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(\ Chapter 1 : HDS 4

Introduction

Go to Chapter 2

1.1 General

Highway hydraulic structures perform the vital function of conveying, diver
water from the highway right-of-way. They should be designed to be comment

g, or removing surface
gie with risk,

provide complete drainage control.

Drainage design covers many disciplines, of which two are hydrol raulics. The determination
of the quantity and frequency of runoff, surface and groundw ' gic problem. The design of
structures with the proper capacity to divert water from the ro e water from the roadway,

and pass collected water under the roadway isah

This publication will briefly discuss hydrologic techni
small drainage areas, since many compo
etc.) service primarily small drainage ar

with phasis on methods suitable to
[nage (e.g., storm drains, roadside ditches,
hy®raulic concepts are also briefly discussed,

followed by open-channel flow principles an ign apiPcations of open-channel flow in highway
drainage. Then, a parallel discussion uit concepts and applications in highway drainage
will be presented. The concluding ' Introduction to energy dissipation, construction,
mai ntenance, and economic issu casesMletailed design criteria and standards are provided

primarily by reference, sincet

components of high drain d to serve primarily as an "Introduction to Highway Hydraulics."

age Facilities

can be broadly classified into two major categories based on construction:
1. open-channel or
2. closed-conduit facilities.

Open-channel facilities include roadway channels, median swales, curb and gutter flow, and others.

Closed-conduit facilities include culverts and storm drain systems. Note that from a hydraulic
classification of flow condition, open-channel or free-surface flow can occur in closed-conduit facilities.

Figure 1 shows atypical divided highway where a variety of open-channel and closed- conduit facilities
are needed to drain the highway. Starting at the outer edge of the right-of-way are the intercepting



channels on the natural ground outside the cut-and-fill or on benches breaking the cut slope. In an arid
region, intercepting channels (or dikes) may also be used for great distances along the roadway to capture
overland flow runoff from large upstream watersheds. Next are the roadway channels between the cut
slope and shoulder of the road and the toe-of-slope channel s which take the discharges from the roadway
channels and convey it along or near the edge of the roadway embankment to a point of disposal. A
shallow depression or swale drains the median to an inlet that conveys water to the culvert. The culvert
itself provides for cross drainage of arelatively large stream channel.

1.3 Design Philosophy

The primary purpose of highway drainage facilities is to prevent surface runor\giQm reaching the
roadway, and to efficiently remove rainfall or surface water from the roadwg '
(whose occurrence, in time or magnitude, cannot be forecast accurately) aga i@itYal construction
cost. Since thisis not easy to accomplish, it is customary that a partj ncy be selected for
each class of highway to establish the design discharge for sizing lities. Thisdesign
frequency is then adjusted based on evaluating a check flood or the risk involved
considering traffic conditions, structure size, and value of adj
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Figure 1. Typesof Highway Drainage Facilities

For costly or high risk facilities, arange of discharges with arange of flood frequencies are used to
evaluate drainage facilities. The range of floods considered usually includes the " base flood" and
sometimes the "super flood." The base flood is defined as the flood (storm or tide) having a one percent
chance of being equalled or exceeded in any given year. Thisflood is also referred to as the 100-year
flood, meaning that over an infinite period of time this flood will be equalled or exceeded on average
once every 100 years. A super flood is significantly greater than the base flood. For example, a0.2



percent discharge (a 500-year flood) is one possible super flood. Note that it is seldom possible to
compute a 0.2 percent discharge with the same accuracy as the one percent flood; nevertheless, it does
draw attention to the fact that floods greater than the one percent flood can occur. Such floods (super
floods) may be defined as a flood exceeding the base flood, whose magnitude is subject to the limitation
of state-of-the-art analytical practices. Other floods considered include the overtopping flood, maximum
historical flood, probable maximum flood, and design flood.

A range of floods is also typically assumed to evaluate pavement drainage design. Pavement drainage is
normally designed for the 10-year flood, except in sag vertical curves where water cannot escape other
than through a storm drain. In these locations, a 50-year event is often used for design to prevent ponding
to a depth that could drown people if they were to drive into it. The use of alesser frequency event, such
as the 50-year storm, to assess hazards at critical locations where water can $@Rd to appreciable depthsis
commonly referred to as the check storm or check event. The spread of water e pavement during a
check storm can also be evaluated, with atypical criteria being at least one fic open during the
check event.

One way to select the design flood frequency is through the concept giisgs ablishing the
least total expected cost for the structure. This concept considerst ¥ cQsts, maintenance costs, and
the flood hazard costs that are incurred due to damage by ar g0 ents. The flood frequency
that generates the |east total expected cost for the life of the pr . ] b@the one chosen for the
design of the structure. ’

1.4 Metric System

reds of years. The S| metric systemisan
dern day metric system established by international
recelved throughout the world and provides a

abbreviation for International System
agreement in 1960. The Sl system h
standard international language

Appendix A summarizes the u arly asit relates to highway drainage design. Additional
information is avai @8 se materials for the Federal Highway Administration, National

Highway Institute C& ] etric (Sl) Training for Highway Agencies."

Go to Chapter 2




(\ Chapter 2 : HDS 4

4 Estimating Storm Runoff from Small Areas

Go to Chapter 3

2.1 General

Thefirst step in designing a drainage facility is to determine the quantity of Wiater the facility must carry.
The hydrologic analysis required to estimate discharge can be a major comporie
effort. The level of effort required depends on the available data and the sopli#Stree
technique selected. Regardless of the analytical technique used, hydrologic Aays involves
engineering judgment due to the complexity and inherent random nature of ¥l Bprocess itself.
Unlike many other aspects of engineering design, the quantificatio

For routine design problems, particularly involving small drai I Smpractical and
unnecessary to use sophisticated analytical methods that requi lve i
there are a number of sound and proven methods gyailable to
and routine day-to-day design problems. These pr eak flows and hydrographs, a plot of
the variation of discharge with time (Figure 2), to be out an excessive expenditure of

time. They use existing data, or in the absgnce etic methods to develop design parameters.

ogy for the more traditional

eak Flow

i,..FaIImg Limb

Time of flood

TIME

Figure 2. Flood Hydrograph

Drainage design for facilities serving small areas can typically be based on peak flow conditions.



Knowledge of the complete hydrograph is seldom necessary for small drainage facilities. For example,
the design of median drainage facilities, a storm drain and inlets to protect afill slope, or a culvert
draining asmall areaisolated by roadway fill, can all be designed based on peak flow conditions only.
Information in this chapter summarizes standard methods for estimating peak flow. A more
comprehensive treatment of peak flow estimation, and a complete discussion of hydrograph calculation
and other hydrologic topics, is provided in Hydraulic Design Series Number 2 entitled, Highway

Hydrology (HDS-2).(1)

Methods for making peak flow estimates can be separated into two categories:
1. siteswith measured stream gage data, and

2. siteswithout gaged data. When gaged data of adequate length and quallily are available, statistical
analysis of the flow record can be used to estimate flood peaks for vari O8@keturn periods.

Qicntly, there are

only limited opportunities to apply this method in smaller watersheds, and [{i& application of
this method to the small areas which contribute runoff to highway drai echniques for
analysis of gaged data are briefly summarized below and a comprg IS provided in

When gaged data are not available, estimates are made by emp al cquEenNs (e.g., Rational Method) or
by regional regression equations. Regional regr typically appropriate for larger
drainage areas, and methods such as the Rational M nly used for smaller areas, less than
about 80 hectares. For larger ungaged aress, regr eloped from regional data are
recommended. Both procedures are outli ote that thereis no clearly defined line
where one method should end and another . The methods sometimes give results for the
same area that agree quite well, and in ot : may disagree by 50 or more percent. When

[ ' ' hod should be evaluated and significant engineering
judgment will be required to establi gn values.

In Chapter 11. The recurrence interval defines the frequency
3 Off) is equaled or exceeded on the average, oncein a period of
years. For example, |
would be expected to fage once every 25 years. The exceedence probability, which isthe
reciprocal of recurrenca@iiterval, is also used in design. For the above example, a discharge equal to or
greater than 100 m3/s wollld have a 0.04 probability, or a4 percent chance of occurrencein any given
year.

Overdesign and underdesign both involve excessive costs on along-term basis. A channel designed to
carry a 1-year flood would have alow first cost, but the maintenance cost would be high because the
channel and roadway may be damaged by storm runoff amost every year. On the other hand, a channel
designed to carry the 100-year flood would be high in first cost, but low in maintenance cost. Somewhere
between these limits lies the design frequency which will produce a reasonable balance of construction
cost, annual maintenance cost, and risk of flooding.
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2.2 Storm Runoff

Precipitation falling on land and water surfaces produces watershed runoff. A small part of the
precipitation evaporates as it falls and some is intercepted by vegetation. Of the precipitation that reaches
the ground, a portion infiltrates the ground, a portion fills the depressions in the ground surface, and the
remainder flows over the surface (overland flow) to reach defined watercourses. The surface runoff is
sometimes augmented by subsurface flow that flows just beneath the ground surface and reaches the
watercourse in time to be a part of the storm runoff.

