calculations should begin again at a point further
downstream.

3-300. EROSION CONTROL
3-301. CHANNEL LININGS

It is obvious that lining is costly. But many times its
initial cost may be more than offset by the reduced
channel size and right of way width caused by the
improved hydraulic characteristics of the lining. One of
the primary considerations when deciding to line the
channel or not, is initial cost.

3-301.1 CONCRETE LINING

Concrete channel lining at present is the most popular
material for channel lining. Concrete riprap has the
advantages of greatly improving the hydraulic character-
istics of the channel and of eliminating considerable
future maintenance.

3-301.2 ROCK LINING

Rock lining, where rock is available, is a suitable
substitute for concrete lining from the standpoint of
erosion. This rock lining is composed of a graded rock
(the size depending on discharge and velocity) that is
dumped and bladed to line and grade and left loose.
Unlike concrete lining, there are no standards, so the
rock lining must be designed. At present a design
developed at the University of Minnesota is available
from D-5 upon request. Erosion can be effectively
controlled and the rock lining should prove to be
economically more favorable than concrete lining when
there is a local rock source. Hydraulic efficiency is
approximately the same as a new earthen channel and
vegetation is controlled either by mowing or the
application of a herbicide.

3-302. DITCH RETARDS

For ditclies on steep grades, ditch retards properly
designed provide an acceptable erosion control. The
retards are a series of barriers, constructed in the ditch,
normal to flow, which cause the water to pond so that
the flow is ''stepped’ down the steep portion of the
ditch. Ditches requiring retards, that are near a travel
lane, are not compatible with safety requirements, but
there are numerous ditches and outfalls where safety is
not the problem.

A proper design would include dimensioning the retards
so they are high enough to pond the water and cause a
hydraulic jump upstream, and also long enough so they
extend sufficiently into the side slopes to prevent
erosion around the ends. Further, the ditch at the
downstream foot of the retard must be properly
protected to receive the "spill" over the retard.

A proper height for ditch retards may be obtained by
contacting D-5 and furnishing cross section of channel,

slope of channel, ''n"’ value, and discharge.
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TABLE II

MANNING'S ROUGHNESS COEFFICIENTS

NATURAL STREAM CHANNELS Min.

1. Minor Streams

A.  Fairly regular section

1.
2.

ovsw

Some grass and weeds; littteornobrush . .. ........ ... ... ... .. ... 0.030
Dense growth of weeds, depth of flow

materially greater thanweed height . ... ....... ... ... . ... ......... 0.035
Some weeds, light brushonbanks . ........... ... .. .. ... .. .00 .... 0.035
Some weeds, heavy brushonbanks ................ .. ... .. ........ 0.050
Some weeds, dense willowsonbanks . ............ ... . ... ... ... 0.060
For trees within channels with branches submerged at

high stage, increase all valuesaboveby ................... ... ........ 0.010

B.  Irregular section with pools, slight channel meander,
use 1A to 5A above, and increase all valuesby . .. .......... ... .. ... ........ 0.010

C.  Mountain streams, no vegetation in channel, banks“usually
steep, trees and brush along banks submerged at high stage

1.
2.

Bottom; gravel, cobbles and few boulders .. ... ........ ... .. . ... . ..... 0.040
Bottom; cobbles with large boulders . .. ........... ... .. ... ... ...... 0.050

II.  Flood Plain (adjacent to natural streams)
A.  Pasture, no brush

I Shortgrass .. .. ... e 0.030

2. Tall grass ... 0.035
B.  Cultivated areas

L. NOCIOP . o 0.030

2. Mature TOW CTOPS - . v o i et e et e et e e 0.035

3. Maturefieldcrops ... .. ..o e 0.040
C.  Heavy weeds, scattered brush .. .. .. ... ... 0.050
D. Wooded ...... .. ..., 0.075

This varies depending on undergrowth, height of foliage on trees,

etc. The area of "'n"' = 0.10 and greater indicates an extremely
heavily wooded condition. These instances of high "'n'' values (greater

than "'n"" = 0.10) should be thoroughly investigated (photographs, consultation
with experienced engineers, complete knowledge of area, etc.). The D-5
hydraulic section has several references available for ""n" value determination.

III. Major Streams

Roughness coefficient is usually less than for minor streams
of similar description on account of less effective resistance offered by

irregular banks or vegetation on banks. Values of '

‘n" for larger streams of

mostly regular Sections, with no boulders or brush may be in the range of 0.028 to 0.033.

LINED CHANNELS
1. Metalcorrugated . ..... .. .. ... ... ., 0.021
2. Neatcementlined . ............ ... .. 0.012
3. CONCIete .« . o 0.012
4, Cementrubble . ... ... ... . 0.017

Max.

0.035

0.050
0.050
0.070
0.080

0.020

0.020

0.050
0.070

0.035
0.050

0.040
0.045
0.050

0.070

0.150

0.024
0.018
0.018
0.030
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TABLE II (Continued)

GRASS COVERED SMALL CHANNELS, SHALLOW DEPTH

1. Norankgrowth . .... ... .. .. . e 0.035
2. Rankgrowth .. ... ... .. . e e 0.040
UNLINED CHANNELS
1. Earth,straightanduniform . ........... .. ... ... .. .. .. ... . . .. 0.017
2. Dredged ..................... e e e e 0.025
3. Windingandsluggish .. .. .. ... . .. e e 0.022
4. Stonybeds,weedsonbank . ... ... . ... ... e 0.025
5. Earthbottom,rubblesides . .. ... ... ... i e 0.028
6. Rockcuts,smoothanduniform .......... .. ... .. 0.025
7. Rockcuts,rugged andirregular . .. ... .. . e 0.035
PIPE
1. Castiron, coated . ... i i e e e e 0.010
2. Castiron,uncoated . .. ... ... it e e e e 0.011
3. Wroughtiron,galvanized ....... ... ... ... . ... e 0.013
4. Wroughtiron,black . ...... ... . .. 0.012
5. Steel, rivetedandspiral-smooth . . ... ... ... . . L 0.013
6. Steel,corrugated (1/2') ... vttt e 0.02t
7. Steel, corrugated (2" Structural Plate) . ... .. ..ot 0.034
8. COMCIete . . o v i e e e e 0.010
9. Vitrifiedsewerpipe .. .. ... ... e e 0.010
10. Clay,commondrainagetile .......... ... ... . i 0.011

0.045
0.050

0.025
0.033
0.030
0.040
0.035
0.035
0.045

0.014
0.015
0.017
0.015
0.017
0.024
0.038
0.017
0.017
0.017



Square Roots

TABLE III

of Decimal Numbers
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Num-
ber

---0

m—el | -2

---3

'

-5

-8

-

---8

-

.00001
.00002

.00004
.00005

.00006
.00007
.00008
.00009
.00010

.0003

.0010

.003162
.004472
.005477
.006325
.007071

.007746
.008367
.008944
.009487
.010000

.01000
.01414
.01732
.02000
.02236

.02449
.02646
.02828
.03000
.03162

.03162
.04472
.05477
.06325
.07071

.07746
.08367
.08944
.09487
.10000

.1000
.1414
.1732
.2000
.2236

.2449
.2646
.2828
.3000
.3162

.003317
.004583
.005568
.006403
.007141

.007810
.008426
.009000
.009539
.010050

.01049
.01449
.01761
.02025
.02258

.02470
.02665
.02846
.03017
.03178

.03317
.04583
.05568
.06403
.07141

.07810
.08426
.09000
.09539
.10050

.1049
.1449
.1761
.2025
.2258

.2470
.2665
.2846
.3017
.3178

.003464
.004690
.005657
.006481
.007211

.007874
.008485
.009055
.009592
.010100

.01095
.01483
.01789
.02049
.02280

.02490
.02683
.02864
.03033
.03194

.03464
.04690
.05657
.06481
.07211

L0787+
.08485
.09055
.09592
.10100

.1095
.1483
.1789
.2049
.2280

.2490
.2683
.2864
.3033
.3194

.003606
.004796
.005745
.006557
.007280

.007937
.008544
.009110
.009644
.010149

.01140
.01517
.01817
.02074
.02302

.02510
.02702
.02881
.03050
.03209

.03606
.04796
.05745
.06557
.07280

.07937
.08544
.09110
.09644
.10149

.1140
1517
.1817
.2074
.2302

.2510
.2702
.2881
.3050
.3209

.003742
.004899
.005831
.006633
.007348

.008000
.008602
.009165
.009695
.010198

.01183
.01549
.01844
.02098
.02324

.02530
.02720
.02898
.03066
.03225

.03742
.04899
.05831
.06633
.07348

.08000
.08602
.09165
.09695
.10198

.1183
.1549
.1844
.2098
.2324

.2530
.2720
.2898
.3066
.3225

.003873
.005000
.005916
.006708
.007416

.008062
.008660
.009220
.009747
.010247

.01225
.01581
.01871
.02121
.02345

.02550
.02739
.02915
.03082
.03240

.03873
.05000
.05916
.06708
.07416

.08062
.08660
.09220
.00747
.10247

.1225
.1581
1871
.2121
.2345

.2550
.2739
.2915
.3082
.3240

.004000
.005099
.006000
.006782
.007483

.008124
.008718
.009274
.009798
.010296

.01265
.01612
.01897
.02145
.02366

.02569
.02757

.02933

.03098
.03256

.04000
.05099
.06000
.06782
.07483

.08124
.08718
.09274
.09798
.10296

.1265
.1612
.1897
2145
.2366

.2569
. 2757
.2933
.3098
.3256

.004123
.005196
.006083
.006856
.007550

.008185
.008775
.009327
.009849
.010344

.01304
.01643
.01924

.02168
.02387

.02588
.02775
.02950
.03114
.03271

.04123,
.05196
.06083
.06856
.07550

.08185
.08775
.09327
.09849
.10344

.1304

.1643
.1924
.2168
.2387

.2588
.2775
.2950
.3114
.3271

.004243
.005292
.006164
.006928
.007616

.008246
.008832
.009381
.009899
.010392

.01342

.01673
.01949
.02191
.02408

.02608
.02793
.02966
.03130
.03286

.04243
.05292
.06164
.06928
.07616

.08246
.08832
.09381
.09899
.10392

.1342
.1673
.1949
.2191
.2408

.2608

.2793
.2966

.3130

.3286

.004359
.005385
.006245
.007000
.007681

.008307
.008888
.009434
.009950
.010440

.01378
.01703
.01975
.02214
.02429

.02627
.02811
.02983
.03146
.03302

.04359
.05385
.06245
.07000
.07681

.08307

.00434
-09950
-10440

.1378
.1703
.1975
.2214
.2429

.2627
.2811
.2983
.3146
.3302
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CHAPTER IV
CULVERTS
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CULVERTS
4-100. GENERAL

After a complete field survey of the general area and
culvert location vicinity, and after design discharge and
design tailwater have been determined, the next step in a
complete hydraulic design is the selection of a structure
that will carry the design discharge beneath the highway
satisfactorily.

It should be borne in mind that the selection of any
structure should be based on hydraulic principles, on the
most economical size and shape, and with a resulting
headwater depth which will not cause damage to
adjacent property. The resultant outlet velocity should
be taken into consideration for any possible damaging
effects. The allowable headwater elevation is that ele-
vation above which damage may be caused to adjacent
property and/or the highway. It is this allowable
headwater depth that is primarily the basis for sizing a
culvert.

The cost of maintaining highways in good condition is
directly related to the adequacy of the means provided
for drainage. Storm water for which adequate provisions
are not made may cause severe erosion of embankment
slopes and may undermine culvert outlets. Good drain-
age design depends on determining the proper frequency
and amount of run-off and on the provisions of adequate
facilities to remove the run-off at such a rate as to avoid
undue interference with traffic and also keep mainte-
nance costs at a minimum. In addition, these facilities
should be provided at a minimum cost of initial
investment. Structures may consist of various installa-
tions, such as:

a. Box Culverts
1. Single barrel
2. Multiple barrel

b. Concrete and Metal Pipes
1. Circular
2. Oval
3. Pipe-arch

¢. Structural Plate Pipes

1. Circular

2. Pipe-arch

3. Arch
4-200. TERMINOLOGY AND DEFINITIONS
4-201. TERMINOLOGY
The hydraulic performance of a culvert is determined by
the following factors. These factors must be known or

estimated prior to designing a structure.

A = Area occupied by water flow in square feet

C, = Entrance coefficient (Table I)
D = Diameter of pipe culvert in feet or height of
box culvert in feet
d = Depth of flow in feet
d. = Critical depth of flow in feet
]dj = Ratio of depth of flow to diameter of pipe
% = Ratio of depth of flow to width of culvert
g = Acceleration of gravity = 32.2 feet per second
per second
H; = Head losses
HW = Headwater depth in feet
HW _ = Headwater depth in feet for critical flows at
culvert inlet
- , V2
h, = Entrance head losses in feet = CeTg-

hf = Friction head losses in feet = SfL

. v2
Velocity head in feet =2_g

h,

L = Length of barrel in feet

n = Coefficient of roughness. (Table II, Chapter
1I)

+ D

d
P = Pressure line height =—62 (See Figure 7)

Q = Discharge in cubic feet per second, based on a
predetermined design frequency

q = Discharge per foot of width for reitangular
channels in cubic feet per second = W

A
WP

S, = Slope of Culvert in feet per foot

R

Hydraulic radius in feet =

S, = Critical slope in feet per foot

S¢ = Friction slope = Slope that will produce
uniform flow (see Figures 10 and 14) at depth
under consideration. For Type I operation the
friction slope is based upon 1.1d;. Type II
operation requires that the friction slope be
based upon the TW depth.

TW = Tailwater depth in feet
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= Velocity in feet per second (Figures 16,24&29)

Critical velocity in feet per second occuring at
critical depth

Width of rectangular culvert or bottom width
of channel in feet

Wetted perimeter in feet
DEFINITIONS

(a) Critical Depth can best be illustrated as the
depth at which water flows over a weir, this
depth being attained automatically because
it is the depth at which the energy content
of flow is a minimum. For a given discharge
and channel shape there is only one critical
depth. The formula applicable for calculating
critical depth in rectangular channels =

For rectangular culverts the critical depth
may either be computed from the above
formula or read from Figure 9.

The formulas applicable for calculating crit-
ical depth in circular, arch, and oval sections
are rather tedious and for this reason are not
included herein. For circular sections the
critical depth may be obtained from Figure
15, Pipe-Arch, Figure 27, Oval, Figure 22.

(b) Uniform flow is possible only in a channel of
constant cross section having the same dis-
charge, velocity and depth of flow through-
out the reach. This type of flow will exist in
a Type III A culvert operation provided the
culvert is sufficiently long to reach a uni-
form depth of flow.

(c) Free outlets are those outlets whose TW is
equal to or lower than critical depth. For
culverts having free outlets, lowering of the
tailwater has no effect on the discharge. (See
Type 1 operation)

(d) Partially submerged outlets are those outlets
whose TW is higher than critical depth and
lower than D, the height of culvert. (See
Type II operation)

(e) Submerged outlets are those outlets having a
TW elevation higher than the soffit of the
culvert. (See Type IV A operation)

(f) Critical slope is that slope at which a given
discharge will pass through a structure at

critical depth and critical velocity. Increasing
the slope above critical slope does not
increase the discharge because culvert capac-
ity is determined by the inlet geometry. It
merely makes the water flow at a depth less
than critical depth and at a greater velocity.
Decreasing the slope to less than critical
slope will have a retarding effect upon the
discharge, causing the depth of flow to be
higher than critical depth and the velocity to
be less than critical.

(g) Flared, Improved, or Tapered Inlet indicates
a special entrance condition as illustrated in
Sections 4-603 and 4-604.

(h) Soffit refers to the inside top of pipe or box.

(i) Invert refers to the flowline of pipe or box
(inside bottom).

() Tandem Culverts refers to culverts aligned
across a roadway in such a manner that it
may be possible for the headwater of the
downstream culvert to influence the tail-
water of the culvert immediately upstream.
(Figure 1)

4-300. CULVERT FLOW CONTROLS
4-301. GENERAL

Generally, the hydraulic control in a culvert will be at
the culvert outlet if the culvert slope is less than the
critical slope. Entrance control usually governs if the
culvert slope is greater than the critical slope.

For outlet control, the head losses due to TW and barrel
friction are predominate in controlling the headwater of
the culvert. The entrance will allow the water to enter
the culvert faster than the TW and barrel friction will
allow it to flow through the culvert.

For entrance control, the entrance characteristics of the
culvert are such that the entrance head losses are
predominate in determining the headwater of the cul-
vert. The barrel will carry water through the culvert
faster than the water can enter the culvert. Each culvert
flow, however classified, is dependent upon one or both
of these controls; therefore, because of the importance
of these controls, further discussion follows.

4-302. ENTRANCE CONTROL

a. If the slope of the culvert is greater than
critical slope (referred to as 'steep slope') and
the tailwater depth is less than S,L or

tailwater elevation is lower than the upstream
flowline of the culvert, (Figure 4) headwater
HW is based on entrance control for all ranges
of discharge.
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b. If the slope of the culvert is steep and
tailwater depth TW is greater than‘SOL but

not greater than (S L+D) (see Figure 5) that

is, the upstream flowline elevation is sub-
merged by TW elevation but the upstream
soffit is unsubmerged, the control may be
entrance or outlet. In this case, it is recom-
mended that both controls be checked and
the one causing the higher HW be used.

See Types III A and B (Figures 4 and 5) and
IV A and B (Figures 6 and 7).

4-303. OUTLET CONTROL
4-303.1 OUTLET CONTROL - MILD SLOPE

If the slope of the culvert is less than critical slope
(referred to as 'mild slope'), the outlet characteristics
control the flow.

a. If the culvert is on a 'mild' slope and TW
depth is less than critical depth then the
outlet will control and the operation is
probably Type I (Figure 2). If HW is calcu-
lated by Type I procedure to be greater than
1.2D (an empirical value determined by re-
search), the type is probably IVB and HW
should be calculated according to the pro-
cedure for Type IVB (Figure 7).

b. If the culvert is on a 'mild’ slope and TW
depth is greater than critical depth but less
than D (barrel depth), the operation is prob-
ably Type II (Figure 3). If HW is calculated
by Type II procedure to be greater than 1.2D,
the type is probably IVB and HW should be
calculated according to the procedure for
Type IVB (Figure 7).

c. If the culvert is on a 'mild’ slope and TW is
greater than D, the operation is Type IVA
(Figure 6). Calculated HW may or may not be
greater than 1.2D in this case.

4-303.2 OUTLET CONTROL - STEEP SLOPE

If the culvert is on a steep slope and TW is greater than
SoL*D (or tailwater elevation is higher than the up-

stream soffit elevation on the culvert) the operation is

Type IVA (Figure 6). Calculated HW may or may not be
greater than 1.2D in this case.

For more information concerning the various types of
operation, see the schematics of each in Figures 2
through 7. A general solution for hydraulic design of
culverts appears elsewhere in this chapter.

4-304. CULVERT FLOW CONDITIONS WITH APPLI-
CABLE HW AND V.. EQUATIONS

4-304.1 GENERAL

The hydraulic operation of culverts may be broken
down into several types depending on operating condi-
tions. The attempt has been made in this manual to
illustrate and discuss each of the major types of
operation. Some variations to the types listed herein
may be found but these variations should not appre-
ciably alter the end results.

It should be further noted that actual culvert flow
conforms to the laws of open-channel flow and closed-
conduit flow. Since the proper calculations involved in
open-chan'nel flow are rather tedious, certain estimates
and compromises are made in the calculation procedures
for Types I, II and IVB indicated in this manual. These
estimates and compromises cause very little, if any,
differences from detailed backwater calculations and the
result is a simple pencil and slide rule solution.

The most common types of culvert operations are
classified as follows and apply to culverts of any type
barrel cross section.

TYPE-I

HW=120D

S<S¢ control

Figure 2
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4-304.2 TYPE I CONDITIONS (FIGURE 2)

The entrance is unsubmerged (HW <1 .2D), the slope
is less than critical slope at design discharge (5,<S o
and the tailwater is less than or equal to crmCa] depth

aw < d).

The above condition is a common occurrence where the
natural channels are on flat grades and have wide, flat
flood plains. The control is critical depth at the outlet.

)= 29y 4
HW _dc+vc [2g 4 he+hf—SoL

where:
d, = critical depth
V. = critical velocity (based on dc)
g =322 f't/sec2 )
h, = entrance head = Ce 2;

where: Ce = entrance coefficient found in
Table I

hf = friction head = SfL
where: L =

length of culvert

Sp = that slope at which 1.1 d,
would be uniform depth
SoL = vertical drop in culvert from upstream

flowline to downstream flowline
The outlet velocity is equal to A\

TYPE-I

Hw=<12p

Figure 3
4-304.3 TYPE 11 CONDITIONS (FIGURE 3)

The entrance is unsubmerged (HW = 1.2D), the slope
is less than critical slope at design discharge (So< Sc),

the TW depth is greater than critical depth (TW > d.)
and TW is less than D (TW < D).

The above condition is a common occurence where the
channel is deep, narrow, and well defined. The control is
tailwater at the culvert outlet.

HW = TW + Vo 2/28 + i+ hp = S, L
where:
TW = tailwater depth at outlet
Vrw = velocity based on TW depth
g = acceleration of gravity - 32.2 ft/sec2

Y
_ _ TW
he = entrance head = Ce 32

where: Ce = entrance coefficient found
in Table [.

hf = friction head = SfL

where: S¢ = slope at which TW depth
would be uniform depth

L = length of culvert

Syk-= drop in culvert from upstream flowline to
downstream flowline

Outlet velocity = Vrw Which is the discharge divided by

the area of flow in the culvert at tailwater depth.

TYPEIT A

HWZ1.2D

Figure 4
4-304.4 TYPE III A CONDITIONS (FIGURE 4)

The entrance may be submerged or unsubmerged
(HW 2 1.2D), the slope of the culvert is greater than
or equa] to critical slope at design discharge (SOE Sc)’

TW depth is less than SOL (TW elevation is lower than

the upstream flowline). TW depth with respect to D is
inconsequential as long as the above conditions are met.
This condition is a common occurrence for culverts in
rolling or mountainous country. The control is critical
depth at the entrance for HW values up to about 1.2D.
Control is the entrance geometry for HW values over
about 1.2D.

HW is determined from empirical curves in the form of
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nomographs (see Figures 11,17, 18, 25 and 30).

If TW is greater than D, outlet velocity is based on full
flow at the outlet. If TW is less than D, outlet velocity is
based on uniform depth for the culvert. Uniform depth
is simply that depth of water for a given discharge,
culvert slope, and geometry at steady flow.

TYPEIL B

Hwa=1.2D

Figure 5
4-304.5 TYPE Il B CONDITIONS (FIGURE 5)

The entrance may be submerged or unsubmerged.
(HW S 1.2D), the slope of the culvert is greater than
or equal to the critical slope at design discharge

(Sy 2 S;), TW depth is greater than S L (TW elevation

is above the upstream flowline), and TW depth is less
than S L+D (TW elevation is below the upstream soffit).

TW depth with respect to D is inconsequential as long as
the above conditions are met. This condition is a
common occurrence for culverts in rolling or mountain-
ous country. The control for this type of operation may
be at the entrance or the outlet or control may transfer
itself back and forth between the two. (Commonly
called "slug" flow.) For this reason, it is recommended
that HW be determined for both entrance control and
outlet control (full flow as in Type IV A and IV B) and
the higher of the two determinations be used. Entrance
control HW is determined from empirical curves in the
form of nomographs (see Figures 11,17, 18, 25 and 30).
Outlet control HW is determined by procedures indi-
cated for Type IV A or IV B (depending on TW depth
with respect to D).

If TW depth is less than D, outlet velocity should be
based on TW depth. If TW depth is greater than D,
outlet velocity should be based on full flow at the
outlet.

4-304.6 TYPE IV A CONDITIONS (FIGURE 6)

This condition will exist if the culvert slope is less than
critical slope at design discharge (S, < S) and TW

depth is greater than D (TW > D), or; the culvert slope

is greater than or equal to critical slope at design
discharge (S, = S.) and TW is greater than S L+D

(I’W > (SOL+D) . The HW may or may not be
greater than 1.2D, though it usually is greater.

TYPE- TX A
HWa= 1.2D
Ui >0
S<S¢ o
HWZ12D

s=5 =¥

Figure 6
HW=H+TW -- SoL
Where:

H = total head loss of discharge through culvert

H = h,+h, +he

where: h, = velocity head V2/2g (where V is
based on full flow in culvert)

entrance head Ce hv

he

he = friction head = S¢L (where Sg is

based on full flow in culvert)

H may be determined directly from nomographs
on Figure 12, 19, 26 and 31

TW = tailwater depth

SoL = drop in culvert elevation from upstream to
downstream

Outlet velocity is based on full flow at the outlet.
TYPE I¥ B

HW>L2D

for TW<d, $5c =
40 forTW>d,
P=—5— P=TW
2
Figure 7

4-304.7 TYPE IV B CONDITIONS (FIGURE 7)

The entrance is submerged (HW = 1.2D) and the tailwater
depth is less than D (TW < D). Normally, the designer
should arrive at this type of operation only after previous
consideration of Types I, II, or IIIB.
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On occasion, it may be found that (HW > 1.2D) for
Type 1, 11, or IIIB but (HW < 1.2D) for Type IVB. If
so, the higher HW should be used.

HW=H+P - SOL
where

H = same definition as for Type IVA
P = empirical approximation of equivalent hy-
draulic grade line

P = (d, + D) /2 if TW depth is less than critical

depth at design discharge. If TW is greater
than critical depth, then P = TW

S,L = drop in culvert flow line from upstream to
downstream

Outlet velocity is based on critical depth if TW depth is
less than critical depth. If TW depth is greater than
critical depth, outlet velocity is based on TW depth.

4-400. OUTLET VELOCITY

Outlet velocity in any properly designed culvert is
normally greater than the velocity in the natural channel
and for this reason it has been the usual practice to
provide riprap and/or velocity control devices of various
kinds in erosive outlet channels. The engineer must bear
in mind, while attempting to control flow at a structure
outlet, that the main objective is to return the flow to
the normal flow in the natural stream, in an economical
and efficient manner.

Across Texas, velocities at which various soils become
erosive may vary widely. The engineer should attempt to
make an estimate of just what the threshold of erosive
velocity is for each culvert location. This can be done by
observing storm flows on various soil types and esti-
mating those velocities at which erosion is occurring. A
widely used threshold of erosive velocity in Texas is 8
feet per second. However, much higher velocities may be
tolerated in the cases of channels with rock or shale
bottoms, and lower velocities may have erosive effects in
the cases of channels with silt or sand bottoms. In any
case, if the outlet velocity of a culvert exceeds the
maximum deemed allowable by the engineer, riprap
protection and/or velocity control devices at the outlet
should be provided. See Section 4-700.

It should be noted at this point that if the culvert has
been properly sized according to allowable headwater
elevation, it is almost always more economical to protect
against excessive outlet velocity with riprap and/or
velocity control devices than to try to adjust the culvert
size to reduce the excessive outlet velocity.

4-500. CULVERT IN TANDEM

When culverts are arranged as depicted in Figure 1 such
that water leaving one culvert must pass through another

culvert immediately downstream, consideration must be
given to the backwater effects of the downstream culvert
upon the upstream culvert. Briefly, the headwater
elevation determined for a downstream structure serves,
in turn, as the tailwater elevation for the upstream
structure. This is approximately true only if that
elevation submerges a theoretical unrestricted channel
tailwater depth. The actual watersurface profile is more
complex than the above description but the difference in
final tailwater elevations is negligible.

It can be seen that the entrance losses involved in such a
culvert arrangement can be eliminated if the culverts are
joined. Economy is often better when the culverts are
joined because of more efficient operation and the
elimination of two inside headwalls. However, an eco-
nomic comparison in each instance is necessary before
joining tandem culverts.

4-600. CULVERT DESIGN
4-601. CULVERT DESIGN DATA

The proper design of a culvert requires the definite
knowledge of some iterhs and the assumption of other
items. The items which should be known either by
observation or calculation include:

1. design discharge - QD

2. design tailwater - TW

3. culvert slope - So

4. allowable headwater - HWA
The items which must be assumed or estimated include:

. allowable outlet velocity - VA
. culvert length - L
entrance conditions
. culvert material and shape (box, pipe, metal,
concrete, etc.)
9. maximum allowable depth of barrel - DMAX
(should usually not be greater than HWA)
Only after all the basic culvert design data is assimilated
should the culvert sizing be attempted.

4-602. DESIGN PROCEDURE

The following is a step by step culvert design procedure.
Preceding the design discussion is a schematic flow chart
(Figure 8). This chart should be helpful in routing the
designer through the design procedure. It should be
noted that the procedure incorporates the items as
shown on the culvert calculation sheet (Chapter 10)
from left to right. Variations from normal culvert design
are covered elsewhere in this chapter.

Initial Trial Size:

1. Divide the allowable headwater HWA by the.
maximum allowable depth DMAX.

2. (a) Box Culvert
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Enter Figure 11 with D = DMAX and HW/D =
HWA/DMAX, determine q.(q = QD/W) where W
= total width in feet of box required. Round W
up to the nearest value which yields a whole
multiple of standard box widths. Divide W by
the largest standard span S for which W is a
multiple. This determines the number of barrels -
N. At this point, the determination has been
made that the initial trial box size will be:

N-SxDMAXx L
(b) Pipe Culvert

Enter Figure 17 (for circular), Figure 25 (for
elliptical), Figure 30 (for pipe-arch) with D =
DMAX and HW/D = HWA/DMAX. Determine
Q/BBL. Divide Qp, by Q/BBL and round up to
the nearest whole number. This number repre-
sents the number (N) of barrels of diameter D
pipe (or of rise D for oval or arch). At this point
the determination has been made that the initial
trial size culvert will be N - D x L pipes (or
N-RISE x SPAN x L pipes for oval or pipe-arch).

Critical Depth:

3. (a) Box Culvert

Enter Figure 9 with span width S and discharge
per barrel, find dc - or calculate d c from formula

in Section 4-202.

(b) Pipe Culvert

Enter Figure 15 (Figure 22 for elliptical, Figure
27 for pipe-arch) with diameter (or rise and
span) and discharge per barrel. Find d /D (d,
/RISE for oval and pipe-arch).

Critical Slope:

4. (a) Box Culvert

Enter Figure 10 with d /S (critical depth divided
by span width), span S, and discharge per barrel
and find critical slope S .

(b) Pipe Culvert

Enter Figure 14 (Figure 23 for elliptical, Figure
28 for pipe-arch) with discharge per pipe, pipe
size, and dc/D (dc/RISE for oval or arch) and

find critical slope S_..

At this point, critical depth and critical slope
have been determined for the design discharge
and the trial size. Tailwater depth TW, barrel
depth D, and culvert slope S, are known. The

next step in the culvert design procedure is to
determine the probable type of culvert operation
and calculate HW and outlet velocity. This is
accomplished by making a series of comparisons
between known quantities to determine the
conditions of culvert flow.

Confirmation of Trial Size:

5.

10.

If culvert slope is less than critical slope
(S, < S.). skip to step 11, otherwise;

. If tailwater depth TW is greater than or equal to

culvert flow line drop S L, (TW = S L), skip to
step 8, otherwise;

. Determine HW according to the procedure for

Type IHA. Use Figure 11 for box culverts,
Figures 17 or 18 for circular pipes, Figure 25 for
elliptical pipes, and Figure 30 for pipe-arch.
Calculate outlet velocity according to instruc-
tions under Type II1A and skip to step 17.

. If TW is greater than or equal to (S,L+D) skip to

step 10, otherwise;

. Calculate HW for both entrance control and

outlet control. HW (entrance control) should be
determined from nomograph. Use Figure 11 for
box culverts, Figures 17 or 18 for circular pipe,
Figure 25 for elliptical pipes, and Figure 30 for
pipe-arch. HW (outlet control) is calculated by
procedures outlined for Types IVA or IVB.

If the TW is greater than D,
HW=H+TW- S L
If the TW is less than D,
HW=H+P- SOL

where
P=(d + D)/2 if TW is less than d.and P=TW
if TW is greater than d ..

H is obtained from Figure 12 for box culverts,
Figures 19 or 20 for circular pipes, Figure 26 for
elliptical pipes, and Figure 31 for pipe-arch. HW
(entrance control) is then compared to HW
(outlet control) and the higher of the two is
used. If HW (entrance control) is higher, opera-
tion is Type IIIB. If HW (outlet control) is
higher, operation is Type IVA or IVB. Calculate
outlet velocity by dividing design discharge by
the area of flow at the outlet and skip to step 17.

HW is based on outlet control, the culvert is ona

mild slope and the outlet is submerged by TW or,
the culvert is on a steep slope and the entire
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11.

12.

13.

14.

15.

16.

17.

culvert is submerged by TW.
HW=H+TW - S,L

H is determined from nomographs at Figure 12
for box culvert, Figures 19 or 20 for circular
pipe, Figure 26 for elliptical pipe, and Figure 31
for pipe-arch. Outlet velocity is based on design
discharge and full flow at the outlet. Skip to step
17.

If TW is greater than critical depth d., skip to
step 13, otherwise;

Calculate HW by Type I operation procedure

- 2
HW—dc+VC /2g+he+hf-SoL

Outlet velocity equals critical velocity V.. Skip
to step 15.

If TW is greater than D, the outlet is submerged
and the culvert is on a mild slope, go to step 10,
otherwise;

Calculate HW by Type II operation procedure.
HW = TW + Vpy2/2g + he +he~ S L

Outlet velocity equals the design discharge di-
vided by the area of flow at tailwater depth.

If HW is less than 1.2D, skip to step 17,
otherwise;

The check should be made here for operation
Type IV B. At this point, it has been determined
that S, < S, TW< D,and HW > 1.2Dby

calculation from Type I or Type II. Calculate a
newHWbasedonHW=H+P-SoL.His

determined from a nomograph on Figure 12 for
box culverts, Figures 19 or 20 for circular pipes,
Figure 26 for elliptical pipes, and Figure 31 for
pipe-arch. P is equal to (d, + D)/2 if TW is less

than d; and P is equal to TW if TW is greater
than d_. P is an approximation of the hydraulic
grade line. Calculate outlet velocity based on d,
if TW is less than d. and based on TW if TW is

greater thand_..

At this point, an HW and outlet velocity have
been calculated for the design discharge passage
through a trial size culvert. If the calculated HW
is less than or equal to the allowable headwater
HWA and, in addition, the calculated HW is not
appreciably lower than HWA (an indication of
culvert efficiency)*, the design is complete. If
the above conditions are met and the culvert is

of a Type IIIA or I1IB operation, skip to step 19.
If the operation is not Type IIIA or IIIB, the
culvert geometry design is complete, go to step
18. If, however, the calculated HW is greater
than HWA, the trial culvert size should be
increased (by adding barrels, widening spans,
increasing diameter, etc.). Also, the culvert slope
might be adjusted slightly to cause a reduction in
HW. Regardless of the changes made, the calcu-
lations must be redone; go back to step 3. If the
calculated HW is considerably lower than HWA
or lower than the culvert depth D, in order to
find a more economical structure, the trial
culvert size should be reduced, by reducing the
number of barrels, reducing span widths, re-
ducing diameter, etc. The calculations must then
be redone after any changes; go back to step 3.

*A good measure of this is to compare the HW
with the culvert depth D. If HW is below D, the
efficiency of that culvert size is obviously not
very high.

18. The culvert for which the calculated HW is
satisfactory may have an excessive outlet veloc-
ity. Just what outlet velocity is 'excessive' is
normally an engineering judgement based on
local conditions. It is usually always most eco-
nomical to provide riprap, or sills, or a stilling
basin or the like at the outlet end to control any
excessive velocity. (See Velocity Control De-
vices. Section 4-702) Generally, a properly sized
culvert will have an outlet velocity greater than
the natural stream velocity. Any outlet velocity
control device is considered part of the hydraulic
design of the culvert.

19. If the culvert is operating on entrance control as
found in Type IIIA or IIIB, the possibility exists
of improving the entrance conditions so as to
require a less costly structure. This is done by
investigating the design of a flared (or tapered)
inlet and associated structure. The design proce-
dures are discussed in Section 4-603 for pipe
culverts and at Section 4-604 for box culverts.
Due to the cost of the improved entrance, an
economic comparison should be made between
the design with a normal entrance and the design
with an improved entrance. Go to step 18 after
the improved entrance design is complete.

4-603. IMPROVED INLET DESIGN - PIPE

For pipe culverts on slopes GREATER THAN CRIT-
ICAL SLOPE.

Requirements:

1. Actual culvert slope MUST BE GREATER
THAN CRITICAL SLOPE.
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2. Culvert operates with inlet control
HW, < HWic).

Definitions:

HW,. = HW (throat control) as calculated using
flared inlet procedures

HW,. = HW (outlet control) as calculated using
Type IV procedures

HW,. = HW (inlet control) as calculated using
Type I1I procedures

H = Height of HW above the invert at the
throat

S, = Actual slope of culvert

L = Length of flared inlet (always = 1.5D)

(See figure 39 for dimensions of improved inlet)

Procedure:

Note: For any culvert on slope greater than critical
where the entrance controls the headwater,
(HW inlet control) there is a possible use for
a flared inlet to reduce the size of the barrel.

1. To get the trial size culvert using the flared inlet
enter nomograph, Figure 21, with design dis-
charge and select a pipe size that will yield a HW
(throat control) equal to or slightly less than the
design allowable HW.

2. Determine critical slope for the trial pipe size
and material determined in step 1.

3. When either TW >Dor TW >(d_ + S, L),

then determine HW (outlet control) (Type IVA).
See Section 4-602, step 10. If TW is less than
these requirements outlet control will not be
considered.

4. Trial size is verified when:

HWtc < HWHHOW (Step l)
So > S, (step 2)

HW,. < HW,, (step 3)

5. If trial size is verified, compare with culvert
without flared inlet for economy. Calculate
outlet velocity in accordance with procedure
outlined under Type IHA conditions, Section
4-304.4.

6. If trial size is not verified then simply design
culvert without flared inlet in accordance with
usual procedure given in this chapter.

Note: (a) The rule that established HW = 1.2D as the
dividing point between submerged and unsub-
merged entrances is no criteria in this sug-
gested design procedure for flared inlets.

(b) The entrance unit should never be cut to a
skew as is done on an ordinary entrance. (See
Chapter 10)

4-604. IMPROVED INLET DESIGN - BOX

If the box culvert is established as having entrance
control operation under Type IITA it follows that the
barrel of the culvert is less efficient hydraulically than
the entrance geometry. Steps are available to improve
the efficiency of the barrel and they are as follows.

a. The barrel depth may be reduced in transition
from the original depth to a minimum of one
foot greater than the uniform depth flow. The
transition may be made in a minimum of 20 feet.
See Figure 40a. This method is arbitrary and
should be used carefully only when the culvert is
definitely operating as Type 11IA.

The above method is economical and simple to
perform, both in design and construction. A
more complex method of box culvert inlet
improvement based on controlled research is the
following.

b. Straight-Tapered Inlet: Box Culvert

If, in the process of ordinary box culvert design,
it is found that a single barrel box-culvert on
steep grade (S > S;) under Type HIA opera-

tion satisfies the design criteria, then a straight-
tapered inlet for the box should be considered.
(It is likely that if more than one barrel is
involved, a tapered inlet will not be an eco-
nomical alternative. This is because, each barrel
must have its own taper and, therefore, the
barrels must be separated.) If the culvert has
been originally designed as a Type IIIA opera-
tion, then the culvert entrance is the point of
hydraulic control. This means that the barrel is
more efficient than the entrance. In such a case,
a better balance of entrance efficiency and barrel
efficiency can be attained by use of the tapered
inlet. Figure 40b is an illustration of the straight
-tapered inlet for a box culvert.

The procedure for such a design is as follows:
Given: 1 - Span (W) X Depth (D)
5 < S

HW < HWA



Type II1A operation

Q 7

T™wW
1. Try B = W/1.6 (round to nearest whole
number) = new barrel width. If B < D, use
B = D as the first trial width.