The precipitation infiltrating the ground repl enishes the soil moisture and adds to the groundwater
storage. Some of this underground water reaches the stream long after the st@imn runoff has passed and
some is withdrawn by the life processes of vegetation or by man for his use.

The storm runoff which must be carried by highway drainage facilitiesis thif# hdual of the

precipitation after losses (the extractions for interception, infiltration, and dgRressi age). Therate of
water |oss depends upon the amount of the precipitation and the rate |
temperature, and the characteristics of the land surface. Not only d
permeability of the land surface and the vegetal cover, but it vari
depending upon the antecedent conditions, such as soil moist

#POff vary with the
r the same surface

) 4
2.3 Analysis of Gaged Dat

The U.S. Geological Survey (USGS) col ch of the stream gage data available in the
United States. These data are reported in U ly Papers (by state), in Annual Surface Water
Records and on computer files. Statisti of gaged data permits an estimate of the peak

mbel extreme value distribution and the log-Pearson
Type Il distributio n III has been W|dely uwd for flood analyses and the U.S. Water
Resources Council : '
comprehensive treat g ol this distribution in the determination of flood frequency

distributions is presentgs cy Advisory Committee on Water Data, Hydrology Committee

Bulletin 17B.(2 A comp@ etreatment of the statistical analysis of gage datais provided by HDS-2.(1)

2.4 Rainfall Intensity-Duration-Frequency Analysis

Theintensity of rainfall isthe rate at which rain falls. Intensity is usually stated in mm/h regardless of the
duration of the rainfall, although it may be stated as total rainfall in a particular time period (i.e.,
duration). Freguency can be expressed as the probability of a given intensity of rainfall being equaled or
exceeded, or it can be expressed in terms of the average interval (recurrence interval) between rainfall
intensities of agiven or greater amount. The frequency of rainfall intensity cannot be stated without
specifying the duration of the rainfall because the rainfall intensity varies with the duration of rainfall
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(see Figure 3).

Point rainfall data are used to derive intensity-duration-frequency curves necessary in hydrologic analysis
(e.g., asrequired in the Rational Method; see Section 2.5). Two methods for selecting rainfall data used
in frequency analyses are the annual series and the partial-duration series. The annual-series analysis
considers only the maximum rainfall for each year (usually calendar year) and ignores the other rainfalls
during the year. These lesser rainfalls during the year sometimes exceed the maximum rainfalls of other
years. The partial-duration series analysis considers all of the high rainfalls regardiess of the number
occurring within a particular year. In designing highway drainage facilities for return periods greater than
10 years, the difference between the two series is unimportant. When the return period (design

frequency) is less than 10 years, the partial-duration series is believed to be more appropriate. To change
the frequency curves based on the annual series to one based on the partial- ion series, multiply the
annual series values by the following factors:(3)

2-year return period
5-year return period
10-year return period
20-year or more

.00

Point rainfall data are collected at apprOX| mately 20,000 locat d the National Weather
[ ' [ AA) and other agencies. The

data are sent to the Environmental Data and | nforﬁlo iceEDIS), which has responsibility for
processing and disseminating environmental data and@gan € source of basic rainfall datafor

highway drainage design. However, in most localjtiest
intensity-duration-frequency curves, are
necessary to begin hydrologic analysis wit
locally, avariety of publications are avai
"Highway Drainage Guidelines."(4)

ecessary rainfall information, such as
county or state agency and it is seldom
ata’lf the necessary data are not available
data as summarized inthe AASHTO

2.5 The Ration e

2.5.1 Equa and Assumptions

on equations for peak flow estimation is the rational formula:

Bl = (1)

Q = Peak rate of runoff, m3/s

C = Dimensionless runoff coefficient assumed to be a function of
the cover of the watershed



Rainfall intensity, in inches per hour

I = Average rainfall intensity, for the selected frequency and for
duration equal to the time of concentration, mm/h

A = Drainage area, tributary to the point under design, hectares

I S— ——
°0 20 40 60 8 100 120 140 160 180

Time, in minutes

Figure 3. Typical I ntensity-duration Rainfall Curves

Rainfall intensity, in millimeters per hour



The rational formula assumes that if auniform rainfall of intensity (i) were falling on an
area of size (A), the maximum rate of runoff at the outlet to the drainage area would be
reached when all portions of the drainage area were contributing; the runoff rate would then
become constant. The time required for runoff from the most hydraulically remote point
(point from which the time of flow is greatest) of the drainage areato arrive at the outlet is
called the time of concentration (t.).

Actual runoff isfar more complicated than the rational formulaindicates. Rainfall intensity
Is seldom the same over an area of appreciable size or for any substantial length of time
during the same storm. Even if auniform intensity of rainfall of duration equal to the time of
concentration were to occur on all parts of the drainage area, the rate of runoff would vary in
different parts of the area because of differences in the characteristics'@@the land surface and
the nonuniformity of antecedent conditions.

defined channels and within the channels themselves, accou \ Ple reduction
in the peak rate of flow except on very small areas. The err
increases as the size of the drainage areaincreases. For rational method
should not be used to determine the rate of runoff from | eas. For the design
of highway drainage structures, the use of tbrati mediiod should be restricted to
drainage areas less than 80 hectares.

In summary, the assumptions involved in Wsiag t ional Method are:
1. The peak flow occurs when ntributing.

2. Therainfal intensity isuniform [ ration equal to the time of
concentration, whichist ed for water to travel from the most
hydraulically remote poi r point of interest. Note that the most
hydraulically remot in terms of time, not necessarily distance.

3. The frequency of €li& com flow is equal to the frequency of the rainfall
intensi gl N other s, the 10-year rainfall intensity is assumed to produce the
10-y

2.5.2 Runo oefficient

The runoff coeffici@ht (C) in the rational formulais the ratio of the rate of runoff to the rate
of rainfall at an average intensity (i) when all the drainage area is contributing. The runoff
coefficient is tabulated as a function of land use conditions; however, the coefficient is also
afunction of slope, intensity of rainfal, infiltration and other abstractions. The range in
values of Clistedin Table 11 in Appendix B permit some allowance for land slope and
differences in permeability for the same type cover. For flat slopes and permeable soil, use
the lower values.

Where the drainage area is composed of several land use types, the runoff coefficient can be
welghted according to the area of each type of cover present (see Example 2.1). However,



the accuracy of the Rational Method is better when the land-use isfairly consistent over the
entire area. Significantly different land use conditions can lead to inconsistent estimates of
the time of concentration, and hence the intensity, and errors in establishing the most
appropriate C.

2.5.3 Time of Concentration

The time of concentration (defined in Section 2.5.1) varies with the size and shape of the
drainage area, the land slope, the type of surface, the intensity of rainfall, and whether flow
isoverland or channelized. The time of concentration can be considered the sum of an
overland flow time and the travel timesin gutters, swales, storm drainSRgc. Technically, the
time of concentration isthe travel time of awave, as opposed to the ac

about the actual overland flow path, roughness, slope and rainfall va oral and
gpatial) limit both the need for making this distinction and the g8 '
, particularly for

D) is generally quite
sensitive to the time of concentration, care should bet
obtained.

A number of empirical formulas have been pr
concentration. When the drainage area consists
concentration is the sum of the in
The travel timein gutter, storm dral stypically estimated from basic
hydraulic data (t = distance/velocity). shallow concentrated flow may be
estimated from Figure 4. For oV, e most physically correct approach is based on

kinematic wave theory:()

[fferentTPOW paths, the time of
computed for each different reach.
lo

(2)

verland flow length (m), n is the Manning's roughness

Infall rate (mm/h), Sisthe average slope of the overland flow area
(m/m) and K is 6.98 Solving this equation involves iteration since both the time of
concentration and r@nfall intensity are unknown. When applying this equation for overland
flow inturf, the n value should be quite large (e.g., 0.5). Thisis necessary to account for the
large relative roughness resulting from water running through grass rather than over it as
compared to channel flow conditions. For paved conditions an n value in the normally
accepted range for smooth surfaces (e.g., 0.016) is appropriate. Hydraulic Engineering

Circular Number 12 (HEC-12), entitled "Drainage of Highway Pavements' (HEC-12)
illustrates the use of this equation.(®)

It is not always apparent when flow changes from overland flow to shallow concentrated
flow. If asmall channel or other signs of concentrated flow are not evident in the field, itis
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reasonable to assume a maximum overland flow length of 130 m. Asageneral guideline, if
the total time of concentration isless than 5 minutes, a minimum value of 5 minutes should
be used for estimating the design discharge.