2. If B=W, go to step 8. Otherwise, q =Q/B=
discharge/ft. of barrel width.

3. Enter Figure 13 and find H,/D.

4. HW=H, - (S L) (Where L, = 1.2B.)

5. If HW < HWA, go to step 6. Otherwise 9.

increase B by one foot and go to step 2.

6. Find d_ and S_ from Figure 9 and Figure 10

respectively. d, and S, are to be based upon

TABLE 1
Entrance Loss Coefficients

Type of Structure and Design of Entrance

Pipe, Concrete

Projecting from fill,sq.cutend . ... ... .. ... .. ... .. ... ...

Headwall or headwall and wingwalls

Socketendofpipe . ........ .. .. ... ..,
Square-edge . . .. ... ... . e e
End-Section conforming to fill slope . .....................

Pipe, or Pipe-Arch, Corrugated Metal

Projecting from fill (no headwall) ........................

Headwall or headwall and wingwalls

Square-edge . . .. ... .. ... e
End-Section conforming to fill slope . .....................

Box, Reinforced Concrete

Flared Wingwalls . ... ... ... ... ... ... ... ... ......
Parallel Wingwalls . . . ... ... ... ... . ... ... ... ... .....
Straight Wingwalls . .. ...... ... ... .. ... . ... . . . ......

the new culvert barrel width (B).

. If S, > S, the tapered inlet design will

work and should be used. See Figure 13 or
40b for proper dimensions of the taper. Go to
step 9.

IfS, < Sc’ the tapered inlet is ineffective

and HW should be calculated on the basis of
Types I, I, or IVB operations. It will prob-
ably be found, in this case, that
HW > HWA. Go to step 8.

. If this step is reached, the original ordinary

culvert design likely cannot be improved
upon.

End improved inlet design - Box. Compare
with culvert without flared inlet for eco-
nomics. Calculate outlet velocity in accor-
dance with procedure outlined under Type
ITTIA conditions, Section 4-304.4.

Coefficient Ce

....................... 0.25
........................ 0.55

........................ 0.2
........................ 0.5
........................ 0.5

........................ 0.9

........................ 0.5
........................ 0.7

........................ 0.4
........................ 0.5
........................ 0.70
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4-700. OUTLET VELOCITY CONTROL
4-701. GENERAL

If the outlet velocity of a culvert is deemed excessive by
the engineer, there are several possible solutions available
by which velocity may be either reduced or controlled.
Historically, the most widely used control has been the
use of riprap which covers the channel area immediately
downstream from the culvert outlet. However, there are
other design possibilities available, some of which are
more positive than others. Certain special culvert types
have the chief function of maintaining acceptable outlet
velocities which would be excessive if a straight profile
culvert were used. One such special culvert type is the
broken-back culvert.

Unit 1 ; Unit2

Figure 32 (b)
4-702. VELOCITY CONTROL DEVICES

4-702.1 BROKEN-BACK CULVERT DESIGN

The designer may occasionally encounter culvert loca-
tions at which the difference in elevation from one side
of the highway to the other is so great as to cause outlet

velocities which are unacceptably high. In this event, the
engineer may choose to design a broken-back culvert as
depicted in Figures 32a or 32b. The advantage of a
broken-back culvert towards reducing outlet velocities
lies in the theory of the hydraulic jump.

The broken-back culvert employs the hydraulic jump as
an energy dissipator (or velocity reducer). But the
formation of the jump requires that:

a. there be sufficient natural tailwater (not usually
the case since the broken-back culvert is usually
located on a steep profile such as a hillside and
stream depth is rather shallow)

b. there be sufficient friction in unit 3 (see Figure
32) of the culvert. This is possible only if the
culvert material is very rough and/or the unit 3
length is relatively long. Normally, in a broken-
back culvert, neither of the above circumstances
exist. It is therefore necessary to employ one or
more of certain special devices to assist in
forming the hydraulic jump and reduce veloc-
ities.

The hydraulic jump is a feature in hydraulic flow by
which flow in a super-ritical condition is abruptly
changed to flow in a subcritical condition. In other
words, a given discharge traveling at some depth less
than critical depth and some velocity greater than
critical velocity, upon passing through a hydraulic jump,
then flows at some depth greater than critical depth and
some velocity less than critical velocity.

The design- of a broken-back culvert is not particularly
difficult but certain provisions must be made or circum-
stances found so that the primary intent of reducing
velocity at the outlet is realized. The design and the
provisions or circumstances are discussed as follows.

1. After design discharge and tailwater are deter-
mined, the first step necessary in a broken-back
culvert design is the establishment of the flow
line profile. This should be done by keeping in
mind the following considerations. With refer-
ence to Figures 32 a and 32b, unit 3 should be as
long as possible. This means that for a given total
drop, the resulting length of unit 2 is short; but
this causes the slope of unit 2 to be very steep.
As long as unit 1 is on a mild slope, its length has
no effect on outlet velocity of any downstream
hydraulic function. In fact, it is recommended
that unit 1 either not be used or be very short.
This allows for more adjustment in the profiles
of unit 2 and unit 3.

In carrying out water surface profile calculations,
it will be seen that a longer unit 3 and a milder
slope in unit 2 together enhance the possibility
of realizing a hydraulic jump. However, these
two conditions are contradictory and obviously
not possible for a given culvert location. There-
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fore, some compromise must be made between
length of unit 3 and slope of unit 2. Unit 3 must
be on a mild slope (S, < S;) and it is

recommended that this slope be only that
necessary to prevent puddling.

. The culvert should be initially sized according to
procedures outlined in steps 1 and 2, section
4-602. It will be found that if a unit 1 is used,
the HW will be calculated by the procedure for
Type 1 or Type IVB. If unit 1 is not used, the
HW will ordinarily be calculated by the proce-
dure for Type IIIA.

. At this point, the following conditions should be
known: design discharge, culvert shape and size,
culvert profile (unit 2 slope greater than critical
slope and unit 3 slope definitely less than critical
slope), and tailwater depth.

Determine uniform depth for unit 2 with design
discharge, unit 2 slope, and culvert shape and
size. Use nomographs on Figures 10 for box
culverts, Figure 14 for circular pipe, Figure 23
for elliptical pipe, and Figure 28 for pipe-arch.
This depth is a conservative estimate of the water
depth at the break in profile between units 2 and
3. Actual depth is probably slightly more than
uniform depth for ordinary conditions but the
computations necessary to determine this actual
depth are rather tedious.

. As the water enters unit 3 at uniform depth, a
new type of water surface profile curve occurs.
This is the type of curve in which the depth of
the water is less than critical depth on a mild
slope (S, < S.) and depth increases as the

water moves downstream. The condition of flow
on this type of curve (termed an M3 curve), is
said to be supercritical flow. Each depth on the
M3 curve has a corresponding theoretical con-
jugate depth. This conjugate depth is that depth
at which the same discharge would be flowing in
a subcritical state after the occurrence of the
hydraulic jump. In simple terms, there must be a
depth of water downstream from a hydraulic
jump that is equal to or greater than the
conjugate depth for the supercritical depth up-
stream from the jump before that jump can
occur. This means that before a hydraulic jump
is even possible there must be a tailwater
downstream from ‘the culvert of depth greater
than critical depth (though this does not neces-
sarily assure the formation of a hydraulic jump),
or the length of unit 3 must be long enough so
that the depth on the M3 curve can reach critical
depth. The following procedure includes the
calculation of supercritical depth d, and location

L, on the M3 curve, the conjugate depth d2, the
comparison of each d2 to TW depth*, the

comparison of each d; to critical depth, and the

comparison of each L, to unit 3 length. At any
point that a hydraulic jump condition is satis-
fied, the outlet velocity is then computed and
the process is ended. Increments to d; to be used

may be an increment so that the change in
adjacent velocities is not more than 10%. This is
illustrated in the solution procedure.

*TW depth may be a natural stream flow depth
or may be artifically produced by installing a sill
on the downstream apron between wingwalls.
See discussion of sills under Section 4-702.3.
The value of this artificial TW depth is deter-
mined by adding the sill height and the critical
depth of design discharge flow over the sill. This
critical depth must be based on the rectangular
section formed by the top of the sill and the two
vertical wingwalls.

. The first dyentry for this step will be the

uniform depth determined for unit 2 and its
corresponding Llequals zero. Find velocity, ve-

locity head, energy head and friction slope as
described below. All references to 'preceding’
values should be ignored for the first d; . Skip to

j. For subsequent d; values,

a. find velocity for d; (make sure the change
from the preceding velocity is no more than
10%)

b. find velocity head (h, = V2/2g)

c. find energy head Ho=d; +h,

d. find change in energy head between this d,

and the preceding d,; (negative value for M3
curve)

e. find friction slope for this dl

f. average this friction slope and the preceding
friction slope

g. subtract the average friction slope from the
actual slope of unit 3 (negative value for M3
curve)

h. find increment in length (distance between
this d; and the preceding d,) by dividing the
change in energy head by the difference in
slopes (from (g) above)

i. find L, by adding the increment of length to
the preceding value of L
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Q = Discharge, in cu. ft. per sec.

D = Diameter, in ft.

d = Depth of flow,in ft.

V = Velocity of flow for depth d, in ft. per sec.

Viull = Velocity of flow for depth D, in ft. per sec.
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j. obtain conjugate depth d, from Figure 33 for
box culverts and Figure 34 for circular pipe

k. compare d, to TW. If d, is less than or equal
to TW, skip to 6, otherwise;

m. compare d; to critical depth. If dl is greater
than or equal to dc’ skip to 8, otherwise;

n. compare L; to unit 3 length. If L, is greater
than or equal to unit 3, skip to 9, otherwise;

p. increase d; by some increment and go back
to a. above

. Hydraulic jump forms.

If TW is greater than barrel depth D, skip to 7,
otherwise; outlet velocity should be determined
by dividing design discharge by the area of flow
under TW depth, skip to 10.

. Hydraulic jump forms.

Outlet velocity should be determined by dividing
design discharge by the area of full flow for the
barrel. Skip to 10.

. In this case, hydraulic jump will occur but outlet
depth will be equal to critical depth and outlet
velocity equals critical velocity. Skip to 10.

. In this case, the hydraulic jump does not form
within the length of unit 3 and exit depth is the
present value of dl' Therefore, outlet velocity is

design discharge divided by area of flow under
d;.Skip to 11.

Sill height should be at least I/2 barrel height

10. If a sill has been employed to force an artifical
tailwater and the hydraulic jump has formed, the
outlet velocity computed represents the velocity
of water as it exits the barrel. However, the
velocity at which water re-enters the channel is
the crucial velocity. This velocity would be the
critical velocity of sill overflow. After this is
determined, the design is complete.

11. If this step is reached, the hydraulic jump has
not formed and the broken-back culvert configu-
ration is ineffective and should be changed in
some manner. Possibilities are rearrangement of
the culvert profile or addition of a sill.

If sills are used, the addition of some length of
downstream concrete riprap is always in order.
Usually, any changes made must be accompanied
by new computations. Go back to 5.

4-702.2 RIPRAP

Riprap, when used as an outlet velocity control measure,
should be applied to the channel area immediately
downstream of the culvert outlet for a distance of no
less than 20 feet or to the ROW, whichever is less. This
arbitrary limit may be tempered by engineering judge-
ment based on the severity of the velocity and the
potential for erosion or scour. Most of the various types
of riprap have proven effective as erosion and scour
preventatives and soil protectors. Also see Chapter III,
Section 3-301, Channel Lining.

4-702.3 SILLS

Limited research has shown that the use of the sill (as
depicted in Figure 35) is very effective in aiding the
formation of the hydraulic jump in broken-back culverts
and in spreading the water back to the natural stream

Figure 35



IV - 66

width. The use of sills should not be limited to
broken-back culverts as they may effectively retard
excessive velocities in any type culvert. Some disadvan-
tages of sills are the possible danger of siltation and the
waterfall effect which they usually cause. In certain
areas, the sill must be closely maintained to keep it clear
of silt. It is recommended that riprap be installed
immediately downstream of the sill for a minimum
distance of 10 feet to control the turbulence from the
waterfall effect.

Until further notice, sills should be located at the
midpoint in the downstream culvert wingwall and should
be at least 1/2 the depth of the culvert barrel.

4-702.4 IMPACT BASIN

Impact basins are effective energy dissipators (shown in
Figure 36) but are relatively expensive facilities. Their
design should be made in consulation with the D-5
Hydraulic Section.

4-702.5 STILLING BASINS

Stilling basins are hydraulically similar to sills. However,
they are more expensive in construction and could
present serious siltation problems. A chief advantage in
stilling basins is the lack of a waterfall effect. (See Figure
37). Design of stilling basins should be made in
consultation with the D-5 Hydraulic Section.

4-702.6 RADIAL ENERGY DISSIPATORS

Radial energy dissipators are depicted in Figure 38. This
facility is quite effective but obviously more expensive
to construct. It functions on the principle of a circular
hydraulic jump. Curves and procedures for its design are
available on request from the D-5 Hydraulic Section
since this work is presently being researched.
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* 150
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Figure-39

D- pipe diameter
Inside dimensions shown.

Inlet material has no bearing

on the hydraulic requirements.
These requirements are satisfied
by the indicated dimensions.

Face shape should be elliptical.

#* No variation is permitted in
the indicated dimensions.
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de- Critical depth
dy~ Uniform depth
S¢- Critical slope
S - Culvert slope

Box sides do not taper
Top of box is arbitrarily

tapered tfrom entrance
height to (dy-+1ft.)in
approximately 20 ft.

Figure 40a

B
[ - [
v v
m
o
*
Inside dimensions shown.
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BRIDGES

5-100. GENERAL

Once a design discharge and a design highwater eleva-
tion and its location in the stream reach are established
(Chapters II and III respectively), proceed to the design
of the bridge opening (or openings in the case of wide
flood plains requiring relief structures).

It should be noted that columns, piers, etc., have not
been considered in any of the following discussion.
Usually, they may be neglected. However, their effect in
reducing the waterway opening should not be neglected
if they constitute a substantial cross-sectional area
themselves. This is particularly true in the case of
skewed crossings with normal bents.

Throughout the discussions of bridge design, it is
assumed that normal cross sections and lengths are used;
that is, cross sections and lengths which are at 90 degrees
to the direction of stream flow at flood stage. If the
crossing is skewed to the stream flow at flood stage, all
cross sections and lengths should be normalized before
proceeding with bridge length design. If the skew is
severe and the flood plain is wide, elevations in the
normalized section may need to be adjusted to offset the
effects of elevation changes in the point displacement
between the skewed section and the normalized section.

Often structural and other considerations will cause a
bridge opening to be larger than the bridge opening that
would be required by hydraulic design. For instance a
header might be placed in a certain location due to soil
instability, or a high bank, or bridge costs might be
cheaper than embankment costs, or a grade line might
dictate an excessive freeboard allowance. These and
others are valid considerations that affect bridge water-
way openings; however, hydraulic computations are
necessary in order to predict the operation of the
waterway opening at flood stages. Hydraulic design is
not to be neglected, and the reasons should be noted for
any opening in excess of the opening determined by
hydraulic design.
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5-101. TERMINOLOGY

There follows a limited explanation of certain terms
used in this chapter.

a. Design Highwater Elevation - A calculated water
surface elevation in the natural channel for the
design discharge. This is the elevation that is the
basis for all bridge length calgulations.

. Backwater = BW = Depth of water that ponds
above the design highwater elevation in order to
force the design discharge through a restricted
opening. This term is used primarily for bridge
span type structures. (See Figure 3)

. Conveyance = K = Carrying capacity of a specific
1 486 AR2/3

Natural stream conveyance is the sum of all
subsection conveyances throughout a cross sec-
tion of the natural stream for a specific high-
water elevation. Structure conveyance is the sum
of the conveyances for each individual opening
for a specific highwater elevation. Kr=K, +K,

cross section as defined by K =~222

etc. The two conveyances (natural K and struc-
ture K) must be designated to keep them
separate, because they are not to be related to
each other.

. Freeboard - That clearance between water sur-
face elevation and low superstructure. The usual
minimum freeboard is 2 feet above observed
highwater or design highwater, whichever is
greater.

5-200. FLOW THROUGH BRIDGES

Compared to culvert flows, flow through bridge
openings requires that more emphasis be put on viewing
the entire pattern of flow in the flood plain, especially
the flow approaching the bridge (or bridges). This is
necessary because the relationship of flood plain width
to opening width is more complex than for the usual
culvert opening. (See Figure 1)
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When flood flow encounters a restriction in the natural
stream, certain natural adjustments take place in the
vicinity of the restriction. That portion of the flow not
directly approaching the bridge opening has no conve-
nient way to continue downstream. The flow, therefore,
will pond until sufficient head is built up to force it to
turn toward the bridge, and generally move parallel to
the highway embankment. As the flow moves toward
the bridge opening the velocity increases above the
natural flood plain velocity. This increased velocity can
cause scour, sometimes severe, along the highway em-
bankment and particularly at the bridge header. At the
header the intersecting velocity vectors cause high
turbulence and eddies which often result in the failure of
an interior bent near this turbulence. See Figure 2. If
there is only a single structure the flow will find its way
to the single structure. If two or more structures are
available, the flow, after accumulating a head, will divide
and flow to the structure offering the least resistance.
This point of division is called a flow divide.

ul

)

In usuval practice it is recommended that the flood
discharge be forced to flow parallel to the highway
embankment for no more than 600 to 800 feet. If flow
distances along the embankment are greater than recom-
mended, then a relief structure to provide additional
opening should be investigated, or a spur dike is
recommended to control the turbulence at the header.
Also, natural vegetation remaining between the toe of
slope and the rightof-way line is advantageous in
controlling flow along the embankment.

Multiple structures and spur dikes are discussed else-
where in the chapter.

The backwater created by the restriction in the natural
stream is depicted in Figure 3, and is discussed elsewhere
in the chapter.

The waterway opening defined by design highwater, the
left and right header slopes, and the natural ground
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profile (or proposed through-bridge channel section)
should be such as to cause an average through-bridge
velocity of from 4 to 6 feet per second. This can be
accomplished by simply moving the header slopes nearer
together or further apart as necessary. Six ft./sec. is
arbitrary and the maximum allowable average through-
bridge velocity may vary across the State. This usually
involves an engineering judgement.

The average through-bridge velocity used throughout
this chapter is calculated by the formula

V=Q/A
where
V = Average velocity in feet per second.
A = The normal cross-sectional area of the water,
in square feet.
Q = Design discharge in cubic feet per second

5-300. SINGLE STRUCTURE

Single structures refers to the crossing of a flood plain
which requires only one opening in the highway em-
bankment.

The following is the recommended procedure for estab-
lishing a single structure length and elevation of low
superstructure after obtaining an accurate cross section
and determining the design highwater elevation (Chap-
ters I1 and III). Also necessary is a compilation of past
flood history, existing structures, etc. (Chapter I).

Step 1. Assume average trial through-bridge veloc-
ity (Vt) that is less than the maximum

allowable velocity and more than 4 fps .

Step 2. Find water cross-sectional area (A re-
quired for trial velocity.

A= Q/Vy

Step 3. Estimate average depth of water (D,) in
cross sections.

Step 4. Find approximate trial length (L;) of
waterway opening.

Ly = A/Dy
Step 5. Position headers in stream cross section so

that they average approximately L, feet
apart.

Step 6. Find exact waterway area (A) below design
highwater within structure limits.

Step 7. Find  average through-bridge velocity
(Viruct) for the actual waterway area

Vstruct =Q/A.

Step 8. If Ve

the allowable maximum velocity, the bridge
length sizing is complete. This length can
usually be adjusted slightly to fit span
length requirements.

¢ is greater than 4 fps and less than

If vStl’UC

than the allowable maximum velocity, the
length should be adjusted as necessary and
return to Step 5. This routine should be
repeated as often as necessary until average
through-bridge velocity is within the pre-
scribed velocity range.

¢ is not greater than 4 fps or less

Step 9. The low steel or concrete should be placed
at an elevation that provides at least 2 feet
of freeboard over the design highwater.
Often, some observed highwater exceeds
the design highwater. In this case, it is usual
practice to clear the higher of the high-
waters. In any event, the design highwater
should be used in the bridge length deter-
mination.

Step 10. The backwater caused by the constriction
of the bridge opening should be approxi-
mated by the following formula.

2 2
h= Vstruet” ~V2

g

where

h = The increase in depth over design high-

water
Vstruct = Average through-bridge velocity
V, = Average unrestricted natural stream
velocity

g = Acceleration of gravity = 32.2 ft./sec.2
5-400. MULTIPLE STRUCTURES
5401. GENERAL

Due to a relatively wide flood plain or multiple discharge
concentrations (as opposed to a single concentration), it
may be necessary to design multiple openings. This is
usually referred to as a main channel bridge with relief
openings. This type of crossing is simply to provide
openings at or near the flow concentrations so as to
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reduce along-embankment flow and reduce backwater
effects.

Multiple structures should be designed so that their
relative carrying capacities (or structure conveyances)
match the predicted relative discharges approaching
them. This is necessary because each bridge must have
the capacity to carry its share of the discharge. Other-
wise, those bridges whose capacity is less than necessary
will be overloaded with resultant high velocities and, in
effect, will cause a reapportionment of the approach
discharges. This, in turn will cause high backwaters and
high along-embankment velocities. In addition to making
this balance in proportion, the designer must satisfy
average through-bridge velocity requirements.

5-402. FLOW DISTRIBUTION

After determination of the design highwater at a
multiple structure location, it is still necessary to
determine just how the flow divides itself across the
flood plain at flood stage. The flow divides, in the case
of multiple structues, determine the portion of the total
flood discharge that will be carried by each structure as
previously stated in Section 5-200., Flow Through
Bridges.

One of the best methods for accomplishing this is by
actual observation of the flow at design discharge and
highwater at the proposed site. However, it is rare that
the engineer is able to make such an observation when
the proper set of circumstances occur. Therefore, the
following method has been devised for determining flow
distribution and establishing flow divides.

Inspection of incremental discharges or conveyances
across a flood plain cross section usually reveals where
the relatively heavier concentrations of flow are located.
By determining these heavier concentrations of flow, the
engineer usually can find the proper locations for each
of the bridges. The most straight forward method of
spotting these heavy concentrations of flow is by use of
a cumulative conveyance (or discharge) curve. This curve
is constructed as follows:

Step 1. Apply the design highwater to a natural
stream cross section in the immediate vicin-
ity of the proposed design section. The
section chosen for this highwater applica-
tion should be a typical section which will
definitely control the flow distribution in
the reach of the stream wherein the struc-
ture is located.

Step 2. Calculate cumulative natural conveyances
for each subarea across the section from left
bank to right bank (Figure 4 ). (Discharges
may be calculated, but this only requires
multiplication of conveyances by the square
root of the stream slope. This is an extra
step and nothing is actually gained by it

since the final shape of the curves would be
the same.)

Step 3. These cumulative natural conveyance values
are plotted versus the cross section station-
ing creating a curve as shown in Figure 4 |
the value of the last plot is equal to the
total conveyance of the stream section.

Step 4. By inspection of this curve, it is seen that,
in the vicinity of points 1, 2 and 3, the
slope of the curve is relatively steep. This is
caused by a rapid increase in natural con-
veyance with respect to distance across the
section. These points define the approxi-
mate best locations for bridges. The points
on the curve where the curve has the
flattest slopes define the approximate loca-
tions of flow divides.

That portion of the design discharge carried between the
flow divides should be determined by direct calculation
or by proportion of relative natural conveyances. (Figure
4) At this point the relative discharges have been
determined.

5-403. DESIGN OF MULTIPLE STRUCTURES

The design procedure to be followed in establishing the
size of multiple waterways is outlined below. QD is the

design discharge and subscripts 1, 2, and 3 refer to left
flood plain, main channel, and right flood plain respec-
tively. This example makes use of 3 bridges. How-
ever, there may be more than 3 bridges or only 2
bridges. The procedure is the same in any case.

Step 1. Using 4 fps as minimum allowable velocity,
assign a maximum allowable velocity and
determine the approximate average velocity
(Vp) of all 3 openings

Vmax + Vmin

2

.Step 2. Determine approximate total waterway

opening Ap

Ap=Qp/Vp

Step 3. Determine approximate waterway opening
(A,) for bridge 1, bridge 2, and bridge 3.

VD=

Q
A =g-X Ap
D
Q
Ay=o2 XA
27qp X 4D
Q
A3=611)-XAD

Step 4. With A, A,, and A3, and assuming
average water depths (D, D,, and D3),
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determine approximate structure lengths Step 6. Determine velocity requirements that must
(Ly,Ly, and Ly). be met in addition to the proportion
balancing of conveyances. With the trial
waterway openings, the velocity require-
A ments should be checked. Velocity through
L, =D, »ctc- each structure should approximately be not
1 less than 4 feet per second or greater than
the allowable maximum velocity set in Step
Step 5. Determine structure conveyances K;, Ky, 1. Vgiruct = Q/A. Note that a change in one
and K4 or more bridge lengths affects the total
1.486 23 conveyance. Therefore, any change made
K = ARY should be accompanied by recalculation of
relative structure conveyances.
Since 1.486 is always constant,
Step 7. Determine backwater head which can be
_ AR2/3 approximated by the formula
=88,
. L v,2.vy.,2
In the case where under-bridge terrain is expected to be h= Y2
similar for each bridge, "'n" is constant and 2g
K=AR?, where

Then K = Ky + K, + K3. If the values Kl/KT,
Ko/K, and K3/Ky are approximately equal to
Q;/Qp, Q,/Qp, and Q3/Qp), respectively, the
structure conveyances are said to be balanced.
Otherwise, adjustments in individual bridge lengths
should be made in order to effect this balance of g = 32.2 feet per second per second
proportions.

Vy = The average through-bridge velocity for all
openings

V, = Approach velocity in natural stream
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5-500. SPUR DIKES

Spur dikes are beneficial at sites where the distance of
the flow travel along the embankment is is excess of 600
feet. Spur dikes are also advantageous for improving the
characteristics of flow through a single structure.

Spur dikes have the advantage of initial economy and
the fact that they are convenient and inexpensive to
maintain. They function by directing along-embankment

flow out away from the bridge opening. This causes any
parallel-embankment velocity to be removed from the
embankment itself and serves to greatly reduce the
under-bridge turbulence usually caused by intersecting
flow vectors. If scour is still a problem, the end of the
spur dike is eroded and not the bridge header. Figure 5
shows the recommended geometry of spur dikes and the
affected stream flow. The top of spur dike elevation
should be above design highwater elevation a minimum
of 2 feet. Also, it is recommended that natural vegeta-
tion be left around the end of the spur dike.
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STORM SEWERS

6-100. GENERAL

Provision for the proper drainage of a roadway traversing
a built-up municipality generally is a more difficult and
more important problem of design than for roadways
traversing sparcely settled rural areas. This is attributable
to the wide roadway sections, flat grades, both in
longitudinal and transverse directions, shallow water
courses, absence of side ditches and concentration of all
flow; to the large property damages which may occur
from ponding of water or from flow of water through
built-up areas, and to the fact that the roadway section
must act not only as a medium to carry traffic, but also
as a channel to carry the water to some disposal point.
Unless proper precautions are taken, this flow of water
along the roadway will interfere with or possibly halt the
passage of highway traffic. These conditions call for the
application of sound engineering principles as well as the
utilization of all available data in arriving at a satisfac-
tory solution.

The primary problem of municipal drainage design is to
limit the amount of water flowing along the gutters or
ponding at the sags to quantities which will not interfere
with the passage of traffic. This is accomplished by
placing inlets at such points and at such intervals to
prevent very large accumulations of drainage water.

The most serious effects of an inadequate drainage
system are: damage to surrounding property resulting
from water overflowing the roadway curbs and entering
such property, hazard and delay to traffic caused from
excessive ponding in sags or excessive flow along
roadway grades, with subsequent weakening of base and
subgrade due to saturation from ponding of long
duration.

6-200. DETERMINATION OF RUN-OFF

The first step to be considered in the design of a storm
sewer system is the determination of the run-off. The
Rational Method, as described in Chapter II is the
method that applies to the vast majority of run-offs that
are to be handled by storm sewers. Chapter II also covers
the applicability of other methods when warranted.

In the Rational Method formula the time of concentra-
tion is the time required for water to flow from the most
distant point of the area drained to the point of the
sewer system under consideration, and is generally made
up of two components: the time required for water to
flow from the most distant point of the drainage area to
the inlet, which is known as the inlet time, and the time
required for the water to flow through the sewer from
that inlet to the point of the sewer line under considera-
tion. In other words the time of concentration for any
point on a sewer line is the inlet time for the inlet at the

upper end of the line plus the time of flow through the
sewer from the upper end of the sewer to the point in
question, unless the time for another branch or inlet at
that point is greater. In municipal areas the time of
concentration is seldom less than five minutes or more
than twenty minutes. A minimum time of concentration
of ten minutes is recommended for general use.

6-300. PONDING ON ROADWAY

As a general rule inlets should be placed at all low points
in the roadway surface and at suitable intervals along
long slopes as necessary to prevent excessive ponding on
any section of the roadway.

The flow of water in the gutter should be restricted to a
depth, and corresponding width, which will not cause
the water to spread out over the travelled portion of the
roadway in such amount and depth as to obstruct or
cause a definite hazard to traffic. The depth of flow
naturally depends upon the quantity of water involved,
the gutter gradient, the coefficient of roughness or
frictional coefficient of the gutter and paving material,
the cross slope of the roadway, and inlet spacing.

The following limiting widths are recommended for use:

For Interstate and Controlled Access Highways:
Limit ponding to one-half the width of the outer
lane.

For Major Highways: Limit ponding to the width of
the outer lane.

For Minor Highways: Limit ponding to a width and
depth which will allow passage of one lane of traffic
with safety.

6-400. INLETS AND MANHOLES
6-401. GENERAL

Either curb opening inlets, grate inlets, or a combination
of curb opening and grate inlets may be used for
intercepting run-off. Curb opening inlets are to be
preferred because of their self-cleansing ability as grate
inlets clog easily. In some instances however, the use of
grates will be found necessary either with or without
curb openings in combination. Where grates are used, the
design and placing of the grates should be such that the
grate bars will be parallel to the direction of flow of the
water rather than perpendicular to the flow. Experi-
ments have shown that this minimizes the clogging by
small debris and increases the capacity of the grate.
Sketches of inlets of the various types are included in
Figures 9 and 10.

6-402. INLETS ON GRADES

The amount of water which will be intercepted by a
curb inlet of given length, given depression and on a
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given gradient may be determined directly from the
graphs included in this chapter. The illustrative problem
explains the use of these graphs. It should be noted that
it is not always necessary or desirable to intercept all the
water in the gutter at any given point. It will often be
found satisfactory and economical to allow a portion of
the water to flow past an inlet to succeeding inlets. This
quantity of water which passes an inlet is called
"Carry-over' and the proper handling thereof is covered
in the illustrative problem included herein.

6-403. INLETS IN SAGS
Under all ordinary conditions the flow of water through

a curb opening inlet located at a sag or low point in the
grade may be computed by the weir formula:

Q = 3.087 Lh3/2

where
Q = the discharge in cubic feet per second
L = the length of opening in feet, and
h = the head or depth of water at the opening in

feet

Where the depth of water is such that the curb inlet is
completely submerged the proper orifice formula should
be used in computing the discharge rather than the weir
formula. This is a very rare condition, as the propor-
tioning of inlets should be such as to preclude ponding
in sufficient depth to submerge the inlet.

6-404. GRATE INLETS
The flow of water through grate openings may be
treated in the same manner as flow of water through

rectangular orifices. The formula in most general use for
flow through orifices is stated as follows:

Q=cAaVag
where
Q = the discharge in cubic feet per second

C = the coefficient of discharge (approximately
0.7)

A = the area of orifice (the net area of the
openings in the grate) in square feet

g = acceleration due to gravity (32.2 feet per
second per second)

h = head on grate in feet

This formula gives the theoretical capacity of the grate
inlet. Since grate inlets are subject to considerable

clogging it is recommended that for practical purposes
the capacity of the grate inlet be taken as 1/2 of the
value given by this formula, or conversely that the net
area of the grate be twice as large as the theoretical area
required when calculated by the above formula.

6-405. COMBINATION INLETS

Combinations of curb slots and grate inkets may be used
to advantage under certain special conditions. Wherever
the curb opening type of inlet can be used it will
generally prove to be more economical and more
desirable than the grate type of inlet, and the use of
grates should ordinarily be confined to those instances
where it is impracticable to provide any curb opening at
all or where the length of opening which can be provided
is not sufficient to intercept all the water which must be
cared for. The theory commonly advanced by propo-
nents of combination curb slot-grate inlets is that
floating debris will be carried on the surface of the water
through the curb slot leaving the grate unclogged and
hence operating at maximum efficiency. Investigations
conducted by various hydraulic research laboratories
however, have not revealed any great gain resulting from
such combinations. Authentic data on the true capacities
of such combinations are insufficient to allow the
establishment of any very accurate factors for deter-
mining the true capacity of a combination inlet. For
design purposes, however, it is believed reasonable to
assume that the capacity of the combination inlet will
run about 50% of the sum of the individual capacities of
the grate and the curb slot, computed in the manner
described in the preceding paragraphs. In other words, it
is recommended that the capacity of the curb slot inlet
and the capacity of the grate inlet (without reduction)
be computed separately, added together, and the work-
ing capacity of the combination be taken as 50% of this
figure.

6-406. MANHOLES

Manholes or combination manholes and inlets should be
placed wherever necessary for clean-out and inspection
purposes. It is good engineering practice to place
manholes at changes in pipe gradients, changes in pipe
sizes, changes in direction, junctions of pipe runs, and at
intervals of from 300 to 500 feet in long runs where the
size or direction is not changed. The invert of the
manhole section should be rounded to match the inverts
of the pipes entering the manhole in order to reduce
eddying and resultant head losses. At junctions of sewer
lines, right angle intersections should be avoided if
possible and the two lines should be brought together at
an acute angle to minimize head losses. (See Figure 11
for standard manhole details.)

6-407. DESIGNING SEWER RUNS

After the locations of inlets, sewer runs, and outfalls
with tailwaters have been determined and the inlets
proportioned, the next step will be the computation of
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the quantity of water to be carried by each pipe run and
the determination of the size and gradient of pipe
required to care for this water. It should be borne in
mind that the quantity of water to be carried by any
particular section of pipe is not necessarily the sum of
the inlet design quantities of all inlets above that section
of pipe, but as a general rule is somewhat less in amount
than -this total. It is well to restate that the time of
concentration enters into the picture and as the time of
concentration grows larger the proper rainfall intensity
to be used in the design grows smaller. In determining
the quantity of flow in the design of any particular run
of pipe, the time required for the water to flow from the
most remote point on the drainage area should be
computed and the corresponding value of rainfall inten-
sity derived. The quantity is then calculated from the
Rational Formula

Q=CIA

For all ordinary conditions, runs should be sized on the
assumption that they will flow full or practically full
under the design discharge but will not be placed under
pressure head. Manning's formula is recommended for
use. (Figures 10, and 14, Chapter IV.) If a pressure run is
necessary (all sides wetted, with the hydraulic gradient
above the top of the pipe or box), then Figure 5 in this
chapter is applicable for boxes, and Figure 14, Chapter
IV is applicable for pipe (use full flow point on d/D ratio
line when solving for full pipe flow friction slope).

6-407.1 HYDRAULIC GRADIENT

The hydraulic gradient is the locus of elevations to
which the water would rise in successive piezometer
tubes if the tubes were installed along a sewer run. The
difference in elevation for the water surfaces in the
successive tubes represents the friction loss for that
length of sewer, and the slope of the line between water
surfaces is the friction slope. Therefore, if a sewer run
were placed on a calculated friction slope corresponding
to a certain quantity of water, cross-section, and
roughness factor, the surface of flow (hydraulic gra-
dient) would be parallel to the top of the conduit, and
the sewer run would not be under pressure. This is
desirable as previously stated. If there is reason to place
the sewer run on a slope less than friction slope, then the
hydraulic gradient would be steeper than the slope of
the sewer run. Depending on the elevation of the
hydraulic gradient at the downstream end of the run in
question, it is possible to have the hydraulic gradient go
above the top of the conduit which would mean the
sewer is under pressure until, at some point upstream,
the hydraulic gradient is once again at or below the top
of the conduit.

It will not be necessary to compute the hydraulic grade
line of a sewer run, where the slope and the run sizes are
chosen so that the slope is equal to or greater than
friction slope and the top surfaces of successive runs are
lined up at changes in size rather than the bottom
surfaces, and the surface of the water at the point of
discharge does not lie above the top of the outlet. In
such cases the pipe will not operate under pressure and
the slope of the water surface under capacity discharge
will approximately parallel the slope of the invert of the
pipe. There will be small head losses at inlets, manholes,
etc., but if these are properly designed these losses may
be neglected.

Whenever all of these conditions do not exist however,
and particularly in those instances where the inverts in
the pipes are placed on the same grade at changes in pipe
size (which forces the smaller pipe to discharge against
head) or when it is desired to check the sewer system
against a larger flood than that used in the proportioning
of the pipes, it will be necessary to compute the
hydraulic grade line of the entire sewer system. This is
done by starting with the tailwater elevation at the point
where the sewer is finally discharged and working back
up along the entire length of the sewer, computing the
friction loss for each run, and plotting the elevation of
the total head thus computed at each manhole and inlet.

If the hydraulic grade line as thus plotted does not rise
above the top of any manhole or above the lip of any
inlet the sewer system is considered satisfactory. Wher-
ever it does rise above these points, however, blow-outs
through inlet slots and manhole covers will occur and
pipe sizes or gradients should be increased as necessary
to eliminate such blow-outs.

Note that any hydraulic gradient must have an original
base elevation no lower than the outlet tailwater
elevation. Therefore, the backwater effects of a signifi-
cant tailwater elevation should be checked very care-
fully.

6-407.2 GENERAL RULES FOR SIZING SEWER
RUNS

a. Do not use pipe sizes less than 18" diameter for
main sewers or for long laterals and not less than
12" diameter for short laterals.

b. Place all pipes or boxes on such slope that the
velocity of flow when full will be not less than 2'
per second. Where slopes are comparatively flat
it is desirable that the sewer sections and slopes
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be so designed that the velocity of flow will
increase progressively, or at least will not appre-
ciably decrease, in passing from the first inlet to
the outlet of the sewer so that solids washed into
the sewer and transported by the flowing stream
will be carried on through and out of the sewer
and will not be dropped at some point due to a
sharp decrease in velocity.

c. Do not use non-standard sizes of pipe.

d. Do not discharge the contents of a larger pipe or
box into a smaller one even though the capacity
of the smaller pipe or box may be greater due to
steeper slope.

e. At changes in size of pipe or box always place
the soffits or top inside surfaces of the two pipes
at the same level rather than placing the flow
lines at the same level. Where flow lines are
placed at the same level the smaller pipe must
discharge against head and it will be necessary to
plot hydraulic grade lines in order to determine
the true discharge. Naturally this rule cannot be
followed in every instance, but it should be
adhered to wherever it is practicable to dc so.

f. Laterals should be checked at the time of their
design with reference to critical slope. If the
slope of the lateral is greater than critical slope,
(technically defined as steep slope) the unit will
likely be operating under entrance control in-
stead of the originally assumed uniform flow. If
so, it may be found that the headwater caused at
the upstream inlet for the lateral in question is
intolerable. This may be determined by the use
of the proper entrance control nomograph in
Chapter IV. It may be necessary to resize the
lateral to overcome any unfavorable effects of
entrance control. Or, the entrance control effects
may be found to be acceptable.

Usually, steep units in the trunk lines are not
affected by entrance control as the velocity head
loss is relatively negligible.

g. Determine a tailwater depth (TW) for the outfall
channel and always calculate the hydraulic gra-
dient when the tailwater surface at the outlet is
greater than the height of the outlet pipe or
boxes.

6-408. EXAMPLE PROBLEM

Given: The drainage area map (see Figure 6) shows the
layout of the highway and cross streets to be drained,
the typical cross sections of the highway and of the cross
streets, as well as the type and area of the surfaces to be
drained.