2.5.4 Rainfall Intensity

Rainfall intensity-frequency data are available as discussed in Section 2.4. When total

rainfall depths are provided the values are converted to rainfall intensity for use in the
Rational formula by dividing the rainfall depth by the duration expressed in hours.

Example Problem 2.1

Given: A toe-of-slope channel collects runoff from the roadway@
watershed. The tributary area has afairly uniform cross section as
concrete pavement; 8 m gravel shoulder, channel, and back
watershed. The length of the areais 125 m.

Find:

Solution:

Type of Surfac (Table B'l)(r?e'(o:\traerZ) (hecc:g o
Concrete pavement 0.9 0.05 0.045
Shoulder, channel, and backslope0.5 0.10 0.050
Forested watershed 0.3 0.75 0.225
TOTAL 0.900 .320

Weighted C = 0.32/0.90 = 0.36




0.5

0.1

Watercourse slope, miim

0.07

0.1 1.0 10.0
HAwerage Yelocity, misec

Mote: originalgraph from SC5 TRES, 1985, metric conversion complated for HOS-4.

Figure 4. Average Velocitiesfor Estimating Travel Time for Shallow Concentrated Flow(?)




2.5.5 Drainage Area

The drainage area, in hectares, contributing flow to the point in question, can be measured
on atopographic map or determined in the field. The data required to determine time of
concentration and the runoff coefficient should be noted at the time of the preliminary field
survey.

2.5.6 Computing the Design Discharge for Complex
Drainage Areas

Example Problem 2.2 illustrates the rational method for a simple draind@@area. For other
points along the channel, the design discharge is computed using the Ig me of travel

to the point for which the discharge is to be determined. Q

Unless the areas or times of concentration @ co ut of balance, the accuracy of
the method does not warrant checking the p apart of the drainage area.
Thisis particularly true for the relatively sm associated with highway

pavement drainage facilities.

On some combinations of drainage areas, it is possible that the runoff will
be reached from the higher intensity rainfall for periods less

for the whole area, even though only a part of the drainage

Example Problem 2.2

Given: The contributing ar

and the channel is 125 e of 0.5 percent.

Find: The discharge f equency rainfall at astorm drain inlet near the
lower end adsid

Solution: T time is obtained from Equation 2. The overland flow
distanceis 6 envaueis0.50 and Sis 0.005 m/m. Therainfall intensity is

initially assum&@to be 55 mm/h.
(5524 (0 0p5)P-3

From the IDF curves (Figure 3), the rainfall intensity for a 53 min duration and a

10-year return period is about 50 mm/h which is approximately equal to the
initially assumed 55 mm/h for calculating t.

t=6599 =53 min

For the channel (125 m long) the travel time will be estimated based on average
velocity and travel distance. From Figure 3, the average velocity for an unpaved




surface in shallow concentrated flow is about 0.35 m/s for a slope of 0.005. For the
125 m channel the travel timeis then toanne = (125 M)/ (0.35 m/s) = 357 s= 6 min.

Thetotal t; = 6 + 53 = 59 min. From the rainfall charts, the 10-year rainfall
intensity for 59 minutes is about 47 mm/h. The calculated discharge at the outlet of

the channdl is:
0= 036x47 =09 LB Oamat
260

As discussed in Section 2.5.6, this example illustrates a situation where a higher
discharge may occur from the pavement area alone (with its short than was

calculated for the entire drainage area. It would be appropriate to m aternate
calculation to evaluate this condition.

2.6 Regression Methods

2.6.1 Overview of Regression
Regional regression equations are gam imating peak flows at ungaged
[ equations relate peak flow for a
specified return period to the physiograghi gic and meteorologic characteristics of

include analytically predicted
development of agiven i
areas on either a state-

es as part of the database used in
s have been developed for both rural and urban
definition of hydrophysiographic regions that

In aseries of stu by the USGS, in cooperation with the Federal Highway Administration
(FHWA) and vario§@ other agencies, statewide regression equations have been devel oped
throughout the United States. These equations permit peak flows to be estimated for return
periods varying from 2 to 500 years. Typically, each state was divided into regions of
similar hydrologic, meteorologic and physiographic characteristics as determined by various
statistical measures. Using a combination of measured data and rainfall-runoff simulation
models, long-term records of peak annual flow were synthesized for each of severad
watersheds in a defined region. A frequency analysis was completed on each record to
define the peak discharge for a given return period. Multiple regression analysis of the peak
discharge and the associated hydrol ogic, meteorologic and physiographic variables resulted
in regression equations for peak flow determination.



The resulting set of equations, referred to as the USGS rural regression equations, were
developed primarily for unregulated, natural, nonurbanized watersheds. A discussion of the

accuracy of the equations and limitations in their application is provided in HDS-2.(1)

2.6.3 Urban Regression Equations

To estimate peak discharge in urban areas, equations were developed that modify the rural
peak discharge computed as described above. For a given return period, asingle
seven-parameter regression equation was developed for nationwide application. Equations
were developed for the 2-, 5-, 10-, 25-, 50-, 100-, and 500-year events@ihe seven
parameters used in these equations were the drainage area, the main cha
2-year rainfall intensity, the percent of the basin with reservoir or swagli*Si@eoe, the basin
development factor (BDF), the percentage of the basin covered by i S
equivalent rural peak discharge for the given return period.

The most significant variable found to describe the effects of At oS the basin
development factor (BDF). The BDF, which can vary from @
combination of several manmade changes to the drain S
improvements, channel linings, storm drains and curb an
discussion of this method is providedin U

' ets. A complete
Paper 2207 and HDS-2.(8.1)

2.6.4 The National Flo rogram

As aresult of the widespread use on equations, the USGS, in cooperation

current (as of September 1993 )&t atewi etropolitan area regression equationsinto a
[ Frequency (NFF) program. A complete

discussion of NFF prog USGS Water Resources I nvestigations Report

94-4002.(9) izes the statewide regression equations for rural watersheds
in each state, licable metropolitan area or statewide regression equations
for urban wate s the NFF software for making these computations, and
provides the refé information and input data needed to run the computer program. Note

that typical flood\@kdrographs corresponding to a given peak discharge can aso be
estimated by proce@llyres described in the NFF report. A summary of the NFF, and the

applicability and limitations of the regression equations in the NFF, is provided in HDS-2.(1)

2.7 HYDRAIN Computer System

HYDRAIN is acomprehensive computer system for highway drainage analysis and design that was
developed by FHWA and numerous state transportation agencies.(10) The HY DRAIN system includes
nonproprietary computer programs to complete various hydrologic and hydraulic analysis. Many of the


http://aisweb/pdf2/HDS2/Default.htm
http://aisweb/pdf2/HDS2/Default.htm
http://aisweb/pdf2/HDS2/Default.htm

programs were developed to facilitate both simple and complex design analyses for problems commonly
encountered by transportation agencies.

The HYDRAIN system has modules for computing rural flood frequency relationships (HY DRO) and
urban relationships (HY DRA). HYDRO is composed of three different discharge volume forecasting
methods: Log Pearson |11, Rational Method, and multiple regression relationships. HY DRO aso will
develop an intensity-duration-frequency curve for a given latitude and longitude. HYDRA isa
sophisticated urban storm drain model that typically would have only limited application in the small
area hydrologic analyses discussed above. Nevertheless, HY DRAIN is a powerful analytical tool that
may facilitate some hydrologic analyses described in this chapter, including Rational Method
calculations and computation of the composite C coefficient.

Go to Chapter 3
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Figure 52. ' il Stilling Basin

Figure 53a. Schematic of COE Stilling Basin
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4 Drainage System Construction

Go to Chapter 10

9.1 General

e contractor and are
lures that should be

Construction methods depend upon the equipment used and the expertise of
outside the scope of this publication. This chapter will discuss afew of the pro8
followed to construct satisfactory highway drainage facilities.

Drainage facilities should be constructed early in the grading operations anQi& @y erosion
protection should be provided before potential damage occurs. Eff ecid g construction
frequently eliminates costly delays as well as later failures that mi rom a saturated subgrade.
Slopes should be protected from erosion as early as practicablein Ml Mize damage and lessen
the discharge of eroded soil into existing and newly construct Ities.

r ef

9.2 Supervision

Proper design of drainage facilitieswill n e drainage system without careful
supervision during construction. Supervision ructure construction means not only seeing

that the construction complies with ecifications, but that any omissions in the plans are

th an
corrected. Drainage facilities should 8€ shown construction plans together with sufficient
hydraulic design data, such as drai ea an@idesign discharge, so that the necessary information is
available to solve unforeseen dr blems.