Design frequency:
S years

Minimum time of concentration:
10 minutes

Minimum inlet length:
5 feet

Gutter depression on Monroe Avenue:
3 inches

On cross streets:
3 inches to 5 inches

Permissible width of ponding:
10 feet on Monroe Avenue in Business Areas

15 feet on Monroe Avenue in Residential Areas
full roadway width on cross streets

Required: Design a storm sewer system that will
adequately dispose of the design discharge.

Solution:

Step 1 - Run-Off Computations: The run-off com-
putations are tabulated on Figure 6.

The first six columns of this tabulation are believed to
be self-explanatory. The total CA as shown in the
seventh column is computed by multiplying each incre-
mental area by its corresponding coefficient of run-off
and totaling the sum of these increment products. As an
example, the total CA for Drainage Area No. 1 is
computed as follows:

Type Acreage C CA
Paved 032 x 09 = 0.288
Commercial 021 x 07 = 0.147
Gravel 027 x 04 = 0.108
0.543

use 0.54

The time of concentration is computed by dividing the
distance from the most remote point of the drainage
area by the assumed velocity of approach flow. Since we
have already established that a minimum time of
concentration of 10 minutes will be used, this value shall
be inserted in the table. Whenever this time is in excess
of 10 minutes, the derivation of the time should be
shown in the same manner as for drainage area No. 16 in
the sample tabulation.

The intensity of rainfall can either be calculated or
determined from the nomograph at Figure 4, Chapter II.

The total run-off Q is determined by multiplying CA by
I

Step 2 - Inlet Computations: The inlet computa-
tions are shown in Table I. A detailed
explanation of this tabulation follows:
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Column 1. All inlets should be properly classified and
given a designation number in the following manner:

CI-3 = Curb inlet No. 3
DI-1 = Drop inlet No. 1
CGI-1 = Curb and grate inlet No. 1

Column 2. The location of the inlets as established on
plan profile sheets should be listed for cross reference
and ready identification.

Columns 3 and 4. The respective drainage area numbers
and corresponding discharges are taken from the run-off
computation tabulation which appears on the drainage
area map.

Column 5. The carry-over in this column is the quantity
of water which has passed by the last preceding inlet to
the inlet under consideration.

Column 6. The total run-off, Qa’ is the run-off from a
specific drainage area plus the carry-over from preceding
drainage areas.

Column 7. z, is the reciprocal of the cross slope, and in
the example problem is determined from the cross
sections in the following manner:

Slope 3/16 inch per foot: z = 3112_6 = 64

Slope 3 inches in 8 feet: z = §—§£ = 32
Slope 6 inches in 15 feet: z = 15)6( 12 _ 30

For circular or parabolic crowns it will be sufficiently
accurate to calculate the average slope for the desired
width of ponding and use this value in determining z.

Column 8. The ratio -BZ-, is self-explanatory. In the
example problem, a roughness coefficient n of .015 is
used. This coefficient may vary from about .015 to
about .025 depending upon the roughness of the gutter.

Column 9. The slope, s, expressed in feet per foot, is to
be obtained from established grade lines as shown on the
plan-profile sheets.

Column 10. The value of y is the depth of flow in feet
in the gutter for a certain discharge, —rzlratio, and

longitudinal slope. It is determined from Figure 1. The
procedure to be used in determining the value of y is
clearly explained on that chart. It will be noted that two
z ratios have been indicated for several inlet computa-
tions. This is due to the fact that the pavement slope
changes at a point 8 feet distant from from the curb line.
See typical cross section of Monroe Avenue.

Column 11. The width of ponding must be kept within
the previously determined acceptable limits. In the

example problem, the maximum permissible ponded
width is 10 feet for the section of Monroe Avenue
within the business area and 15 feet for the section of
Monroe Avenue within the residential area.

The ponded width is the product of y times z as
determined in columns 10 and 7 respectively. Attention
is called to inlet CI-11 wherein two values of z have been
shown because of the change in transverse cross slope.
The ponded width in this instance was calculated in the
following manner:

The total depth of water in gutter, y (Column 10) =
0.30 feet. In the first 8 feet of width from the face
of curb, there is a rise of 3 inches. This leaves a
depth of water y = 0.30-0.25 = 0.05 feet; hence the
width of ponding beyond this point of change in
transverse slope will be .05 x 64 = 3.2; or the total
width of ponding will be 8.0' + 3.2'=11.2".
Column 12. The dimension "a" is the gutter depression,
or the vertical distance from the normal gutter line to
the throat of the inlet. Note that this distance is to be
expressed in feet. The greater the dimension "a" is made
the more water can be carried by a given length of inlet.
On the other hand, the deeper this depression is made
the more objectionable it is to traffic moving along close
to the curb. Hence, in selecting the most desirable depth,
a compromise between these two features must be made.
As a general guide the depth of depression may vary
from O to 1 inch where the gutter is within the
theoretical traffic lane; from 1 inch to 3 inches where
the gutter is outside the traffic lane or in the parking
lane; and up to a maximum of about 5 inches for
unimportant city streets not on the highway route. In
the typical example, 3 inch depressions have been used
on inlets facing the main highway and 3 inch and 4 inch
depressions on inlets located on the cross streets.

Column 13. The value, qq. is the flow in cubic feet per

second which will be intercepted by an inlet one foot in
length for a given depth of gutter flow, y, and an inlet
depression, a. This value is determined directly from
Figure 2.

Column 14. The value, La’ is the length of inlet in feet
which is necessary to intercept a given discharge Q,.
Inlet No. CI-3 will be used as an example.

The total discharge Qa is 2.5 cfs; the interception per
foot of inlet, q, (Column 13), is 0.395 cfs; hence, the

length of inlet required (L,) is %9%- = 6.3 feet. In other

words, if it were necessary that all of the water be
intercepted in the gutter at this inlet, an inlet not less
than 6.3 feet in length would be required. In this case,
however, there is no objection to a small carry-over, that
is, to a portion of the water passing the inlet; hence, the
standard 5 foot inlet was used.
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Column 15. The dimension L is the actual length in feet
of inlet which is to be provided. Under ordinary
conditions it is recommended that no inlet be less than 5
feet in length and that standard inlets in multiples of 5
feet be used.

Column 16. The ratio of the length of inlet provided to
the length of the inlet required is used in determining
the amount of the water that the inlet will actually
intercept. For example, at inlet No. CI-3, the value of
this ratio

L s 30 =979

I, 563

Column 17.%, which is the gutter depression at inlet

divided by the depth of flow in the normal gutter, is
another ratio which is used in determining the percent of

interception as shown in Column 18. For inlet No. CI-3,

this value%is-g—:%-g =1.1.

Column 18. This column shows the percentage of
run-off which is intercepted by the inlet in question. It is
determined from Figure 3, using the values determined

in Columns 16 and 17. For inlet No. CI-3, the IL ratio
a

(from Column 16) is 0.79, and the % ratio (from Column
No. 17) is 1.1. Upon entering the chart with these values

it is found that the percentage of interception,-QQ-, is
a
0.86 or 86.0 percent.

Column 19. The value Q shown in this column is the
amount of water in cubic feet per second which the inlet
in question actually intercepts. It is the product of Q,

from Column 6 and the percentage of interception from
Column 18. For inlet No. CI-3, as an example, the value
of Qequals 2.5 x 0.86 = 2.1 cfs.

Column 20. The carry-over is the amount of water
which passes an inlet, and is the difference between the
total run-off, Qa (Column 6), and the intercepted flow,

Q (Column 19). For inlet No. CI-3 the carry-over is Q,-
Q=25-21=04cfs.

The preceding method of proportioning inlets applies
only to inlets on grade. For low point inlets the method
previously described for "Inlets in Sags" should be
applied. As an example, consider the inlet at Station
21400 left which is to carry 11.4 cfs of water.

This is first designed as a straight curb inlet. Allowing a
10 foot width of ponding, it is found that the allowable
depth of water above normal gutter grade will be .28
feet. In this example, a 3 inch depression below normal
gutter grade is used. This gives a total head of water,
from surface of ponded water to throat opening of inlet,
of .28 feet + .25 feet = .53 feet. Reference is then made

to Figure 4, ""Low Point Inlets". Entering this chart with
a head of 0.53 feet or 6.4 inches it is found that the inlet
will discharge 12.0 cfs as compared to the calculated
11.4 cfs.

It is then assumed that the 3 inch depression at this
point is objectionable and the design will be for a
combined curb and grate inlet with a gutter depression
of only 1-3/4 inches. As explained previously it is
assumed that this combined inlet will operate at 50% of
theoretical efficiency. Grates of the types shown in the
recommended standards included in Figure 10 will be
used. They are composed of 14 slots 1-1/4" x 15-3/8",
giving a total opening per grate of 1.87 square feet.

Using the allowable ponding width of 10 feet it is found
that the allowable depth of water above the normal
gutter line will be 3.36 inches, which, when added to the
allowable gutter depression of 1.75 inches, gives a total
head of the curb opening of 5.11 inches. The corre-
sponding head over the center of the grate will be 4.61
inches.

Three grates with a total opening of 5.61 square feet will
be tried. The length of curb slot corresponding to these
three grates will be 8.34 feet. Referring to Figure 4, it is
found that the curb slot will carry about 0.84 cfs of
water per foot length of opening. Hence, the curb slot
which is 8.34 feet in length will take a total of 8.34 x
0.84 =7.00 cfs.

To determine the theoretical discharge of the grate
openings, the Orifice Formula Q = CAV2 gh will be
used. Inserting the values explained above, Q = 0.7 x

5.61 xV2x32.2x0.384=19.5 cfs.

The total theoretical capacity of the combined curb slot
and grates then becomes 7.0 + 19.5 =26.5 cfs. Applying
the 50% efficiency factor, the working capacity of the
combination is .50 x 26.5 = 13.2 cfs, as compared with
11.4 cfs of water to be carried by this inlet. Hence, the
design as assumed will be adequate.

As an example of the use of grates alone, consider Drop
Inlet No. 1 at Station 25+00 left. This inlet is to be
designed to carry 4.4 cfs of water. Q,=44cfs.

Grate Opening: 14 slots, 15-3/8" x 1-1/4"

Gross Area One Grate = 1.87 sq. ft.

Assumed Efficiency of Grate = 50%

Effective Net Area One Grate =.50 x 1.87 = 0.93 sq. ft.
Assumed Allowable Head = 4" = .33'

Q=CA[2gh (Orifice Formula)

Ar - 4 36t
“CVZen 1~f6aax033 1-6sq 1t

Use two grates. Effective area =2 x 0.93 = 1.86 sq. ft.
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Step 3 - Proportioning Sewer Pipes: The computa-
tions involved in the proportioning of the
various runs of sewer pipe are summarized
in the tabulation sheet titled "Storm
Sewer Computations', (Table II). A de-
tailed explanation of this tabulation fol-
lows:

Columns 1 through 5. Figures shown in these columns
are believed to be self-explanatory.

Column 6. The length of each run as shown in this
column is the length center to center of inlets or
manholes. This length is used in determining the time of
flow from one inlet or manhole to another. (Note that
these lengths are not to be used as pay lengths of pipe
since the standard specifications provide that pay lengths
shall include only the actual net length of pipe and shall
not include the distance across inlets or manholes where
no pipe actually is placed.)

Columns 7, 8, and 9. The time of concentration is the
time required for water to flow from the most remote
part of the drainage area or areas involved to the upper
end of the pipe run under consideration. For the first
run the time of concentration is the inlet time for the
first inlet. For all succeeding runs the time of concentra-
tion may be either the time as computed along the sewer
line or the inlet time of the inlet at the beginning of the
run under consideration, depending upon which of these
two periods is the longer. Accordingly, both times are
shown in the tabulation for purposes of comparison and
the larger of the two is used in determining I and Q,
unless this larger value is less than 10 minutes in which
case the established minimum time of 10 minutes is
used.

The time of concentration shown in column 7 is
computed by taking the time of concentration for the
preceding run and adding to it the time required for
water to flow through the preceding run to the
beginning of the run under consideration. At junctions
of lines, the larger value of the time of concentration is
used. In the tabulation, for example, lines A & B join to
discharge into line C. Since the time of concentration for
line A is greater than that for line B, this larger value is
carried through in figuring times for line C.

Columns 10 and 11. I and Q are computed in the same
manner as explained under "Inlet Computations."

Columns 12, 13, and 14. The size and gradient of pipe
as shown in columns 12 and 13 must be chosen in such
manner that the pipe when flowing full, but not under
head, will carry an amount of water approximately equal

to or greater than the computed discharge, Q. In other
words, the "Capacity' shown in column 14 must be
approximately equal to or greater than the value Q
shown in column 11.

The capacity may be calculated by Manning's formula,
Q= M%ARZB gl/2

or the capacity can be taken directly from the appropri-
ate uniform flow nomograph in Chapter IV. If the sewer
run is to be designed to flow under pressure, use Figure
14, Chapter IV, or Figure 5, this chapter.

Wherever a pipe run is designed in such a manner that
the capacity of a pipe as shown in column 14 is less than
the computed discharge shown in column 11, a check of
the hydraulic gradient above this run should be made to
make sure that the backwater head created by such a
design is not large enough to cause blowouts at inlets or
manholes above the run. The same is true for pipe runs
of larger diameter discharging into runs of smaller
diameter or in such instances where it is impossible to
line up the soffits of pipe runs at changes of pipe size.

In our example, it will be noted on the plan profile
sheet, (Figure 8), that line C is to be connected to an
existing 54" sewer and will theoretically discharge
against a 12' head. Checking back on the pipe run from
manhole 3 to manhole 2 we find that an effective slope
of 0.33% will be required to pass the run-off of 40.3 cfs.
Projecting this grade from elevation 84.0, the soffit of
the 54" diameter pipe, we obtain a backwater elevation
85.58 feet at manhole 2. This procedure is to be
repeated, until the hydraulic gradient drops below the
top of a pipe run, in this instance between CI-8 and CI-7
on line A. Since the backwater elevations are well below
the throats of the inlets the system as designed is
satisfactory.

The above method of checking the hydraulic gradient
does not take into account all items such as head losses
in inlets, head losses or gains due to changes in velocity,
etc., but it is considered accurate enough for all practical
purposes so long as the hydraulic gradient is kept well
below the throats of inlets.

Column 15. The velocities shown in this column can be
obtained from the appropriate nomograph in Chapter
IV or calculated, and are used in column 7 in deter-
mining the time of flow through each run of pipe.



VI-§8

0201 WyOo4

SNOILYINdWOD 137INI
15a0-R1as5 uyesq | 10| ve [S6°0 | €80 [T60 | § [ &G [0S9° [S270 [ et [020]| <00° |9 [ 3I [ S ¢ | 0°1| ST | 12 |38 09+52 pI-10
0'T | 82 [eL70 [18°0[0s'0 | s ['8 [9s5" [se’0 | 8°11 [ 1¢°0| 500°[Q0¢Fr [ 1 [@e'c - | 8¢ | 22 |39 00+62 pI-10
239819 2 qatui doxq Fy - 39 g1 | 31 00+SC [ T-1d
1on0-fazsh wegq | SO | ¢ ['g8'0 [ertof%°0 | 6 [8'9 |a [sero [ 1°et [sst0| so0°|39%Y Wm 2'¢ | (o] g2 | e1 [3T S=HFEfI-10
L70 | 872 0870 [98°0 [89°0 | G [ €L [0Sy [Se0 | e'11 | 0£0| G00°|Q0¢F 2 [€F | 20| T°¢ | 8T 9T 00762 pL-1D
2'0 | 1's | 26°0 0.0 {$6°0 | ot | 901 [o00s* [szo | o°st [9cto| soo'|8%EY mm 3 - | €S| AT ["3T eT+ee L1710
39T0] aan) [3utod [woT 91 - 19T | o0z [*3¥ 00+12 pi-10
sa3mI) ¢ 3970} 2381y pue dan) $TU| €0 | T°TT[eT®11( 31T 00+12 I-190
€°0 | G'2 |68°0 [$8°0 |18°0 | S |2°9 |8%%" [ge'0 | 211 |ogo| co0'[BP¢r | %2 [ ez [ 20| 9'2 | et [*3T o9+ee f1-10
20| LS [ 9670 [ZL°0 |[€6°0 | S [ ¥'S |02l |€2°0 | 6°2f | <% 0| 100°]0002 | 0% | 6°% - | 6°s [ ¥T ["3T GL¥%e pI-10
m._wmwmmmm>m|mmmww - - - - - S J1'¢ [sis°|ee*o0] 6°8 €2 0| TOOT[0002 oz [ 8°1 S0 | €°1 ST |*37T 91+%2 ET-10
- - - - - s |s'e [ove” [se'o [ s | L1°0|setot|oote | e | e'T - [zt ] ot [aT 81+8T po1-10
- = - - - S | 0°G [S0% [Se0 | S°L |Se 0| g00°jo00g | 0% |02 | 0T [ O°T 6 [*3T 09+L1 | 6-10
0'T | g2 |[1.°0 [96°0[6S°0 | S [S°8 [ST%" |G2°0 | £'8 | 92°0|Get0°|00t2 | 2€ |S°'S | 2°0] ¢ 8 |37 1¢+.1 | 8-10
2’0 | 0°2 |18'0 [oT°T[98°0| S [8S [08BS” [S2°0 | 0°L | 22'0|ceto-|ootg | 25 | e'2 - [ 22 L "% 89+ST | L-10
- - - - - 0t | 2'8 [st¥* |s2'0 | ¢'8 |[92'0[sero’|oote | 2¢ | #°¢ - | ¥'¢ 9 | ¥108+21 [ 9-1D
- - - - - 0T [6°L |S0¥%" [s2'0 | 0’8 | g2°0|szr0°jo0tz | 2¢ [ 2'¢ - | 2e g [T SLHOT[S7TD
= = - - - S | 2% | 009" [€5°0 | €6 | 12°0|G200°]0002 | 0% |g'z | 30| 1°2 ¢ [*3T 09+8 [¥-10
70 T2 198°0 (01T |60 S c°9 [ SBe” [G2°0 | %L €270 1 G210 0012 ¢t 1872 O'T [ &1 ¥ 131 1S+ | €10
0°T | 62 |[L0 [9%B0(650| S |S8 [GF |60 8 |92°0][ce0 |00tz | 2¢ [&°¢ S - g2 [T 0L%9 [e-10
- - - - - 0T [ 9°L |S0%" [s2'0 | 0’8 | g2'0|gerot[oote | 2¢ [1°¢ - [ e T [-97 0g+¢ [1-10
H 02 61 8l o | el S1 | wi €1 2 m ol 3 ] Z 9 3 v 3 2 I
839 849 : : 849 4 : : K 839 | 839 | 839 0 uoj}o :
syJowoey ! oc* . ¢ |oq 4 dc¢ 4 N L I 39| 89 | 80 | oN oIS | oN
JOA0 \Ox OG @O o \l_ 1 \°°uU|_ L) D yipIm A ] :\N z Uo JoAo Op ‘v'a je|uy
-K1ipy 0 pepuod 10401 |-A1a09