9.3 Excav

Drainage facilities are
during construction. Dike
the adjacent cuts without

ally placed from the outlet toward the higher end so that the channel will drain
or intercepting channels are preferably built from material excavated from
disturbing the natural soil at the channel location.

9.4 Grass-lined Channels

Grass lining can best be attained by sodding. The upper parts of the channel may be sprigged or seeded if
the cost of sod makes this necessary, but the time of the year and the likelihood of damaging rains
occurring before the seedlings become established, should be considered. A type of grass should be
selected that is adapted to the locality and to the site conditions. Where sod grasses are viable, they are



preferred to bunch grasses because of their superior performance in resisting erosion.

Seeding can be protected by mulch, temporary cover grasses, geotextiles, etc. Sod strips perpendicular to
the channel centerline at regular intervals have also been used to protect the intervening seeded area. Sod
might also be used in the channel bottom and up part of the sideslope for immediate protection with the
remainder of channel slope seeded.

9.5 Concrete-lined Channels and Chutes

The use of rigid linings is discouraged; however, if used, concrete channel ligings can be cast-in-place,
shotcrete, or precast. Soil-cement linings have been successful at some locati S, Concrete linings must
be placed on afirm well-drained foundation to prevent cracking or failure of acilaing. Soil of low

density should be thoroughly compacted or removed and replaced with suitgié 2@kl . Where the soil
Is deep loess, concrete or other type rigid linings might not be suitable. Ex S WPere extremely
hazardous to rigid-type linings because their movement buckles the lj el| agihroducing an
unstable support.

When placing an unformed slab on a slope, a tendency exists rete mix that will not
slough; however, experience indicates that placement of such |
vibration usually results in considerable honeycon‘i ng
concrete should not be stiffer than a 63 mm slump.

steep slope. After spreading, the concrete should be th
weighted steel-faced dlipform screen worgi

side.(13) To avoid such results, the
onsistency will barely stay on a

without expansion joints or weephol
joints should be made watertight. Lo
throughout to control cracking wj

few construction joints as possible. Construction
sverse reinforcing steel should be used

al steel carried through the construction joints. The
y by reinforced cutoff wallsto prevent sliding.

Proper curing of th ' LS important, particularly in warm, dry, windy weather, to prevent the
early drying of corn es. A well-moistened subgrade and wet burlap in contact with
the exposed concrete ent for curing purposes.

cted channels should be protected by a strip of sod at the time of construction.

The design of the lining @lges should allow enough depth of soil to permit the growth of grass.

9.6 Bituminous-lined Channels

A well-drained subgrade is necessary beneath a bituminous lining because the strength and weight of the
lining is not sufficient to withstand high hydrostatic uplift pressure. Weed control measures are
sometimes necessary before the lining is placed. These measures consist of careful grubbing of the
subgrade followed by the application of soil sterilant.




9.7 Riprap-lined Channels

All stone used for channel linings or bank protection should be hard, dense, and durable. Most of the
igneous and metamorphic rocks, many of the limestones, and some of the sandstones make excellent
linings. Shale is not suitable, and limestones and sandstones that have shale seams are undesirable.
Quarried stones, angular in shape, are preferred to rounder boulders or cobbles. HEC-15 provides

guidelines for riprap gradation, thickness and filter requirements for roadside channels and HEC-11 for
bank protection.(26.29)

manner which will
Rercentage of voids.

such amanner asto
mp| ng into chutes

The stones should be placed on the filter blanket or prepared natural slopein
produce a reasonably well-graded mass of stone with the minimum practicall
Stone protectl on should be pI aced to |ts full course thickness at one operatl on

or by similar methods likely to cause segregation should not be permitted.
well distributed and the entire mass of stones should roughly confor
stone protection should be so placed and distributed as to avoid lar Or areas composed
compact, with al sizes of
dividual stones by
mechanical equipment may be required to the extent necessary @\ seC results specified above. The
desired distribution of the various sizes of stone tl‘ug might be obtained by selective
loads during placing, or by a combination of these m 8k |y, the stone protection should be
placed in conjunction with the construction of the emb ent with only sufficient delay in construction

of the stone protection as may be nec of embankment and stone.

Bank protection where the channel is comp silt, should extend a minimum vertical
distance of 1.5 m below the streambed ous slope with the embankment. Where the streambed
Is of material other than sand or silt, '
the streambed to prevent undermigi
1.5 m and a minimum thickn
having a considerabl e depth of

rotection. The toe should have a minimum base width of
d 1-1/2 side slopes. On largerivers, or tidal estuaries,
alo er stages, the stone protection should extend a short

low water and the toe can be omitted.

1

to place than irregular stb es. Stone of aflat stratified nature should be placed with the principal bedding
planes normal to the slope. Openings to the subsurface should be filled with rock fragments; however,
enough voids or openings should be |eft to drain the subsurface properly.

Go to Chapter 10
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4 Drainage System Maintenance

Go to Chapter 11

10.1 General

Drainage facilities rapidly lose their effectiveness unless they are adequatel
mai ntenance program is of equal importance with the proper design and const
system. In fact, a knowledge of the equipment to be used in maintenance an
employed is a prerequisite to proper design.

intained. Thus, agood
Lon of the drainage

Maintenance of vegetative cover on slopes and in drainage channel
original treatment applied during construction will not last forever iR 0 gppliCations of fertilizer,
lime, or organic material at intervals are as necessary on the hi |48 as on the home lawn.
Areas often need reseeding or resodding to restore the vegetat ould be done before
Serious erosion occurs.

Minor erosion damage within the highway right-of -
and action taken to prevent arecurrence of the damagelilke damafe caused by light storms reveals the
are corrected when repairing the damage
itself, the drainage system will likely carr | hae without damage. Deficiencies that are
found in the drainage systems and the correc ' should be reported to the hydraulic or
design engineer so that similar troubl r on future construction. Reports on drainage works

that function well during severe stor uable to the designer.

Maintenance of high » coegpe lities includes repairing erosion damage, mowing grass-lined
channels, and removingi@#¥ deposited sediment or debris. All these measures keep the capacity of the
drainage system at the d@8ign level. If achannel or culvert contains brush, sediment, or debris, the flow
capacity will be less thanlle design value. In a grass-lined channel, deposited sediment and debris may
kill the vegetative lining with subsequent erosion damage during higher flood flows. In some situations,
sediment traps and debris barriers might be constructed in order to collect the objectionable material for
easy removal.

The effect of inadequate maintenance in agrass-lined channel can beillustrated by considering the
Manning's equation and the effect of vegetation on n values. For agrass-lined channel that is regularly
mowed, the n value would be relatively low, e.g., 0.035. In contrast, if the same channel is not mowed
and grass/weeds are alowed to grow, the n value would be relatively high, e.g., 0.10. As aresult, the
channel will only carry 0.035/0.10 = 0.35, or about one-third the flow for which it was designed. The
remainder of the design flow would overflow the channel and cause flooding or possible erosion.
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@ Drainage System Economics

Go to Appendix A

11.1 General

Providing adequate drainage is essential to the existence of the high
design is achieved through doing an adequate job at the lowest cost.

ay. Economical drainage

first cost, flood

e runoff for

er of economics,
¥clongs in the field
e economic selection of

The lowest cost adequate drainage system maintains proper balanceg
damage, and maintenance cost, and has the capacity and protectio

which it was designed. Selection of the frequency of the design [
while estimating the magnitude of the storm runoff for a seleg
of hydrology. In this chapter, some of the factors to be consi@é
highway drainage facilities are discussed.

®
11.2 Frequency of the Des#gn m

The average annual cost of a draina of (1) the first cost divided by the
expected life of the drainage facility, pl age annual maintenance cost, plus (3) the
annual charge for possible damage ity rundOif exceeding the design capacity. The
average annual maintenance cos
flood exceeding the design ca
these costs. The damage to
occurrence of, say, a 200-y
distort the averagglamgual ma
should consider t 3
exceeding the desi

rred; however, it is probably better to separate

d to carry a 10-year runoff from a chance

uno ew years' record of maintenance expenditures would
ance cost. The annual charge for possible flood damage
design storm and equals the cost of damage from runoff
prided by the return period, in years, of the design storm.

If these costs could b@evaluated for various combinations of the component costs, the most
economical drainage sy@&tem could be determined as the one with the lowest average annual
cost. The optimum freq®ency of the design storm would then be the frequency associated with
the storm runoff that, in combination with other costs, produced the lowest average annual cost.
However, the three cost items are interrelated and difficult to evaluate, particularly the item of
damage by runoff that exceeds the design runoff. The cost of storm damage includes the cost
of traffic interruption by floodwaters or washed-out highway, as well as the cost of repairing the
damage to the highway and drainage system and the additional damage to the abutting
property directly attributable to the presence of the highway. A further complication is the

variation in damage due to the magnitude by which the runoff exceeds the design runoff.

Individual analysis for each small drainage system is impractical, if not impossible. The best



solution appears to be a study of average conditions and selection of the frequency of design
runoff to be used for various drainage structures according to the class of the highway. The
designated frequencies might vary from state to state or even within a state composed of areas
differing widely in topography or population density. Individual variations in the designated
frequency of the design storm might be needed at locations where damage by flooding could
be great, but the cost of a larger facility to carry a less frequent storm is moderate. Economic
analysis as applied to drainage structure design is discussed in HEC-17.(30)

Go to Appendix A
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Use of the Metric System

Go to Appendix B

The following information is summarized from the Federal Highway Administration, National Highway Institute
(NHI) Course No. 12301, "Metric (SI) Training for Highway Agencies." For additional information, refer to the
Participant Notebook for NHI Course No. 12301.

In Sl there are seven base units, many derived units and two supplemental units (Table 3). Base units uniquely
describe a property requiring measurement. One of the most common units in civil engineering is length, with a
base unit of meters in SI. Decimal multiples of meter include the kilometer (1000 rr e centimeter (1 m/100) and
the millimeter (1 m/1000). The second base unit relevant to highway applications is ilogram, a measure of
mass which is the inertial of an object. There is a subtle difference between mass g ght. In SI, mass is a
base unit, while weight is a derived quantity related to mass and the acceleration [ pmetimes referred to
as the force of gravity. In Sl the unit of mass is the kilogram and the unit of weigh ' pwton. Table 4
illustrates the relationship of mass and weight. The unit of time is the samed Plish system

(seconds). The measurement of temperature is Centigrade. The followi Fahrenheit
temperatures to Centigrade, EC = 5/9 (EF - 32E).

Derived units are formed by combining base units to express other i ommon derived units in
highway drainage engineering include area, volume, velocity, and deg@sity. erived units have special
names (Table 5).

Table 6 provides useful conversion factors from English t its. breviations presented in this table for
metric units, including the use of upper and lower ca .g. meter is "km" and a newton is "N") are the

standards that should be followed. Table 7 id

Table 8 provides physical properties of water at ssure in Sl system of units. Table 9 gives the
sediment grade scale and Table 10 gives n equivalent hydraulic units.

view of SI.

ST

Description

Base units

length meter m
mass kilogram kg
time second S
kelvin K
electrical curre ampere A
luminous inten candela cd
amount of mater mole mol

Supplementary units

angles in the plane radian rad
solid angles steradian sr

* We will use degrees Celsius (EC), which has a more common usage than kelvin.
** Many derived units exist; several will be discussed in this session.

Table 4. Relationship of Mass and Weight.

Units Mass Weight or Force of Force
Gravity




[ English slug [ pound pound
pound-mass pound-force pound-force
| Metric kilogram | newton newton

Table 5. Derived Units with Special Names.

[Magnetic flux

|Magnetic flux density

|Inductance

|Luminous flux

|Frequency | hertz | |
[Force [ newton | N | kg - m/s2
|Pressure, stress | pascal | Pa I N/m?2
[Energy, work, quantity of heat | joule | J | N-m
|Power, radiant flux | watt | W | Js
|Electric charge, quantity | coulomb | C :
|Electric potential | volt | Y;
|Capacitance | farad | F
|Electric resistance | ohm | )
|Electric conductance |  siemens | S

|

|

|

|

|

|IIIuminance

*

Table 6. Useful Con¥

Multiplied by*

Length 1.609
0.9144
0.3048
25.40
Area square 2.590
acre 4047
hectare 0.4047
m2 0.8361
_ m2 0.092 90
square inch mm2 645.2
acre foot m3 1233
cubic yard m3 0.7646
cubic foot m3 0.028 32
cubic foot 3 28.32
L (1000
100 board feet ( a ) 0.2360
gallon 3 3.785
cubic inch L (1000 cm) 16.39
cms3
Mass Ib kg 0.4536
kip (1000 Ib) metric ton (1000 kg) 0.4536
|Mass/unit length | plf | kg/m | 1.488
|Mass/unit area | psf | kg/m?2 | 4,882
IMass density | pcf | kg/m3 | 16.02
Force Ib N 4.448
Kip kN 4.448
Force/unit length plf N/m 14.59
kif kN/m 14.59




Pressure, stress, modulus psf Pa 47.88
of elasticity ksf kPa 47.88
psi kPa 6.895
ksi MPa 6.895
Bending moment, torque, ft-Ib NAm 1.356
moment of force ft-kip KN Am 1.356
[Moment of mass | b A ft | kg Am | 0.1383
[Moment of inertia | Ib 4 ft2 | kg A m2 | 0.042 14
|Second moment of area | in4 | mm# | 416 200
|Section modulus | in3 | mm3 | 16 390
Power ton (refrig) kw 3.517
Btu/s kw 1.054
hp (electric) W 745.7
Btu/h W 0.2931
Volume rate of flow ft3/s 0.028 32
cfm
cfm
mgd
|Velocity, speed | ft/s |
|Acce|eration | f/s2 | 0.3048
[Momentum | Ib A f/sec | 0.1383
[Angular momentum | b 4 ft2/s | 0.042 14
Plane angle degree 0.017 45
‘ 17.45

|* 4 significant figures; underline denotes exact conver

Submultiples Multiples
deci | | | da
| hecto | 102 | h
I kilo | 103 | k
| mega | 106 | M
| giga | 109 G
| tera | 1012 | T
| peta | 1015 | P
| exa | 1018 | E
| zetta | 1021 | Z
| yotto | 1024 | Y

Table 8. Physical Properties of Water at Atmospheric Pressure in Sl Units.

Temperature Density§ Specific Dynamic
Weight Viscosity

Kinematic Vapor

Viscosity Pressure

Surface Bulk
Tensionl | Modulus

OE | 32E |1,ooo | 9,810 | 1.79 x 10-3 | 1.79 x 10-6 | 611 | 0.0756 | 1.99
5E | 41E |1,ooo | 9,810 | 1.51 x 103 | 1.51 x 106 | 872 | 0.0749 | 2.05
10E | 50E |1,ooo | 9,810 | 1.31 x 103 | 1.31 x 106 | 1,230 | 0.0742 | 2.11




| 15E | 59E | 999 | 9,800 | 1.14 x 10-3 | 1.14 x 106 | 1,700 | 0.0735 | 2.16
| 20E | 68E | 998 | 9,790 | 1.00 x 10-3 | 1.00 x 10-6 | 2,340 | 0.0728 | 2.20
| 25E | 77E | 997 | 9,781 | 8.91 x 104 | 8.94 x 10-7 | 3,170 | 0.0720 | 2.23
| 30E | 86E | 996 | 9,771 | 7.97 x 104 | 8.00 x 107 | 4,250 | 0.0712 | 2.25
| 35E | 95E | 994 | 9,751 | 7.20 x 104 | 7.24 x 107 | 5,630 | 0.0704 | 2.27
| 40E | 104E | 992 | 9,732 | 6.53 x 10-4 | 6.58 x 10-7 | 7,380 | 0.0696 | 2.28
| 50E | 122E | 988 | 9,693 | 5.47 x 104 | 5.53 x 10-7 ’ 12,300 | 0.0679 |

| 60E | 140E | 983 | 9,643 | 4.66 x 104 | 4.74 x 107 ’ 20,000 ’ 0.0662 |

| 70E | 158E | 978 | 9,594 | 4.04 x 104 | 4.13 x 107 ’ 31,200 ’ 0.0644 |

| 80E | 176E | 972 | 9,535 | 3.54 x 104 | 3.64 x 107 ’ | 0.0626 |

| 90E | 194E | 965 | 9,467 | 3.15x 104 | 3.26 x 107 ’ 0.0607 |

| 100E | 212E | 958 | 9,398 | 2.82 x 104 | 2.94 x 107 ’ |

|

1Surface tension of water in contact with air

Table 9. Sediment Particles Grade Scale

Approximate ©.eve
Mes
Size neninos Per Irch

Millimeters Microns | |Inches §| Tyler JU.C. St

4000n2000 | - | - — VU Very large
boulders

2000n1000

[ 2000n1000 [ - [ - [ sorM@ [ 7| | Large boulders
| 1000n500

|

|

|

{ ————— _— o ) D e— | Medium boulders
5000250 | - | Gl | 20@Q [Y - | - | Small boulders
250n130 | - [ e | - | - | Large cobbles
130n64 Y aah G2 | Small cobbles