13719VL




'Z/n

RATIO

vi-9

- zy { - 2.0
) W
EQUATION: Q=056 (£) 8" y”*
:'gggg Z=RECIPROCAL OF TRANSVERSE SLOPE ~ .10 (10% GRADE)
L 8000 nsCOEFFICIENT OF ROUGHNESS IN MANNING'S FORMULA |-
- 7000 S=GRADE OF GHANNEL IN FT./FT. ~ .08 L 1.0
- 6000 y=DEPTH AT CURB OR DEEPEST POINT IN FT. L o7 "
[ 5000 - -
[ 06 80
- 4000 I -.70
i EXAMPLE (SEE DASHED LINES) = .05 i
- 3000 GIVEN' $£0.03 100 & 8 -.60
- 2=24 . NEDP® [ -
5 n-.oz] Z/n=1200 wE® [0 .50
- 2000 Q=2.0 CFS O w r =1
: - 20
[ FIND: y=0.22 i w
3 d ot ——Z-}.03 - .40
_____________ E'_:’ < E-
______ =TT = o | -
o o — \\\\\ E : 5 Q P E
000 —_F S0
- w -1 - .02 -
—800 5 L 2\\\w~: i_ -
- 700 ° 8 = | Sl ——_2t
- 600 - ~ E'; Z [ o-:
- 500 P C <} a 20
. = ~ .3 I B 3
- 400 - w2 or ol ¥
- INSTRUCTIONS (5[ T S
= 300 @ E o o[ al
2 I. CONNECT 2/n RATIO WITH SLOPE (S) & F os B wl
3 AND CONNEGT DISCHARGE (@) WITH T [ Wl oos w
- 200 DEPTH (y). THESE TWO LINESMUST ¢ | ° o or
; INTERSECT AT TURNING LINE FOR  ¢py [ 2 é -.007 10
- 10N, = i
2 COMPLETE SOLUTION o Lo & [ .006 g N
2, FOR SHALLOW I 005 (11] ~08
- 100 'V-SHAPED GHANNEL — g [ b= B o .07
- 90 AS SHOWN USE NOMOGRAPH TO Dt
- 80 DETERMINE DISCHARGE IN SEGTIONS a AND b ~-.004 O |-.06
- 70 SEPARATELY. THEN Q.*Q.+Q, | 3
- 60 e |os
- 50 3. TO DETERMINE 1o Y --003
i DISCHARGE Q, IN 117 i X | os
- 40 PORTION OF GHANNEL %) - -
- HAVING WIDTH X: —x z aF
- 30 DETERMINE DEPTH y FOR TOTAL DISCHARGE IN L 002 Wk
3 ENTIRE SECTION a. THEN USE NOMOGRAPH TO [ - O k.03
F DETERMINE Q, IN SECTION b FOR DEPTH i i
- 20 y*y-§ a -
3 b
C 4.TO DETERMINE DISCHARGE I i [ 02
i IN COMPOSITE SEGTION~- 1] a b i -
[ FOLLOW INSTRUCTION 3, I 3 i i
-10 TO OBTAIN DISGHARGE IN o ~ .00l (0.1% GRADE) [
SECTION o AT ASSUMED ‘_z_(’;__y.’)‘_’ =
DEPTH y; OBTAIN Q, FOR ¢ -
SLOPE RATIO Z, aRD DEPTH y’ THEN Q,=Q,+Q, -
BPR. - .0l

NOMOGRAPH FOR FLOW

, IN TRIANGULAR CHANNELS
Figure 1






Vi-1i1

HI1avlL

1201 WNO 4
SNOILVLNAWOD H3IMIS WHOLS _
AOTJd PUYTISAQ 4
28 S°g LG°0 81 ¢°'g 8°S 0T 0T "8 = 09x8°%/0%¢+s"L| osz [26'0 [co0'1 22®12 T-HN | 61-19
M8 7 T A a1 ¢ 8% (o o) S = 09/0S%%| O%¢ [99°0 [¥,°0 22 61-10 8T-10
g suty
L S°GT | 28°0 T2 B°CT| v'¢ |O0we - [0'Pe=09%xg°'G5/09T+s ¢cs| o0%2 |.L0°% |[s6°s 22 nau3 91 2- 1-BK
8°G 27et | 05°0 T2 L[0T o2 |sss 0T [5°SE = 09XT°¢/00T+¢g | 09T [SL'E [ 6L 6T 80 LT 9T T-HR | ST-19
0 Teasjel| 1°¢ L% |SL1°0 g1 1 g'¢ ¢e ¢¢ €S = 09X5°0/000T%| 00T |92'T 2% 91 ST-10 1-1d
G'g S'8 LS8°0 81 2°8 9°s [z-a1 0T [2°2T=09XL°¢/81%+S°01| S9% |9%'1 0'¢ 8T9LT ST-19 91-10)
g 9°G [Gge 0 81 3 8% [g Ot 0T €°0T = 09/029%| 81% [26°0 02 LT 9T1-T0 L1-70
@ aulT]
VL 0°6¥% | 0%°0 9¢ ¢€°0% | ¢ [g°we - [6TPE=09%¢°L/0%2+0° %S| o08v [.8°T1 [1L°22 22 03 1 ¢-HA 2-HN
O°TT | 0°9% | ST'1 o¢ §°%v | LG |gTT 0T [e"T1=09%xL70T/0+2°TT| S%1 |08°L |gu'gr 02%GST 0% T 2-HA | %1-1D
L°0T| 0°S¥% | OT'T 0g 8'2% | L' [2°1T 0T [2°11=09%6"6/282+L 01| OL 28"L |L¥°¢T ST 03 T $T-10 | 1-19%0
0 2ulT
S'g S8 (0550 a1 8L g°g o] 0T [0°L = 09XL°¢/Set+0°Z| 09T |&c'tT |02°¢ CI®vL ol T-19%0| T1-19
L°c 9°'¢ |[ssz'0 81 ¢'s 8°s 01 0T 0°L = 09%¢"2/9%+L°9| g21 |16°'0 |[82°2 $IBST TT-10 21-19
€2 [S9°T |[i61°0 21 1 8°¢ 0T ot L'9 = 09%G°0/002%| 9% gz'o0 |sg'0 ST 21-10 eT-10)
EREG|
66 gTL2 | s2'1 ve 2'%2 | L°s |Lo1 0T |[L70T= 09x.°6/L8+9°01| 282 [s2'% [L8°9 0T 03 1 1-I9%0 | 01-19
g 1810351 ¢ ¢ LT 02°0 21 01 8°G o1 o1 ¢ *| 89 91°'0 [¥2°0 6 0T1-10 6-13
L6 g°L2 | 21 52 o'ce| L's [9°01 0T [9°01= O9xg°6/goc+ 01| L8 $0°% |8%°9 6 03 1 01-10 8-19
S°6 gLz | se'1 72 T°61| 8°S 01 o1 0T = 09%X1°6/88 +8°6| ¢9¢ |o0g°¢ [¥1°S L 03 T 8-10 L-TJ

T6 0BT | G2'T T2 69T 8% 01 0T [6°6 = 09%8°8/502+v°6| a8 %62 9% gor 1 L-T0 9-1
8°8 0°6T | s2°'T 12 §°¢T| 8°s 0t 0T [7°6 = 09%0°8/%%2+6°'8| <0z |¢c°2 9°¢ G031 9-10 S-19
08 g*2T | s2°1 a1 €01 | 8°S 01 0T [6°8 = 09XG°L/191+9°8| ¥%v2 | LL°1 9°2 03 1 g-10 ¢-19

¥V 1815991 | 2°'¢ P S¢°0 21 12 8°g 01 01 < *| ¥ 9¢°0 ) ¢ ¢-10 -1
S L g2t | ge°t 81 L*9 8°g 01 0T  |9°8 = 09%6°G/062+8°L| 19T |S1°T LT 231 ¢-10 2-19
6°S g*21 | se't BT ¢ 8°g 01 01 8°L = 09/0L%x| 062 |%5°0 8°0 1 2-10 1-10
Y 8uT7]

] bl ] 2 n om 6 8 L 9 S v £ F] '
de8 $)0 % g 3)2 | 9H ['ul| uBiseq | ewiy k2] oy
Y : : aulT] semes Buo ' ey .
syiowey qon | dos | edors| org w pesn| oy | 2T 1OMOS PUOIW lyibuet| 'y p |'v'a | on pesy | of | wouy
_ : V) T jojot | jojo} ebbujbuiQ
ubiseq SBINUIN — UO1JDIJUBOUDY) JO Bwl)




VI-12

d, = CAPACITY PER FOOT OF INLET (cfs)
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PUMP STATIONS

7-100. GENERAL

The mechanical lifting of storm water for roadway
drainage becomes economically advantageous when long,
deep gravity outfalls are necessary. In general, gravity
outfalls are desirable but the possible economic gain of
using mechanical lift in lieu of gravity drainage is such
that it certainly behooves the designer to investigate the
mechanical lift design.

This chapter is intended to guide the designer toward an
acceptable pump station design. In addition, pump
manufacturer's and electrical contractor's representatives
can be very helpful in the planning stages. Also, contacts
are necessary with representatives of the utility firms
that might supply power to the station (electricity,
natural gas or diesel fuel.) Upon request, D-5 personnel
will furnish samples of pump station designs and
specifications.

7-200. PUMP STATION

This usually refers to the entire facility required for
mechanically lifting the storm water a predetermined
distance from a gravity inflow to a gravity outfall. The
basic features of a pump station (Figure 1) might include
a wet well sump, pumps, appurtenances, pump house,
and motors and/or engines.

The entire pump station should be protected from
vandals and children by use of fences, locks, etc. When
planning the fencing, adequate provision should be made
for moving trucks and equipment in and out of the
station.

a. Wet Well Sump - The wet well sump receives the
inflow of storm water prior to pumping. The wet
well sump must be designed with provisions for
screening trash and easy access for removing
accumulated trash and silt.

The wet well sump has been constructed gener-
ally in three different ways, 1) as a concrete
caisson formed in sections and sunk into place by
excavating within the limits of the caisson, 2) a
rectangular sump constructed in conjunction
with a retaining wall, where the retaining wall
constitutes one wall of the wet well sump and
the three other walls are added, 3) by excavating
and constructing a rectangular wet well sump in
place.

The concrete slab at the top of the wet well
sump is usually referred to as the pump floor
since the pumps are suspended from this slab.

The flow line of the inflow pipe or box should be
above the cut-off elevation (minimum water
elevation in sump).

. Pumps - The type of pump successfully used by

the Texas Highway Department is an axial flow,
propeller or mixed flow pump. Positive lubrica-
tion is a must, so it is recommended that the
shaft that transmits power to the impellers be
enclosed and flooded with oil at all times. This
prevents infiltration of water that might attack
the shaft and bearings. Lubrication for the lower
bearings, etc. shall be provided by a separate
lubrication line with a lubricant reservoir located
on the pump floor for easy access and obser-
vance.

Two or more pumps are required because of the
factor of safety afforded by multiple pumps.

- Appurtenances - Some device for activating the

motors and/or engines is necessary. Two types of
controls are used. One type utilizes electrodes
mounted on the sump wall at various elevations,
and, as the water rises, contact is made and the
starter relays are activated. The second type, and
the type most frequently used, is a float control
which consists of a float connected to one end of
a steel tape that has a counterweight on the
opposite end. The tape runs over a pulley, and as
the water rises in the sump the float rises and the
pulley rotates to activate the starter relays.

. Pump House - The pump house provides shelter

for the array of electrical equipment, the motors
and/or engines, etc. It is of great importance to
plan for openings of sufficient size to remove
and repair the pumps, engines, motors, etc. and
to provide an adequate number of electrical
outlets and lights for maintenance of the station.

Pump houses are not always provided when only
electric motors are specified. Since weatherproof
electric motors are available, they can be left in
the weather and a simple shelter can be provided
to protect the electrical equipment.

. Motors and/or Engines - The use of electric

motors andfor internal combustion engines
(natural gas or diesel) depends on available power
and its reliability. Many stations operate with
only electric motors, others with internal com-
bustion engines and still others with both an
electric motor and an internal combustion engine
for each pump. Critical situations often require
the consideration of two power sources. One
type might be electrical power to the station
from two separate electrical sub-stations with an
automatic switch that selects the "hot line'.
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Another type is a combination motor and engine
driven pump with automatic provisions for using
either the motor or engine.

7-300. RUNOFF

The maximum rate of runoff is to be determined in
accordance with the procedures outlined in Chapter II.
For the most part small drainage area sizes are associated
with mechanical lifting of roadway drainage, therefore
the method for determining runoff is usually the
Rational Method. It is desirable to limit, as much as
possible, the watershed that will contribute to the
depressed section of roadway. This will hold to a
minimum that runoff which will subsequently be pump-
ed.

7-400. ALLOWABLE HIGHWATER

This is the maximum elevation that storm water is
allowed to pond in the low point of the roadway
section. Properly sized pumps (for the design storm)
should keep the ponded elevation of the storm water
equal to or below the allowable highwater.

7-500. STORAGE
This is the volume of water that can pond in the system
below allowable highwater. This includes surface water
that would be ponded in roadway ditches, in gutter and
travel lanes, pipes, boxes, inlets, wet well sump, etc.
7-600. EXAMPLE PROBLEM
It is required to determine the necessary number and
sizes of pumps to drain a depressed roadway section in
Mud County.

Given: 12.6 Acres in Mud County.

Plan, profile, and low point cross section of
roadway as shown in Figures 2 and 3.

Maximum highwater elevation equals 100.0
feet.

2 or more pumps are required.

Wet Well Sump to be circular, with an inside
diameter of 15 feet.

Lift = 20 feet.

50 year design frequency.

Step 1 -

Step 2 -

Step 3 -

Determine the estimated peak rate of
runoff from the drainage area in question.
This does not represent the total volume
of run-off, only the maximum rate. Q =
CIA (see Chapter II) (Also see Table I).

Determine the available storage in the
system. This storage represents available
space, below the allowable highwater ele-
vation and above pump cut-off elevation,
where storm water can be stored before
flooding occurs.

Sump storage
From Elev. 915

100 = 1,500CF

to Elev.

Pipe storage
200 feet of 48'' dia.
pipe = 2,514CF

Ditches
4 ditches approximately 60 fe{t
long* with water 3 feet
deep = 8,650CF

Total effective ponded volume
below elevation
100.0' = 12,664 CF

*This is the average length of
ditch in which water will be
ponded below elevation 100.0'
feet. The depth of water in the
ditch at the roadway low point is
3 feet.

Select pump size or sizes. Even though
the 50 year design discharge is based upon
a storm duration equal to the time of

ACRES
CXA
D NED
RAI Total te Isg Qs
Pvmt. Sod Pvmt. Sod CA Min in/hr cfs
Ac. Ac. (C=9) (C=24)
4.1 85 3.7 34 7.1 10 ! 8.5 60.4
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concentration (10 minutes), the area can
experience 50 year storms of various
durations. Each duration is associated
with a different intensity. With storage
added as another factor, the system must
be evaluated to determine the adjusted
peak. The adjusted peak will represent the
average pump capacity required.

It is assumed that the rain occurs at a
constant intensity (inches per hour) for a
certain duration (minutes). See Figure 4.
The inflow into the storage area is as-
sumed to vary in a straight line from zero
rate (cubic feet per second) at the begin-
ning of the rain to the point of maximum
runoff rate at a time equal to the time of
concentration. At a time equal to the
time of concentration, the rain ceases (if
duration equals time of concentration),
and runoff rate varies from maximum rate
to zero in a period of time also equal to
the time of concentration. See Figure 4.
If the storm duration is longer than the
time of concentration, the maximum rate
of runoff is not momentary, but con-
tinues at a constant rate until the storm
ceases. See Figure 5. The area under the
rate versus time curve yields the volume
of water to be handled.

~—Design Infensity

£
2
>
fs =
[72]
c
9
E
Duration _J
e
Max.Rate
I ATN
o
2
(=
@
z
°
kS
21
e c

~—Time-Min —

Figure 4

Since the maximum rate of runoff for a specific

intensity is

Q=CIA
Then
Total runoff volume = CIA X Duration
where
Duration = Storm Duration in seconds
and

the total volume (cubic feet) that will flood above

elevation 100.0 feet is

Excess Volume = (CIA X Duration)—(Storage)

and

the average pump capacity (cubic feet per second)

required to remove the flood volume is

_ (CIA X Duration)—(Storage)

Avg Pump Capacity Duration

_—Design Intensity
- i
£ |
S |
£ |
= |
= I
[ nd
o |
= |
|
tc
Duration
Max.Rate
2 | |
T | |
3G | |
E |
= !
tc 1c
Duration

~— Time-Min —=—

Figure §
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TABLE II
DURATION I CA CIA | DxCIA STORAGE  FLOOD AVG.
VOL. VOL. | PUMP CAP.
QxR {Mx@ ®-6) | O-1)
(1) (2) 3 ) €] ©) @) ®)
SECS. In./Hr. CFS CF CF CF CFS
5Min.= 300 Sec. 10.0 71| 710 | 21300 12,664 8,636 28.8
10 Min.= 600 Sec. 8.5 71| 604 | 36,200 12,664 23,536 39.2
15 Min. = 900 Sec. 7.5 7.1 532 | 47,900 12,664 35236 39.2%
20 Min. = 1,200 Sec. 6.7 71| 416 | 57,100 12,664 44,436 37.0
30 Min. = 1,800 Sec. 5.7 71| 405 | 72900 12,664 60,236 335
40 Min. = 2,400 Sec. 5.0 71| 355 | 85200 12,664 72,536 30.2
50 Min. = 3,000 Sec. 45 71| 320 | 96,000 12,664 83,336 27.5
60 Min. = 3,600 Sec. 4.1 71| 291 | 104,800 12,664 92,136 25.6
70 Min. = 4,200 Sec. 3.8 71 { 270 | 113,400 12,664 100,736 24.0
*Design Peak
TABLE IIl
ACCUM. OUTFLOW PER PUMP REMAINING IN SUMP
ELAPSED| INFLOW | INCRE- | ACCUM. | PUMP #1 | PUMP #2 | PUMP #3| 1 PUMP | 2PUMP | 3PUMP |
TIME RATE | MENTAL | INFLOW | 792 CFM | 792 CFM | 792CFM| ON ON ON
@EACH | INFLOW | VOLUME g
MINUTE | VOLUME @-(5) [@-6)-6) [@-6-6-7
(1) (2 &) @) (s) (6) (7 ®) ) (10)
MIN CFS CF CF CF CF CF CF CF CF
0 Begin #1
1 53 @2 Min. | Begin #2
2 10.6 636 636 |1t __ |@4Min. |Begin#3
3 15.9 @ 6 Min.
4 212 | 1,908 2,544 1,584 960
5 26.5
6 31.8 | 3,180 5724 | 3,168 1,584 2,556 972
7 37.1
8 424 | 4452 10,176 | 4,752 3,168 1,584 5424 | 2,256 672
9 477
10 533 | 5724 15900 | 6336 | 4,752 3,68 | 9564 | 4812 | 1,644
11 53.3
12 533 | 6396 22296 | 7920 | 6336 | 4,752 14376 | 8,040 | 3,288
13 53.3
14 533 | 6396 28,692 | 9,504 7920 | 6,336 19,188 | 11,268 | 4932
15 533 | 3,678 32370 | 10296 | 8,712 | 7,028 |22,074 | 13,362 | 6,234
16 417
17 424 | 5724 38,004 {11880 |10296 | 8,712 |26214 | 15918 | 7,206*
18 37.1 —
19 31.8 | 4452 42,546 | 13464 |11,880 |10,296 |29,082 | 17,202 | 6,906
20 26.5
21 212 13,180 45726 |[15048 |13,464 |11,880 |30,678 | 17,214 | 5334
22 15.9
23 106 | 1,908 47,634 16632 |15048 |13464 |31,002 | 15954 | 2,490
24 53 —_
25 0 636 |48270 18216 |]16,632 |15048 | 30,054 | 13,442

* Peak remaining @ 17 Min. is less than 12,664 CF storage, so this combination of pumps will work satisfactorily.

**  All pumps off at approximately 24 minutes elapsed time.
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Figure 6
Now proceed to solve for the maximum re- 5000 gpm = 11.0 cfs
quired average pump capacity as shown in Table 6000 gpm = 13.2 cfs
1I. 7000 gpm = 15.4 cfs
It is found that the average pump capacity 8000 gpm = 17.6 cfs
peaks for a 15 minute duration storm. This 9000 gpm = 19.8 cfs
example with large storage was chosen to 10000 gpm = 22.0 cfs
illustrate the storage effect. There will be sites
where storage is small and will not offer any It appears that 3-6000 gpm pumps (39.6 cfs) will satisfy
adjustment in the peak. When this occurs use the average pump capacity.
average pump capacity = Maximum rate from
Step 1. Since pumps are usually rated in gallons Step 4 - Make an analysis of the proposed pump
per minute, convert several pump sizes to cubic operation using the selected pump sizes,
feet per second and select 2 or more pump sizes and the storm duration requiring the
that will furnish the desired average pump largest average pump capacity. Figure 6
capacity determined from Table II. and Table III is a method for compiling

the necessary information. Figure 6 repre-
The following various pump sizes are arbitarily chosen: sents a plot of the pump operation
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determined in Table III. The inflow rate,
Table III, is the rate of inflow in cubic
feet per second. The inflow volume is the
area under the rate versus time curve
(Figures 4 and 5) for the increment of
time being considered. The starting time
of the pumps can be varied if necessary,
and the objective is to arrange the pump
sizes and operation so that for the design
storm, the pumps will operate such that
at no time will the volume in the storage
area (below elevation 100.0 feet) be
greater than the storage volume deter-

mined in Step 2.

Step 5 - Determine the required minimum horse-
power for the motors and/or engines to

be used.

The following equation is used to deter-
mine the minimum horsepower which is

based upon 80% efficiency.

Req'd Min. Horsepower =

wQh
8x 550

where

w = Unit wt. of water = 62.4 lbs/cu. ft.

Q

Quantity of water to be pumped, cubic
ft./second

h = Height of lift, feet
550 ft.1bs./sec/hp = conversion factor

HP for 1-6000 Gallon per minute pump

_(62.4)(13.2) (20) _
HP 8xs50 314

Use 40 Hp. minimum.

It is not intended that 3-6000 gpm are the only
combination. There are other combinations that would
also operate satisfactorily. This does, however, complete
the example problem in which it was determined that
3-6000 gpm pumps driven by 40 horsepower engines
and/or motors would maintain the maximum highwater
elevation below the allowable highwater elevation
chosen.
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RESERVOIR CROSSINGS
8-100. GENERAL

The following is a description of terms and procedures
that are to be applied in establishing grade lines for
highway embankments, bridges, top of riprap, etc., for
highways that cross or border reservoirs.

8-200. ESTABLISHING STRUCTURE LENGTH

For the completed reservoir condition, a minimum
structure length shall be established that will accommo-
date a 50 year design discharge, and the associated 50
year design flood surface elevation at the crossing shall
be based upon a calculated backwater curve which
begins at the reservoir conservation pool elevation
(Figure 1).Velocity determination through the openings
shall be based upon waterway area below the above
described 50 year flood surface elevation (without wind
effects).

The 50 year design discharge, based on the drainage area
above the highway site (Figure 2) shall be determined in
accordance with Chapter Il and the 50 year flood stage
shall be determined in accordance with Section 3-204.,
Chapter II1.

Since the structures and embankment may be required
to accommodate a 50 year flood prior to impounding
water in a new reservoir, highwater and velocity deter-
mination should be checked based on the natural
conditions. Often natural conditions will produce a
greater highwater elevation than when the reservoir is
completed. If the facility required for a ''state of
nature' condition is considerably more costly than that
which would be required for the condition for a

Flow in natural Strea

NS R

NAN ~ o~ ~ A

Stream bed
Design HW:

/ Backwater Curve

—

completed reservoir, then consideration should be given
to taking a calculated risk where adjustment of the
highway does not precede reservoir impoundment by an
unreasonable length of time.

The reservoir engineers are required to furnish the water
surface elevations at the various affected highways.
However, these water surface elevations required for

establishing structure length should be checked in
accordance with the procedure outlined in Section
3-204., Chapter III. The cross sections required in this
procedure can be obtained from accurate contour maps
which are usually available for the proposed reservoir
area. In order to satisfactorily check for flood surface
elevation and velocity for natural conditions, at least
two sets of ''n" values are required. One set of 'n"
values should reflect completed reservoir conditions.
Clearing of timber within the reservoir basin may greatly
affect these values. This will provide data for obtaining a
50 year flood surface elevation with natural conditions
and a 50 year flood surface elevation for completed
reservoir conditions. A computer program is available for
calculating the above water surface elevations.

8-300. STRUCTURE LOCATION ACROSS FLOOD-
PLAIN

Location of the structure or structures will be in
accordance with procedures outlined in Chapter V which
generally bases the location of the structures upon flow
distribution across the channel section. There are cases
however, when additional openings in the highway
embankment may be needed nearer the borders of the
reservoir to insure reservoir circulation. The location and
financing of these additional openings are to be the
responsibility of the reservoir sponsoring agency.

Conservation Pool
Elevation

L
|ﬁ|<l".

Oy

S5 pam

N <

N/ v
N/NT

Figure 1
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D Drainage area for reservoir

.t Roadway

8-400. ECONOMICS

Economics of bridge versus embankment is, as always, a
factor to be considered. Cost of embankment (usually
ripraped) shall be compared to the cost of a bridge. If
the bridge costs are approximately equal to or less than
the cost of the embankment, a bridge is more desirable.

Further, after becoming familiar with wave runup and its
relationship to various embankment slopes (Figure 5) it
can be seen that by flattening the side slope the wave
runup is decreased, thereby decreasing the minimum top
of riprap elevation, whereas steeper slopes will save
embankment quantity but will increase riprap height.
Therefore it is necessary to study the various relation-
ships to determine the most economic combination of
side slope and minimum top of riprap elevation. The
choice of embankment protection will further affect the
above relationships and costs. The recommended maxi-
mum side slope for application of riprap is 2.5:1.

Additional economic gain might be realized by varying
the side slope, i.e., flatter slopes could be provided for
the range of elevations in which wave runup might be
encountered, and below this range, the slopes could be
much steeper.

8-500. CRITERIA FOR MINIMUM TOP OF RIPRAP
ELEVATION

As a general criteria for establishing minimum top of
riprap elevation, the top of riprap shall be set no lower
than the elevation created by the following condition:

The 50 year reservoir surface elevation
for the entire reservoir plus wind effects

~
\\\\ Drainage areo at reservoir

crossing only.

(wind tide, wave runup) plus a minimum
freeboard of 2 feet (Figure 3). The 50
year reservoir surface elevation shall be
based upon the entire reservoir water-
shed (Figure 2) contributing at the dam
site. The 50 year reservoir surface eleva-
tion will be requested from the reservoir
engineers and shall be based upon an
inflow hydrograph having a peak rate of
inflow approximately equal to the 50
year discharge determined in accordance
with Chapter II for a drainage area equal
to the total contributing reservoir water-
shed. The reservoir shall be at conserva-
tion pool elevation when the 50 year
flood begins. The wind effects will be
determined as outlined below.

Minimum Top of
Riprap Elevation—=~ — 1

1
CC:_—E‘ Freeboard
D ———————————————————
50 Year Reservoir
Surface Elevation Wave

Runup
257
/% Wind Tide

Figure- 3
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Since the minimum top of riprap eleva-
tion on the upstream and the down-
stream side can be different, the mini-
mum top of riprap elevation must be
individually determined for each side.

8-600. CRITERIA FOR MINIMUM LOW SUPER-
STRUCTURE ELEVATION

As a general criteria for bridges, the minimum low
superstructure elevation shall be no lower than the
highest elevation created by either of the following:

Condition I - The 50 year design flood surface eleva-
tion based upon the backwater profile
after reservoir is completed, as described
in Section 8-200., Establishing Structure
Length, plus a minimum freeboard of 2
feet. No wind effects are to be included
(Figures 1 and 4 ).

Minimum Top of Riprap
(50YearDesign Flood

Surface + Freeboard)\

3

i\Minimum Low Superstructure Elev.
[

\
=B
o=y

=%

_2'Min
Freeboard

50 Year Design Flood Surface:

Figure-4

Condition II - The 50 year reservoir surface elevation
for the entire reservoir plus wind effects
(wind tide, wave height) plus a mini-
mum freeboard of 2 feet (Figure 5 ),
The 50 year reservoir surface elevation is
to be based upon the entire reservoir
watershed (Figure 2) contributing at the
dam site. The 50 year reservoir surface
elevation will be requested from the
reservoir engineers and shall be based
upon an inflow hydrograph having a
peak rate of inflow approximately equal
to the 50 year discharge determined in
accordance with Chapter II for a drain-
age area equal to the total contributing
reservoir watershed. The reservoir shall
be at conservation pool elevation when
the 50 year flood begins. The wind
effects will be determined as outlined
below.

If the sponsoring reservoir agency requires a clearance
for the boat traffic in excess of the requirements of

Minimum Top of Riprap Elev.
50Year Reservoir Surface +
Wind Tide+ Wave Runup +

Freeboard————_
-
{

Minimum Low Superstructure Elev. (50 DLE_II

Year Reservoir Flood Surface+Wind =J
Tide+Wave Height +Freeboard §§
—
50 Year Reservoir Surface—
Figure-5

Conditions I and II this is usually provided near the
center of the structure, and the low points of the
superstructure near the header usually are the critical
areas from the standpoint of meeting the criteria for
minimum low superstructure elevation (Figures 6a &
6b). Any additional cost required for boat clearances
will be borne by the sponsoring reservoir agency.

T
+ Low Superstructure_—‘\
v 55
§ [
==
I ===
1= L33
= )
N S
7=

[ L50Yeor Design Flood Surface

Figure-6a

Low Superstructure WhenBoat
Clearance Is Required (50 Year

Reservoir Flood Surface+ Wind 5@:‘:’

Tide +WaveHeight+ Freeboard) L

LSOYeur Reservoir Surface

Figure-6 b
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8-700. DETERMINING WIND EFFECTS

All wind effects determined herein are based upon a 50
mile per hour over water velocity. The 50 mile per hour
wind velocity should be considered minimum and usual.
For unusual wind conditions, a modification will be
required of the method outlined below.

The U. S. Corps of Engineers' method for determining
wind effects on inland reservoirs, as outlined in the
publication ETL 1110-2-8, was modified for Texas
Highway Department use.

Wind effects must be determined for both the upstream
side and the downstream side of the highway crossing.

The procedural order for establishing wind effects
follows the numerical order in which the columns appear
in Table I. For this reason the appropriate explanations
are given under the numerical column heading as
follows:

Col. 1 - The effective fetch is the theoretical dis-
tance that wind moves over the water
surface in the ''fetch' direction. Because
of varying shoreline and complicated wind
patterns, the effective fetch is determined
from a series of radials drawn from the
crossing site both in the upstream and
downstream directions. The assumption is
made, for this area of the country, that it
is possible to get the 50 mile per hour
wind from any direction.

The procedure for determining affective
fetch is as follows:

a. Secure an accurate plan of the reservoir
with highway locations shown.

b. Place the central point of the trans-
parency (Figure 7a) on the highway
centerline that crosses the reservoir and

SITE Effective Wave Wave Avg. Wave Design Wave Rough Emb. Runup Wave wind
LOCA-| fefch Height Length Water Breaking Wave | Steepness or Slope Ratio Runup Tide
TION u L Depth Height Height Smooth Ratio
° 0 R Siope
200 from % P X
Fig.8 Fig.8 Emb. | 78x@ col® Fig.9 ©0 Fig10,
or
A 78 D col®
Ft.
or
Mi. Ft. Fi. Ft. Ft Ft. Ft. Ft
O] ® ©) @ ® ® @ ® © (0] ®
8| 7s 57 1o 6.5 5. 5.1 00429 | Rough 30 121 6.7 0.8¢
SH |
D.S. 3 38 72 5 39 38 00536 Rough 3 1.67 6.30 1.1
TABLE I

record in tabular form (Table II) the
length of each radial from the central
point to where the radial touches a
land surface (extension of lines may be
necessary). Calculate an effective fetch
as illustrated by Table II. If another
highway crossing lies in the path of the
radials, the radials that intersect at the
bridge openings would go on through
to a land surface while those that
intersect the embankment will termi-
nate (Figure 7b).

c. Rotate the radials to another position
and repeat step b. Various positions of
the central point on the highway cen-
terline as well as various locations
rotated about the central point will
yield several effective fetch distances.
The greater of these is the design
effective fetch.

Central Radial

e

/









TABULATION FOR CALCULATING EFFECTIVE FETCH

TABLE I

Radial
Angle Cosine length Product
Radial from Length parallel
number Central of of each to central of
radial radial radial
Angle (Miles) (Miles) 3)x(®4)
¢)) (2 3 @ &) ©
1 42° 743 133 0.99 0.736
2 36° 809 2.70 2.18 1.764
3 30° 866 2.89 2.50 2.165
4 24° 914 322 294 2.687
5 18° 951 6.49 6.17 5.868
6 12° 978 12.64 12.36 12.088
7 6 995 16.95 16.87 16.781
8 0° 1.000 16.71 16.71 16.710
9 6 995 1231 12.25 12.189
10 12° 978 11.74 11.48 11.227
11 18° 951 6.39 6.08 5.782
12 24 914 5.87 537 4.908
13 30° .866 5.59 4.84 4.191
14 36° .809 346 2.80 2.265
15 42° .743 341 253 1.880
13.512 101.241
Effective fetch Fpg = 101.241 _ 7.5 miles.

13.512
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d. Steps b. and c. are to be repeated for
the opposite side of the crossing in
order to determine the design effective
fetch for both upstream and down-
stream directions.

Wave heights (Hg) are determined from
Figure 8.

Wave length (L) is also determined from
Figure 8. This wave length is measured
from trough to trough or crest to crest.

Average water depth (D) approximately
200 feet from highway embankment. D is
measured from the bottom of the reser-
voir to the 50 year reservoir surface plus
wind tide.

Maximum height of wave before breaking.
Waves are generated by wind over open
water areas. The depth in the generating
area is not a parameter for determining
the wave height generated; however, as the
waves reach areas of less depth closer to
the highway embankment, the wave
height characteristics tend to change.
Theoretically, the maximum wave height
cannot exceed 0.78D, where''D" is the
depth of water (from the 50 year reservoir
surface plus wind tide to the bottom)
without wave action. After breaking, the
waves tend to reform, with lower heights
equal to .78D, within a distance equal to a
few wave lengths.

Design wave height - Either Col. 2 or Col.
5 whichever is less.

Wave steepness - Design wave height (Col.
6) divided by wave length (Col. 3).

The embankment slope must be classified
rough or smooth in order to determine the
proper wave runup. Also, the type of
proposed embankment protection must be
known. Rock type riprap is considered
rough, while soil cement riprap, concrete
riprap, etc. is considered as smooth.

Embankment slope ratio. (2 1/2:1, 3:1,
etc.)

The runup ratio is determined from Figure
9, using the wave steepness (Col. 7) and
the embankment slope ratio (Col. 9).

Wave runup is determined by multiplying
the runup ratio (Col. 10) by the design
wave height (Col. 6).

Col. 12 - Wind tide or "setup" is the "piling up" of
water in the face of a sustained wind
blowing across a water surface. Wind tide
is determined from FigurelO, which is
based upon the Zuider Zee formula devel-
oped by Dutch engineers. Note that the
depth for determining wind tide is the
average depth along the wind tide fetch
line. For direction of the wind tide fetch
line, draw a line outward from the high-
way crossing, in the direction being inves-
tigated, that would represent the maxi-
mum single fetch distance (independent of
radials used for determining effective
fetch). The length of the wind tide fetch is
twice the calculated effective fetch.

8-800. RIPRAP

For highway embankments crossing reservoirs, it is the
usual practice to provide embankment protection. The
design thickness for the three most commonly used
types of embankment protection are reviewed below.
The determination of the minimum top of riprap
elevation is covered elsewhere in this chapter.

8-801. ROCK RIPRAP

This type of riprap consists of loose rock, varying in size
depending on design, placed on a bedding usually not
less than 6 inches in thickness (Figure 11). The rock
riprap thickness may be determined from the nomo-
graph shown in Figure 12. The nomograph was deve-
loped by the U. S. Corps of Engineers.

8-802. SOIL CEMENT RIPRAP

Soil Cement riprap has been successfully and economi-
cally used where the proper materials are available
locally. It is installed in horizontal layers usually 6
inches in thickness and a usual width of 8 feet (Figure
13).

One advantage to soil cement riprap is the fact that it
can be incorporated as a part of the embankment, which
in turn reduces the amount of embankment material
that would ordinarily be required when riprap is used.

8-803. CONCRETE RIPRAP

This consists of a reinforced concrete blanket on the side
slopes of the highway embankments. Concrete riprap has
a usual thickness of 5 inches. Concrete riprap, although
less commonly used than rock riprap or soil cement
riprap, has its place, in certain cases, as an effective
means of protecting the embankment.
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Over water wind Vel=50MPH

Avg.D = 35Ft.
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oo
oo
|

[4
o

i lunl

/

/
A

[4 ]

1 lllllll

F —2 X Eff. fetch(mi.)
o
/

1

Illlll

o
o

WIND TIDE

/
V - Over-water velocity(mph)

20 —




VIII-12

EXAMPLE.

GIVEN: | Embankment Slope, Cot.a=3
2, 6 Specific Gravity of Rock, G=2.6
4 Wave Height, H=4 1.

Entering these values in the Nomograph in the order shown,
the following values are obtained:

5 Median Rock Size WA=112 |b.

7 Riprap Thickness, T=16in.

Riprap Groduation:

Wmax.24 Wa =448 |bh.
Wmin.=!a@.=|4|b.
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THICKNESS OF
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9-100 GENERAL

This chapter comprises a general discussion on
pipe culvert strengths. Also, there are tables in-
cluded for determining design loads for concrete
pipe, and wall thickness for metal pipe. The
tables are based upon fill heights.

9-200 METAL PIPE

Metal pipe strength is a function of the metal
wall thickness or gage of metal required to
support a certain fill height over the pipe. Tables
I, II, HI and IV directly provide the required
gages for different fill heights and for various
corrugations of aluminum and steel full-circle
pipe. Fill height tables are not provided for field
assembled structures such as structural plate
pipes, special structural plate shapes, and long-
span structural plate structures. The design of
the field assembled structures is not readily
represented by tables; therefore, D-5 will pro-
vide design information upon request.

The fill height tables for metal full-circle pipe are
based on a soil weight of 120 pounds per cubic
foot. The tables are also based upon full-circle
steel and aluminum pipes that have either riveted
seam, lock seam, or welded seam, except for the
5"x1"(125mm X 25mm) corrugated steel pipe.
The 5”x1” (125mm X 25mm) gages shown in
the fill height table (Table II) are based upon
only lock seam or welded seam construction, not
riveted seam. For 5"x1” (125mm X 25mm)
pipe with riveted seams, gages must be com-
puted. A maximum allowable deflection, mea-
sured along the vertical axis, of the pipe is 5% =+
of the full circle diameter. This 5% =+ deflection
will also be allowed during construction but shall
not be exceeded.

Steel and aluminum pipes are considered to be
flexible conduits, and the required earth loads
and wall thicknesses for corresponding fill
heights are determined in accordance with the
appropriate sections of the AASHTO Standard
Specifications for Highway Bridges.

9-300 CONCRETE PIPE

Concrete pipe is a rigid conduit consisting of
both concrete and reinforcing steel and therefore
the final design of the pipe walls is not specified
on the plans. The required strength of the con-
crete pipe is specified on the plans by giving the
D-load that the pipe will be required to support
in the test for acceptance. With this designated
loading the manufacturer can determine the
most economical structural design of the pipe
walls and reinforcement which comply with the
applicable ASTM specification.

The D-load is defined as the load on the concrete
pipe in pounds per linear foot of pipe per foot of
diameter. The D-load is written as a number fol-
lowed by (-D), i.e., 1350-D. It is written in this
manner because 1350 is not the total load, but
only the load per foot of pipe length per foot of
diameter. The 1350 must be multiplied by the
pipe diameter (in feet) to obtain the total loading
per foot of pipe length.

The design load (D-load) for concrete pipe is
given in Tables V, VI, VII, and VIII, and is
primarily dependent on soil weight, the height of
fill above the pipe, the installation conditions,
trench widths, bedding and live loads. The soil
weight used for preparing the tables is 120
pounds per cubic foot. Live loads are
determined using current AASHTO methods,
and the design loads for the various pipe
diameters and corresponding fill heights are bas-
ed upon the American Concrete Pipe Associa-
tion Design Manual (Rev. 1978).

There are four basic installation conditions for
concrete pipe. Each are represented in Figure 1.
The installation conditions usually encountered
in highway construction are trench condition,
and positive projection condition. In order to
establish trench conditions the minimum trench
shapes must conform to those shown in Figure
2,



IX-2

The negative projection condition and the in-
duced trench condition both represent condi-
tions which are ordinarily artificially created,
and are therefore more costly than the two more
common installations. In fact, induced trench
and negative projection normally become cost-
effective only when fill heights approach 30 feet.
D-5 can assist if it appears there might be some
advantage to creating induced trench or negative
projection conditions.