Very coarse
gravel

_____ | 1.3n0.6 | | | Coarse gravel
.......... | 0.6n0.3 ] 21/2 | | Medium gravel

_____ | 0.3n0.16 | 5 | 5 | Fine gravel
---------- | 0.16n0.08 l 9 |

10 | Very fine gravel

| 2n1 .00n1.00 | 200001000 |  ---- | | Very coarse sand
| 1n1/2 .00n0.50 | 1000n500 |  ---- | 32 | 35 | Coarse sand

| 12ny/4 | 050nm0.25 | 500n250 | - | 60 | 60 | Medium sand

| 1/4n1/8 I 0.25n0.125 I 250n125 | ----- l 115 I 120 | Fine sand

| 1/8n1/16 | 0.125n0.062 | 125n62 | ----- | 250 | 230 | Very fine sand
e
| 1216n1/32 | 0.062n0.031 | 62n31 | - [ - [ |  Coarse silt

| 1/32n1/64 I 0.031n0.016 | 31n16 | ----- | ----- | ----- | Medium silt

| 1/64n1/128 | 0.016n0.008 | 16n8 | - - | | Fine silt

| 1/128n1/256 | 0.008n0.004 |  8n4 | | - | | Very fine silt




| 1/256n1/512 | 0.004n0.0020 |  4n2 | | - | | Coarse clay
["1/512n1/1024 [0.0020n0.0010 | 2nl | - [ o [ Medium clay
| 1/1024n1/2048 | 0.0010n0.0005 | 1n0.5 | ----- | - [ | Fine clay

|

| 1/2048n1/4096 | 0.0005n0.0002 | 0.5n0.24 | - | - | Very fine clay

Table 10. Common Equivalent Hydraulic Units.

Volume

1

Unit Equivalent

-
Foot Meter

liter 61.02 0.2642 |0.03531 | 0.001308 0.001 8106E-9 | 408.7E-9
| U.S. gallon | 231.0 | 3.785 | 1 | 01337 | 0.004 951 |o 003 78 3.068E-6 | 1547E-6
| cubic foot | 1728 | 2832 | 7481 | 1 | 0.03704 |0.02832 -6 | 1157E-6
| cubicyard | 46,660 | 7646 | 2020 | 27 | 1 | 0.746 g 6 | 3125E-6
| meter3 | 61,020 | 1000 | 264.2 | 35.31 | 1.308 6 | 408.7E-6
| acrefoot | 7527E+6 1,233,000 | 325900 | 43560 | 1613 | 05042

|

|sec-foot-day | 149.3E+6 |2,447,000 | 646,400 | 86 400 | 3200
|Discharge (Flow Rate, Volume/Time)

Unit v
gallon/min | li - , ¢ fmillion gal/day
0

gallon/minute 1 |0. |0.002 228 | 0.001 440 63.09E-6

I liter/second : 158 | 1 [0.03531 [ 0.02282 I 0.001
| acre-foot/day | 2263 | 14.28 | 05042 | 0.3259 | 001428
| feet3/second | 4 | 1 | 0.646 3 | 0.028 32
| meter3/second [ 158 1000 v [ 3531 | 22.82 | 1

Go to Appendix B
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@’ Drainage Design Charts and Tables
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Table 11. Values of Runoff Coefficients, C, for Use in the Rational Method.

Type of Surface Runoff Coefficient
(CY)

Rural Areas

|Concrete or sheet asphalt pavement

|Aspha|t macadam pavement |

]Gravel roadways or shoulders

]Bare earth

]Steep grassed areas (2:1) .
|Turf meadows 0.1-0.4
|Forested areas 0.1-0.3

|Cultivated fields ‘

|
|
|
IModerately steep built up area, with ahd# of area impervious |
| 0.80

pervious

s Roughness Coefficients for Various Boundaries.

Manning's n

Very smooth concrete and 0.011
Smooth concrete 0.012
Ordinary concrete lining 0.013
Wood 0.014
Vitrified clay 0.015
Shot concrete, untroweled, and earth channels in best condition 0.017
Straight unlined earth canals in good condition 0.020
Mountain streams with rocky beds 0.040-0.050

MINOR STREAMS (top width at flood stage < 30 m)










|Noncohesive

Bare Soil : . . . .
|CoheS|ve See "Hydraulic Engineering Circular No. 15"(26)

*Some "temporary" linings become permanent when buried.

**A-E refers to retardance class, with Class A vegetation having high retardance
and Class E having low retardance. Typical examples include (HEC-15, Table 1):

Retardance Class Cover Condition

A Weeping lovegrass Excellent stand, tall (76 cm)
B Weeping lovegrass S@md, tall (61 cm)
C Bermuda grass gd (15 cm)

D Bermuda grass @t (6 cm)

E Bermuda grass oodp8tand, cut (4 cm)

Table 14. Manning's &h g icients.(26)

l Depth Ranges

Lining Type 0NnJ.15 m 0.15n0.60 m

n - value

Lining Category

|Concrete 0.015 | 0.013 | 0013
Grouted Rifap | 0.040 | 0.030 | 0.028
Rigid Stoned\1a§8ory | 0.042 | 0.032 | 0.030
Sqh@emen | 0.025 | 0.022 | 0.020
|ASp | 0.018 | 0.016 | 0.016
. Rare So | 0.023 | 0.020 | 0.020
Unlined
RO | 0.045 | 0.035 | 0.025
@ \Woven Paper Net | 0.016 | 0.015 | 0.015
Jute Net | 0.028 | 0.022 | 0.019
Temporary* Fiberglass Roving | 0.028 | 0.021 | 0.019
|Straw with Net | 0.065 | 0.033 | 0.025
|Curled Wood Mat | 0.066 | 0.035 | 0.028
|Synthetic Mat | 0.036 | 0.025 | 0.021
25 mm Dy 0.044 0.033 0.030
Gravel Riprap
50 mm Ds 0.066 0.041 0.034
150 mm Dg 0.104 0.069 0.035
Rock Riprap
300 mm Ds, - 0.078 0.040



file:///D:/MirrorPallasWebs/Hec15met/table1.htm
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*Some "temporary" linings become permanent when buried.

Note: Values listed are representative values for the respective depth ranges.
Manning's roughness coefficients n vary with the flow depth.

Table 15. Manning's n Values for Closed Conduits.

Description Manning's n Range

|Concrete pipe | 0.011-0.013
Corrugated metal pipe or pipe-arch:

Corrugated Metal Pipes 67 by 12 mm corrugations 0.022-0.027
and Boxes, Annular or 150 by 25 mm corrugations 0.022-0.025
Helical Pipe (Manning's n 125 by 25 mm corrugations 0.025-0.026
varies with barrel size) 75 by 25 mm corrugations 0.027-0.028

0.033-0.035
033-0.037

150 by 50 mm structural plate corrugations
225 by 62 mm structural plate corrugations

Corrugated Metal Pipes 67 by 12 mm corrugations 0.012-0.024
Helical Corrugations,

Full Circular Flow

Spiral Rib Metal Pipe Smooth walls 0.012-0.013
|Vitrified clay pipe ‘ | 0.012-0.014
]Cast-iron pipe, uncoated \ | 0.013
Steel pipe | 0.009-0.013
’BriCk | 0.014-0.017
Monolithic concrete:
1. Wood forms, rough 0.015-0.017
2. Wood forms, smooth 88388%3
3. Steel forms
Cemented rubble masonry
1. Concrete flo 0.017-0.022
2. Natural floor 0.019-0.025
lLaminated treated w | 0.015-0.017
|Vitrified clay liner plat | 0.015

es indicated in this table are recommended Manning's n design
values. Actual field values for older existing pipelines may vary depending on the
effects of abrasion, corrosion, deflection, and joint conditions. Concrete pipe with
poor joints and deteriorated walls may have n values of 0.014 to 0.018. Corrugated
metal pipe with joint and wall problems may also have higher n values, and in
addition, may experience shape changes which could adversely effect the general
hydraulic characteristics of the pipeline.




Form Loss Relationships

A. Access Hole Losses (HYDRAIN procedure)(10)

Access hole losses are calculated as a coefficient times the outlet velocity head.
The coefficient K has been experimentally defined as

Ko=kgxTpxCgxCq Ly xCpg

where

K = Adjusted headloss coefficient
Ko = Initial headloss coefficient based on relative access

Cp = Correction factor for pipe diameter
C4 = Correction factor for flow depth

Cq = Correction factor for relative flow
C, = Correction factor for plunging flow
Cg = Correction factor for benchir‘

@

as a tion of the relative access
W pipes:

The initial headloss coefficient K, is estim

U.15
¥ 5N 8

Ko = efficient based on relative access hole size
0= flow and outflow pipes (see following figure)
b=

DO

inflowpipe outflowpipe



angle of deflection

It has been shown that there are only slight differences in headloss coefficient
between round and square access holes. Therefore, access hole shape can be
ignored when estimating headlosses for design purposes.