Bedding is very influential in determining the re-
quired pipe strength. The four recognized classes
of bedding are depicted in Figure 3. The most
common classes of bedding are Class B and
Class C. Class C is the most economical and
Class A the most expensive. However, for a
given fill height, Class A bedding will require the
lowest pipe strength, and Class C the greatest
strength. The selection of the bedding should be
based upon designing the most cost-effective
facility.

The Department’s specifications have for many
years specified certain excavation widths for
measurement and payment. The widths specified
are: Outside diameter (O.D.) +2' for 42" and
less inside diameter (I.D.), and O.D. +4' for
greater than 42" I.D. These specification widths
were used in the preparation of the D-Load Ta-
bles. For the trench widths to be effective under
field conditions, the trench wall heights must be
in accordance with those shown in Figure 2.
Positive projection conditions need not conform
to any specified width.

If specific site parameters vary by more than
5% + from the assumptions on which the tables
are based, earth loads should be calculated;
otherwise, the tables will suffice. File D-5 will as-
sist when requested to do so.

When the required pipe strength exceeds a
D-load of 3000-D, the structural design of the
pipe can fall in a special design category. This
alone can increase the cost because such pipe is
not usually a standard stock item. Often, with
high strength pipe, refinement of parameters
such as bedding, soil weight, and/or trench
width is warranted, because the final computed
D-loads are much more sensitive to these
parameters than when lesser D-loads are en-
countered. In this area of design even the use of
Class A bedding may prove to be cost-effective.
The concrete pipe manufacturer should be con-
tacted to assist with estimates for the various
design alternatives when earth loads exceed
3000-D.

It is recommended that pipe strengths be speci-
fied as indicated below to reduce the number of
bid items and simplify the administration of a
project:

For D-loads Up to 800-D Use 800-D
Above 800-D to 1000-D 1000-D
Above 1000-D to 1350-D 1350-D
Above 1350-D to 1700-D 1700-D
Above 1700-D to 2000-D 2000-D

Above 2000-D 500-D
Increments

The actual computed D-load may be specified
for bidding purposes, without adhering to the
increments above, but this should occur only
when there is a sufficient quantity of a pipe size
to warrant the manufacture of a specific D-load.
Because conditions vary across the State, the
manufacturers should be contacted to confirm
any suspected advantage.



IX-3

9-400 STRENGTHS FOR JACKED PIPE

For jacked pipe there are two loads to be aware
of when establishing strength requirements. One
is the axial or thrust load caused by the jacking
forces applied during construction and the load
due to earth cover and live loads.

The earth and live loads have already been
covered in this chapter.

For axial loads, the cross-sectional area of a
standard concrete pipe wall is adequate to resist
stresses encountered in normal jacking opera-
tions, if certain construction techniques are

N N

Origing!
ground surfece

Original ground surfec

Positive
Projection

Negative
Projection

Top of Embonkment

followed. To prevent localized stress concentra-
tions, it is necessary to provide relatively
uniform distribution of the axial loads around
the periphery of the pipe. This requires that the
pipe ends be parallel and square for uniform
contact, and that the jacking assembly be
arranged so that the jacking forces are exerted
parallel to the pipe axis. If excessive jacking
pressures are anticipated due to long jacking
distances, intermediate jacking stations should
be provided.

In summary the strengths required for earth and
live loads are more than adequate to withstand
the axial loads of a normal jacking operation if
the above requirements are met.
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Corrugated Steel
2 2/3" x 1/2" Corrugations
Full Circle Pipe

Min.
ngV§;3 Thickness
Pipe to :
Pipe Top of 0.064 In. 0.079 In. 0.109 In. 0.138 In. 0.168 In.
Diameter Subgrade 16 Gage 14 Gage 12 Gage 10 Gage 8 Gage
Inches Maximum Fill Height Above Top of Pipe in Feet*
12 12 112 122 157 164 1m7m
15 12 90 97 125 131 137
18 12 75 81 104 109 114
21 12 64 70 82 94 98
24 12 56 60 69 78 86
27 12 50 54 60 67 73
30 12 49 51 55 59 65
33 12 41 44 52 55 59
36 12 37 41 49 52 55
42 12 4 45(57) 46(90) 49(94) 50(98)
48 12 - 43(50) 44(78) 46(82) 47(86)
54 12 - _A43 43(70) 44(73) 45(76)
60 12 - - 43(63) 43(66) 44(69)
66 12 - - - 43(60) 43(62)
72 12 - - - 43(55) 43(57)
78 12 - - - - 42(53)
84 12 - - - - 42(49)

* Fi11 hts. in ( ) apply when pipe is 5% vertically elongated prior to installation.

Note: Thickness in inches, as shown above, refers to the coated metal after
galvanizing.

The bold Tine in the gage columns is drawn below the maximum diameter
allowed for that gage.

TABLE I



Corrugated Steel
3" x 1" or 5" x 1"
Full Circle Pipe

Min.
ngvgg, Thickness
Pipe to
Pipe Top of 0.064 In. 0.079 In. 0.109 In. 0.138 In. 0.168 In.
Diameter Subgrade 16 Gage 14 Gage 12 Gage 10 Gage 8 Gage
Inches Maximum Fill Height Above Top of Pipe in Feet*
48 12 48 52(60) 56(89) 61(107) 66(118)
54 12 43 48(53) 52(79) 55(95) 58(105)
60 12 38 46(48) 49(71) 51(85) 53(95)
66 12 35 43 47(65) 48(78) 50(86)
72 12 32 40 45(59) 47(7) 48(79)
78 12 29 36 44(54) 45(66) 46(73)
84 12 - 34 43(51) 44(61) 45(68)
90 12 - 32 43 44(57) 44(63)
96 12 - 30 43 43(53) 44(59)
102 24 - 28 42 43(50) 43(56)
108 24 - - 39 42 43(53)
114 24 - - 37 42 42(50)
120 24 - - 35 42 42

* Fi11 hts. in ( ) apply when pipe is 5% vertically elongated prior to installation.

Note: Thickness in inches, as shown above, refers to the coated metal after
galvanizing.

The bold Tine in the gage columns is drawn below the maximum diameter
allowed for that gage.

TABLE II



Corrugated Aluminum
2 2/3" x 1/2" Corrugations
Full Circle Pipe

Min.
ngvgg, Thickness
Pipe to
Pipe Top of 0.060 In. 0.075 In. 0.105 In. 0.135 In. 0.164 In.
Diameter Subgrade 16 Gage 14 Gage 12 Gage 10 Gage 8 Gage
Inches Maximum Fill Height Above Top of Pipe in Feet

12 12 45 45 77 - -
15 12 36 37 56 - -
18 12 28 30 36 43 49
24 12 22 23 25 28 31
27 12 20 21 23 25 27
30 12 18 18 21 23 24
33 12 16 17 20 21 22
36 12 - _15 19 20 21
42 12 - - 19 19 20
48 15 - - 18 18 19
54 16 - - 17 18 18
60 16 - - - 16 18
66 18 - - - 12 15
72 20 - - - 18 _ 1
78 20 - - - - 9
84 20 - - - - 7

Note: Thickness in inches, as shown above, refers to the clad sheet.

The bold Tine in the gage columns is drawn below the maximum diameter
allowed for that gage.

TABLE III



Corrugated Aluminum
3" x 1" or 6" x 1" Corrugations
Full Circle Pipe

Min.
ngvgg, Thickness
Pipe to
Pipe Top of 0.060 In. 0.075 In. 0.105 In. 0.135 In. .164 1In.
Diameter Subgrade 16 Gage 14 Gage 12 Gage 10 Gage Gage
Inches Maximum Fill Height Above Top of Pipe in Feet

30 12 27 30 35 41 46
36 12 23 24 28 30 34
42 14 21 22 24 26 28
48 16 20 20 22 23 24
54 18 19 19 20 21 22
60 20 _18 19 20 20 21
66 22 - 18 19 19 20
72 24 - 17 19 19 19
78 26 - - 18 18 19
84 26 - - _15 18 18
90 24 - - - 16 18
96 24 - - - 14 16
102 30 - - - - 14
108 30 - - - - 12
114 30 - - - - 10
120 30 - - - - 8
Note: Thickness in inches, as shown above, refers to the clad sheet.

The bold Tine in the gage columns is drawn below the maximum diameter

allowed for that gage.

TABLE IV
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X-1

DOCUMENTATION
10-100. GENERAL

The thoroughness of any hydrologic and hydraulic study
will certainly depend upon the nature of the stream
being crossed. The preparation of any study, however,
shall follow the guidelines outlined in this manual.

There are generally two conditions whereby hydrologic
and hydraulic design data is submitted. One involves
data that is to accompany all hydraulic structures which
are submitted for preliminary review and approval prior
to design of the structures. The other involves data to be
presented in all plans (not on supporting papers but
included in the plans) submitted for PS&E processing.
Pertinent hydrologic and hydraulic information, covered
elsewhere in this chapter, is to be included in both types
of submissions and the inclusion of data for preliminary
review does not relieve submission requirements with
PS&E.

10-200. HYDROLOGIC AND HYDRAULIC DESIGN
FILE

The complete hydrologic and hydraulic design data file
for all waterway crossings will be maintained by each
District. This complete file could include such items as
structure investigated, photos, cost estimates, runoff
investigations, drainage area maps, general statements
concerning historical highwater, vicinity maps, contour
maps, history of performance of existing structures,
information on upstream control structures, pump sta-
tion design, etc.

This listing is not all inclusive but is termed ""Complete
File" to indicate the filing of all minor or major
investigations that went into the decision that fixed the
size of the waterway opening or openings for a specific
site or project. Again, it is the responsibility of the
District to maintain the complete design file.

10-300. SUBMISSION DATA
10-301. EXISTING LOCATIONS

Refer to Section 2-204.12, EXISTING LOCATIONS, of
the Bridge Division Operation and Planning Manual.

When the proposed highway alignment follows an
existing location, each existing structure must be viewed
by the Engineer with the thought in mind of improving,
paralleling, extending or replacing the existing structure
or structures or of leaving the structure unchanged. A
portion of the decision should rest upon the deter-
mination of whether the existing structure is hydrau-
lically too small, too large, or adequate. For instance, at
sites which require extensions of originally overdesigned
culverts or the addition of a new bridge structure to
parallel an originally overdesigned bridge, the design
requirements may be satisfied by extending the old

culvert with a smaller size or the new bridge may be
shorter than the old bridge. The opposite may be true, in
that the existing structure is found, by hydraulic
analysis, to be under-designed; in which case, an enlarged
structure may be necessary to accommodate the design
flood.

Due to the numerous problems requiring solutions,
sufficient data must be gathered by the Engineer to
justify the action taken at a 'site with an existing
structure. As a minimum, the pertinent hydrologic and
hydraulic information required on the plans or in a
preliminary submission would include a drainage area
size, design frequency, a design discharge, the calculated
design highwater, and data concerning observed high-
water.

10-302. NEW LOCATIONS

The pertinent data, for new locations, to accompany
preliminary structure submissions or to be presented in
the plans may or may not include all data contained in
the complete design file. Required data for various
hydraulic facilities is outlined below:

a. Bridges - Include for bridge type structures, the
design discharge with the hydrologic method
used, the design frequency, drainage area size,
design highwater and an elevation versus dis-
charge curve based upon natural stream cross
section and natural conditions, or pertinent
information to show how the design highwater
was determined, observed highwater with dates
(if available), '"through-structure' velocity, area
below design highwater on a plane normal to
stream flow at flood stage within the limits of
the bridge type structure, a cross section of the
entire flood plain showing Manning's ''n"' value
for various subareas, natural channel velocity,
and backwater created by the proposed struc-
ture. (Figure 1)

b. Culverts - For culverts the plan requirements can
be met by including in the plans, a reproduction
of the culvert computation sheet (Figure 2) and
a drainage area map (Figure 1) with runoff
computations for the design frequency. All
culvert cross sections should be plotted to a scale
1" = §' or 1" = 10' horizontally and vertically.
Flow line elevations at upstream and down-
stream ends should be shown together with such
other dimensions as necessary for clarification.
For skewed culverts, the skewed length shall be
shown, and the skewed length shall be used in all
hydraulic computations for skewed culverts.

¢. Storm Sewers - For storm sewers, the standard
inlet computation sheet, the storm sewer compu-
tation sheet, the storm sewer plan-profile sheets,
a complete drainage area map with runoff com-
putations, the design frequency, and complete



information on outfalls and existing sewers shall
be included in the plans and with all preliminary
storm sewer submissions. It is desirable that the
storm sewer drainage area map show an outline
of the trunk line, lateral and inlets, and also the
outfalls for the system and the existing sewers
affecting the proposed system should be clearly
indicated. There should be sufficient arrows to
indicate the direction of overland flow and also
to indicate direction of flow in the sewer system.

d. Pump Stations - For a preliminary submission, a
pump station design should include the data
similar to the example problem in Chapter VII.
For plan presentation the pertinent data should
include drainage area map, design frequency,
discharge, maximum allowable highwater, cut-off
and cut-on elevations, pump sizes, etc.

The intent here is not to limit the data to only that
listed above, but rather it is to establish a minimum
requirement consistent with the proper hydraulic design
procedures. If extenuating circumstances are such that
the hydraulic structure is sized by other than normal
design procedures, a narrative summary shall be included
in the construction plans outlining the circumstances
and reasons the proposed size was selected.

If something other than hydraulic design dictates the
roadway grade line and length of opening, this shall also

be stated. In this case however, there still should be
included a drainage area size, a design frequency, a
design discharge, and a calculated highwater.

10-400. MISCELLANEOUS PLANNING DETAILS

Bridge Pier Alignment - When a new structure is
to parallel an existing structure, the span, skew
angle and shape of the piers or bents of the
existing structures should be considered in
determining the location of the new piers or
bents, so that turbulence and/or obstruction to
flow is kept to a minimum.

Improved Culvert Entrances - No improved
inlet designed for culverts is to be skewed
(Figure 3). The physical dimensions of the
improved inlet are critical to the design and
must not be altered (also see Section 4-603 and
4-604, Chapter IV).

10-500. FORMS

The computation forms listed below are available by
ordering from File D-4.

Form 1264  Culvert Computation Sheet

Form 1020  Inlet Computation Sheet

Form 1021  Storm Sewer Computation Sheet

Form 1290  Stream Water Surface Profile
Computation Sheet
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INDEX
Allowable headwater elevation

Allowable highwater, pump stations

Backwater
Balcones regional curve
Borrow pits (in stream)
Bridges
Bridge design
Multiple structures
Single structures
Bridge pier alignment
Bridge terminology
Broken-back design procedure

Bulletin 6311 (discharge determination)

Capacity of Inlets at sags, chart
Capacity of Inlet on grade, chart
Class of bedding
Coastal regional curve
Commons' curves
Conveyance curves
Critical depth
determination
discussion
nomographs
arch
box
circular
elliptical (oval)
Critical slope
determination

discussion

1I-13
I-2
i,V-1

V4
V3
X-2
V-l
IV-59
111

VI-14
Vi-12
IX

II-15
11-4,11-8
V4

IvV-9
Iv-2

1v-49
Iv-13
IvV-25
1v-39

IvV-9
Iv-2



Culverts
Culvert design
broken-back
data
flow (procedure) chart
procedure
trial size
Culvert entrance loss coefficients, table
Culvert terminology

Culvert types

Depth of flow determination (open channels)

Design aids - general

Design file

Discharge determination

Ditch Retards

D-load

Documentation

Drainage area characteristics

Drift

Energy dissipators

Entrance coefficients, table

Entrance control

general
nomographs

arch
box
circular, concrete
circular, metal
elliptical (oval)

Erosion control, channels

Existing structures, data

i, Iv-1

Iv-59

V-8
V-6
Iv-6
Iv-12
Iv-1
Iv-1

I1I-1

X-1
II-1
III1-8
IX-2
i, X-1
I-1
I3
IV-65
IvV-12

V-2

Iv-55
1V-17
1v-29
IV-31
1V-45
I11-8
12, X-1



Field Surveys
Fill height for RCP, CSP, Corrugated Aluminum Pipe
Flared inlet design

box

circular pipe
Flared inlet nomographs

box

circular pipe
Flared inlet nomographs

box

circular pipe
Flow distribution
Flow in triangular channels, nomograph
Flow through bridges, discussion
Forms for hydraulic computation
Frequency, design, table and discussion
Full flow friction slope, box culverts, nomograph
Full flow, head loss, nomograph

arch

box

circular, concrete

circular, metal

elliptical (oval)

Gaged stream data, discharge determination

General rules, sewer pipe sizing

Headwater

Highwater elevation

Hydraulic gradient

Hydraulic jump, nomograph
circular

rectangular

1V-11
IV-10

Iv-21
1v-10

V21
v-37
V4
VI-9
V-l
X-2
111
VI-15

IvV-57
IV-19
1v-33
IV-35
1v-47

I1-2
VI-3

ii

VI3

IV-63
IV-61



Hydrologic information sources

Hydrologic methods

Impact basin
Imperfect trench conditions
Improved inlet design

box

circular pipe
Improved inlet nomograph

box

circular pipe
Inlets and manholes
Inlet capacity at sags, chart
Installation conditions, pipe
Interception of flow, chart

Introduction

Low steel elevation criteria, reservoir crossings

Manning's roughness coefficients, table
Multi-section method (many - section method)

Multiple bridge structures, discussion

'n' values, table
Negative projection conduits
Non-skewed improved inlets

North Texas regional curve

Open channels

Operations (culverts)
Type I
Type Il
Type Il A

1I-1
II-1

IV-66

Iv-11
Iv-10

1v-21
Iv.37
VI-1
VI-12
IX
VI-13

VIII-3

III-11
II1-6
V-3

I11-11
X
X-2
II-11

i, ITI-1

Iv4

Iv4
V4



Type lII B
TypeIV A
TypeIVB
Outlet control, general
QOutlet velocity
control
culverts

general

P.S.&E. requirements
Pipe strength
Ponding storm sewer system
Positive projection conduits
Preliminary submissions
Pump stations
design, example problem
runoff

storage

Radial energy dissipators
Rainfall intensities
constants, table

nomograph

Rational method, discharge determination

Regional (Commons)discharge determination

curves
discussion
index map

Relief bridges

Reservoirs

Reservoir crossing

Iv-3

IV-59
IvV-6

IV-66

II-21
119
II-3

II-11, 1115, 1117
114

I1-8

V-3

i, VIII-1



low superstructure elevation

structure length

structure location

top of riprap elevation
Riprap

culvert outlet

TESeIvoir crossing
Rock-riprap thickness, nomograph
Runoff

Runoff coefficients, table

Sewer pipe sizing, general rules
Sewer run design
Sills
Single-section method
Spur dikes
Square roots, table
Stage-discharge curve
Stilling basin
Storm sewers
Storm sewer design/analysis
example problem
runoff determination
Step-backwater method
Stream course data
Submission data
existing locations

new locations

Tailwater
Tailwater determination
Tandem culverts

Tapered inlet nomographs

IV-65

VIII-2, VIII-8
VIII-12

i, II-1

1120

VI3
VI-2
IV-65
11I-1
V-6
I11-13
III-1
1V-66
i, VI

vi4
VI-1
II1-6
I-1

X-1

ii

I1I-1
IvV-2,1v.-6



box

circular pipe
Trapezoidal channels, nomograph
Trench conduits
Two-section method

Two-thirds power, table

Uniform flow discussion
Uniform flow nomographs
arch
box
circular

elliptical (oval)

Velocity control devices
Velocity, general
Velocities of runoff, table
Velocity nomographs
arch
circular

elliptical (oval)

Wave length and height, nomograph
Wave steepness, chart

West Texas regional curve

Wind effects, reservoir crossing

Wind-tide nomograph

Iv-21
Iv-37
111-3
IX
II-2
I1II-14

IV-51
IV-15
Iv-23
Iv-41

IV-59

II-28

IV-53
1v-27
Iv43

VIII-9
VIII-10
I-11
VIII4
VIII-11
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