The correction factor for pipe diameter, Cp, was determined to be:

Cp =Correction factor for variation in pipe diameter
D; = Incoming pipe diameter
Do= Outgoing pipe diameter

A change in headloss due to differences in pipe di sf
significant in pressure flow situations when the de

pipe diameter ratio, d/D,, is greater tha@.z.
cases.

nd to only be
s hole to outlet

, it 1S°0Nly applied in such

The correction factor for flow depth, C

S ca ted by the following:

or flow depth
ss hole above outlet pipe invert

This correction f@@tor was found to be significant only in cases of free surface flow
or low pressures,$hen d/Dg ratio is less than 3.2, and is only applied in such

cases. Water depth in the access hole is approximated as the level of the hydraulic
gradeline at the upstream end of the outlet pipe.

The correction factor for relative flow, Cq, is computed by:

a
o =(1—2xsinmxl1—§_‘ St

]




where

CQ = Correction factor for relative flow

0 = The angle between the original inflow and outflow pipes
Q; = Flow in the original inflow pipe

Qo = Flow in the outlet pipe

Cq is a function of the angle of the incoming flow as well as the percentage of flow

coming in through the pipe of interest versus other incoming pipes. To illustrate this
effect, consider the access hole shown in the following figure and assume that Q; =

3 m3/s, Q, = 1 m3/s, and Q5 =4 m3/s. Solving for the relative fl orrection factor
in going from the outlet pipe (humber 3) to one of the inflow pipe

i 112
Cas., = [1-2xsin(90 j]:x:[1—3]'i‘ +1=0

For a second example, consider the following flow Kggi m3/s, Q, =3

m3/s, Q3 = 4 m3/s. Calculating Cg, for thg ca

Cqy.,, =[1-2xsin(9 = 0.65

90-degree bend before i e number 3. In case 1, the larger flow
traveling straight throu le, from pipe number 1 to pipe number 3,
assists the flow from n making this bend. In case 2, a majority of the
[ joe number 2. There is less assistance from the straight

result, the co

the correction T@E@T for case 2 (0.65).



Pipe #1 Pipe #3

Q2 pipe #2

The correction factor for plunging flow, C£ Is calcul3ged ollowing:
h
Cp =1+ 025 —[x
Dy

where

C,, = Correction for pl

h = Vertical dista
to the center of
D, = Oytlet pipe eter

= W3 int ccess hole
This correctio Bponds to the effect of another inflow pipe, plunging into
the access holé the inflow pipe for which the headloss is being calculated. Using
the notations theg@bove figure, for example, C,, is calculated for pipe number 2
when pipe numbe@l discharges plunging flow. The plunging flow that results from

flow entering through the inlet into the access hole is considered in the same
manner. The correction factor is only applied when h is greater than d.

low from the invert of the plunging pipe

The final correction factor multiplied by the initial headloss coefficient K, to get the

adjusted headloss coefficient K is the correction for benching in the access hole,
Cg. Benching tends to direct flows through the access hole, resulting in reductions

in headloss. The following figure shows the types of benching considered in
HYDRA. The benching correction factors employed by HYDRA are shown in Table

16. For flow depths between the submerged and unsubmerged conditions, a linear



interpolation is performed.

SCHEMATIC REPRESENTATION OF BENCHING TYPES

Bench Type | ' Unsubmerged**

Flat floor 1.00
Benched one-half of pipe diameter 0.15
Benched one pipe diameter 0.07

0.40 0.02

Improved

*Pressure flow, d/Do > 3.2
**Eree surface flow, d/Do <1.0

B. Transigion Lo

Ny = Kt

2g

where

AEST .

| W] ﬁ"’rd | = Absolute value of the velocity head differential from
29

upstream to downstream.

K; = 0.1 for increasing velocity and 0.2 for decreasing velocity.

For pressure flow through transitions, the following equations are applicable:
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Comprehenswe Example

Go to Table of Contents

. Problem Statement

Many of the procedures discussed in this document will be used to desj
components of an interstate highway project. The layout of the drainag®
plan view map. The grading for the project has defined channel course
right-of-way, or in the case of the cut slopes within an easement. The
contours are shown as dotted lines, and the revised contours based C
roadway are shown as solid lines. The stationing for the roadwaxsisagli
median swale between the north and southbound lanes.

gn various drainage
stem is shown in the
in the highway
pographic

g for the

solid line in the

Igina
he gra

The drainage channels are indicated by dashed lines an erg@y for easy reference. The
points for which channel sizes are calculated are |nd|cate oadway and toe-of-slope
channels are used to capture the runoff withi and carry water to the natural
drainage course. Intercepting channels are used es to capture off-site drainage
and to protect the cut slopes from erosion. Note t g channels 8 and 9 dispose of
water by distributing it over the hillsidggwhi channel 4 conducts water to channel 5.
Drainage components considered in t the roadway/toe-of-slope channels 4
and 5, a storm drainage at the lower en and median swale 6.

the IDF curve provided at the end ndix. This IDF curve was calculated using
HYDRAIN. A metric engineeri@@’s ditional nomographs necessary for solution are
also provided on a separate e at of this appendix.

ll. Calculat

A. Channel 4 Design

This channel drains a grassed cut slope. The first step is to use the Rational method
to define the 10-year design discharge. For the grassed cut slope assume C = 0.7
and A = 0.2 ha.

The kinematic wave formula will be used for the overland flow t. with an assumed
n=0.5. The grassed cut slope drops in elevation from 450 m to 445 m in 15 m, so that

_om
Slope, S= 15m 0.33
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Design of Roadside Drainage Channels, written by James Searcy. That document
concentrated on open channel hydraulics and did not include discussion of closed conduit
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APPENDIX D

Glossary

A bisting of termis relied to highways:and mver envirenment, streambank protection, and fver mechanicsis.provided
bizfow:

."‘1.EI.'CE|.‘F.{1.i_I:3:II:- - Actaleration e the tite e of 1'.!1.'|;||_3:_'. i1 mugn_i]u;_'_-: ar ditecting ol e """I'“';"“'.'" wvictor, Undis are
mEers per second per seeond :'rl'l..".*i'-'!}. It i vector guartity,  Acceleration  haEs Components both tangential-and
nommul o the streamling, the tangential component embodying the change in magnitude of the velocity, and the

nornial compsnent refleciing o change in dircztion.

Articufated Concrele Mastress:- Rigid conorete glzhs, which ¢an move e scour oocurs witho rnting, vstally
hinged wogether with cormsmon-resistant wire fasteners; primurily placed for lower bank prog

Average Velocity - Velooily &1 g given cross section dotenmined by dividing discharge by

Backwater - The inescess in water sutfice elevation relfative b0 thetelevation o : el o
focdplam conditions, indiced upstream from 2 bridee ar other strugture 1t ogstncts g channels

Backwsier Area - The low-lving lands adjacent 1o 2 siream thas may bole hackomter affoos:

Bedfprm - A relied fentare oo the bed of-a stream: sugh as dgoes, ph Alep called hed
configuration.

Bitominots Martress - An imperieable rook-, miekhs, or
material placed dm & sirginbank 0 provent cgosion.

che plated ditectly om o stregmbank or filier
to.prevent erosion. The cavities cin pemit baik: BT owth of either volunteer or planged vegetarion

Channel - The bed ind banky that confi
Choking (0F Mow) - Severe big TOM SXCCESIVE COnsIricTion;

Closest-conuuit T
prpes, cilvers, i

Ivert; ete. wheee there 15 & solid bowndary on ol four sides; Examples are
o b Tlowing: full-pressure. fow, or parly full open-chianne] Tow,

Congrele Paving -

Constoclion - A gonim
the discharge b5 reland

ctinn, such ds & bridge criesing, chinnel reach or dom, with limited fow copacity in which
hiz wpstosium water surface elevationg & eonsricton oy be ailer natucal or arficial,

Cross Section - A diagram or drawing cut seross & channel that jlustrues the banks; bed, and water surface.
Daily Discharge - The diseharge ol witer or sediment avernged aver ane day

- 1.1 ILL

eaign Chschirge - Flow & drainege fecility bs expected to accommadite without exceeding adopted desten criteria

B e e R i s

Woater Jevel that o droinage facility is designed 10 sccommodate without exceeding

pdopled desipn criterds:

Inschurge - Time mabe of the movement of 4 Ljubaribety of wiler o dedimend pissing oomiven crods section of o sireim
o TIVET.



Diseharge - The guantity of watér moving past'd given plane (erosé section} in ' given unit of time. Liafts arecobic
meeices per second (mfsE The pline or cross section st be perpendicular o the velocity vector.

Denimage Basin - An grea confined by drunage divides, often having only onc outles for discharge

Boergy Grade Line - Aninclined line representing the total encegy of o stream fowing from 2 kigher o & lower

clevation, * For open-chanmel Oow, the 2nergy geide Thne'is located o distanoe of ".-'2-'35 above the sater surfaee [V
= welacity aid g = accoleration due o gravity ).

Ergiion - Displacement and movemant of sediment o soil paricies due (o the movement of witer.

Erasian Control Matting - Fibeeus matting (e.g. jute, paper, efe:) plased or sprayed on a sireambag@for the purposs
of preventing erosion of providing temporary stabilization until vegetation isextablished.

Eilier - Layer of fabeic, sand, gravel, of grided rock: placed, or developed naturilly, wheps suitabi
exisl, berween the bank revetment amd soil Tor coe or mwore Gl thies purposes; Lo provent
throtgh the revetment by piping, cxtrusion, or crosion: 1o prevent the revetment from 'ilil'L".Il'I,!'
permit natural secpage: from the streambunk, thus, preventing, butldop. of txcessive liyg

Flood-fregquency Curve = A graph incheating the probabiliy thar the mnmenl foog
stiasadiude, or the réecumenoe interval comespomnding (o, 0 given ougenitede,

creood-i- grven

Floodplain - Allwvinl Jowlnnd bordering i strenm thot 18 sabject 1o fnundation
Flow.duratbon- Curve. - A graph indiezting the percentage of ime {5 excceded.

Frechoned - The werical distance wbove godesignstage
contingencies,

wl for waves, soaroes, drift, and  other

] . .
Froude Mumber - A dimessionless . guimbes 'ev") thal represents the rato of medial 1o

gravirational forces,  High Froude numbers aigh flow velocity and scour potentjad,

made of steel wire mesh. When filled with cobbles or
and -parmeable. block with which flow-contro streciures

Crabion - A baskel or comporimentsd
odfier rock of sultable siae, 1he gak
can he bt

Chrout - A fluid mixo : I of cement, sand, and water osed to fill joints.and yoids,

Hisroneal Fiood - The 7 i evenil L . given she,
Hywdraulics - -The applicd
structures. dand The g,
Tho deeermination of the Fo

nee concermed with the behavior and Nlow of liquids, cspeoinliy in pipes, channesls,
goenpineering application of the mechanical propertes of Mulds (water) inomotion.
ound coergy of waler tn meolion o &l rest

Hydraulic Problem - An effect of stream flow, tdal flow, of wave action on 8 crosgiog such that traffic @
immediately or potentialiy distupied. or enother highway detnmental effect 15 caused,

Hydrggeaph - The graph of stage or discharge againe Hme,

Hydrolkopy - The determination of where surface: or groundwater will oceur, in what - guantity, and with what
frequency,



Hydrautic Radivs - The hyvdraulic radis is a length term wsed in many of the hydraulic equations that s determined
by dividing the flow eren by the length of the cross section in contact with the water (Wetted penmeter) The
hydraudic radios is in many of the equations 1o hefp take inlo account the effects of the shispe of the cross seclion
oo the flow The hydraglic radius for a circilar pipe flowing full is equal 1o the dameter of the pipe divided by four
(THa).

Instantaneous Discharme - A discharge ol o given moment.
Laminar Flow - In laminar flow, the mixing of the flaid and momentum transfer i by molecalar activity.

Locdl Aceeleration - Local scoelertion i5 the change in velocity (either or both magnitde anddirection} with time

al & given polnt ot cross: seclion,

distonce.,
o in

Nopuniform Flow - In nonuniform flew, the velocity of flow changes in magritude oz direction
The convective acceleration components are different from zero. Examples are flow arod
EXPENGHOAS OF CONFactions,

One-dimensional Flow - A method of 2nalysis where chunges n the flow vanng ;) ocour
primarify-in the longimdinal directon. Changes of flow variables in the other §
small and-are neglected.

Open-channel Flow - Cpen-chinne! fow iz fiow with o free surfece. ]
open-chanme! flow if they are not flowing full and hers i‘frcl: :

broundury.
Reach - A segment of stream length thar is arby rpose of study.

Recurrence Interval (RL); Return Per
exceedance of & hydmlogic event.

The reciprocal of the annudl probability of

REevnolds Mumiber
is defined as (Re =
welocity, and L

dlonless ratio of the merisl forces to the viscous forces, Tl
= -arc the density and dynamic viscosity of the flud; V' 15 the Timd
dan, wsually the depth {or the hydraulic radius) in open-chanmel flow.

Resmtances 1o Flow
G, or Deroy-Weish

ickartes o the Tiow of watér. It 1% measured by the Manning's 0, Chezy

Rowghness Coefficient -
coctiicient,

mepcal measure of the frictional resistanee o flow o & channel such 25 the Manning®s

Rumoff - That pant of precipitation which-appears in serface: streams of either perennial or intermttent Torm,

Shesir $tress; Tractive Force - The force or deag on the channe] boundaries caused by the flowing water, For uniform
flow, shear stress is equal to the unit weight of water times the hydraulic radios times the slope, Usnally expressed
as-foree peér unin anca,

Slope - Fall per unit length of the channel boisom, wates surfoce or energy grade Tine.

Soil-cement - A designed mixture of soil and ponland cement compacied &t o proper water content Lo formi & venees
o strocture thist can prevent aseambank ceosion



Srgeadv: Flow - In deady flow, the velocity at u point or cross section does not change with time. The local
poceleration B% e,

Stone: Riprop - Matural cobbles, boulders, or rock dumpsd or placed on 2 streambank or filter as profection agiinst
ETTREAENN,

Strewini - A body o water thal may mnge in size from a large ivero o small Al Gowing i@ channel.. By
exlension, the torm i sometimes applicd oo sl channel of deadnage course formed by fowing water whether

itz peupied |1:,- waler e ik,

Streambing - An imaginary line within the flow which soeverywhere tangend o the veloly s

Superizal Flow - Iy open-channel flow, the free syrfoce confipurabion, moresponze o changes in

depends on the Froude Mumber (Fr = W y'all y which is the rano of inertind forces to grav
Froude: Fumber 15 also the ratioof the flow velocity |y fo the celerity (¢ = /el b o gmall
flow.  When Fro< I odhe flow 15 subcrtcal for tranguily, and serface waves pro
dewnsircam. The boundary condifion that centrols the suberitical flow de
downstream end of the subcriticsl reach

Supercriticel Flow - When Fr = 1, the flow = supercritical (or rapid) and. s
in the downstredm direcsion,  The confrol section [or dupercritical Tow is

propagate only
am end of the

actoss, and in the werical,

Two-dimensions] Flow - & method of analysis wh
the Elowy )

Tractive Posee - The deag on d3srezmbank o
srreamili,

| pressures fluctuate irmegulacly in g Endom manner. 15
e indistinet and separate lines

Turbalent Tdow = Li
(ecintzons, The {6
vizcous forees e don
viery murch- preater tha
infreduently in open-iha

depending on the value of the Reynolds number. In Jaminar flow,
Iy small. Tn turbulent flow, Re s large; thae s, isediad forces e
Curbalent T are predomingnt i pature, -Laminar fiow oeoues:very

Uniform Flow - In uniform Gy the velocity of the fiow does not chanpe with distance. The convective accelérgion
i5-2¢rn,  Examples are flow (N strzight pipe of uniform cross section Mowing fall o flow in o seezight open channed
with congtant slope and wll crosd sections of idenfical form, maghness and srea. resulting in o ConALInE mean Yelocity.
niform flow conditions. are rurely attwined 10 open channels, but the ermor in gssuming aniform fow ino channel
of fiirly constont shope and enoss section @5 small in companison wo the emor in détermining the: design discharge

Linit Discharge - Dhacharge per uni width (may be averige over a cross-secton; or [ecal of & pont
L nstizacty Flow - In unstezdy Gow, the velocity at & point or cross section vares-with time, The local aceelerntzon
it mat zeres, A Flood hydmproph where the dischanze moa stream changes with time 15 @ example of unsteady flow.

nsteady fow' s difficuli' i analvee unless the dme changes -are: small.

Velocity, Cross-sectional Average - Discharge divided by cross-sectional area of fiow






















ft. Elevation of bed of channel above a datum
ft. Slope of sides of a channel (ratio of horizontal to vertical)
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