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PREFACE

The typical water resources engineer in consulting practice is interested in developing solu-
tions to realworld hydrologic and hydraulic problems in a relatively quick manner using
simple methods of analyses and designs. In many practical situations, significant decisions
have to be made based on limited amounts of data, and there are limited resources and
little time to collect all the data and information required to perform sophisticated studies
involving state-of-the-art modeling and analyses. Ofien, relatively simple calculatons are
made to develop project plans that may involve substantial financial investments and may
have significant social, pecuniary, and environmental implicatons. Complex and sophisti-
cated modeling and analyses, if necessary, are undertaken as special studies,

This book includes methods and equations that are applicable to situations with various
levels of data availability, particularly where available sitespecific information is inadequare.
The presentation focuses on how to solve a practical problem with minimum literature search
and atempts to fit wellknown theoreteal equations to realworld conditions, Methods are
presented o develop preliminary designs, which must be refined or modified by additional
numerical or physical modeling, experimentation, and field investigations. Some of the sim-
plifications, approximations, and methods of analysis may appear wivial and even crude o a
specialist in ground- and surface-water hydrology, fluid mechanics, water quality, and other
related subjects, but these may be ressonable for a practicing water resources engineer.
Generally, final designs would involve additional soructural analyses, geotechnical analyses and
imvestigations, preparation of detailed drawings, and cost estimates.

The expected readership of this book includes a consulting engineer with a bachelor's
degree in engineering or applied sciences with some professional experience, graduate siu-
dents who plan to study commonly used methods of analvsis to enter the consulting indus-
try, and practicing engineers who have to review studies or designs prepared by others, The
reader is expected to have knowledge of fundamemal hydraalies, fuid mechanics, and
hydrology and must have access to standard texts on these subjects,

The material presented in this book includes answers to specific problems with com-
monly used formulas and equations and references for values of relevant constants and
parameters. The computational procedures range from “back of the envelope” to somewhat
detailed calculatons, allowing for various levels of data availability. References are provided
for commonly used models. Detailed discussion of complex and sophisticated models and
research subjects is avoided. The size limitation of this book prechudes discussions of the
fundamentals of basic subjects, principles, and maithematical derivations. The emphasis
has been on presenting material that may be directly usable by a practicing water resources
engineer.
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CHAFTER

INTRODUCTION

Water Resources Engineering

The subject of water resources engineering includes methods of hydrologic, hydraulic, and
groundwater analyses related o the planning and design of remediation, water supply, llood
control, and navigation facilities, and different tyvpes of hydraulic structures; ground- and sur-
face-water flow and quality monitoring; feasibility and environmental impact analyses for var-
ious water-related projects; and designs of appurtenant hydraulic siructures. The analyses
may vary from the use of empirical or analvtical equations to simple or sophisticated com-
puter models, depending on the requirements of specific projects. The designs may include
preliminary and final sizes of various components of a hydranlic structure. The scope of the
discipline is so broad that it engulfs virmually all aspects of waterrelated studies and designs,
From the viewpoint of a practicing water resources engineer, the subject of water resources
engineering may include basic elements of a number of walerrelated disciplines (e.g., sur-
face water hydrology, groundwater hydrology: fluid mechanics; openchannel hydraulics;
sediment transport; and design of hydraulic structures, including dams, spillways, channels,
navigation and flood control facilities, water supply systems, and shore protection, hydropow-
er, and irngation structures). Abundant published literature is available that addresses vari-
ous specialized wpics within each of the above-mentioned disciplines. However, because of
limitations of data, budgets, or objectives and scope of specific projects, the practicing water
resources engineer is often required o address most of these subjects on a somewhat basic
level of detail. Specialized studies, where warranted, are referred to specialists in the respec-
tive disciplines.

Earlier water resources development projects focused mainly on engineering aspects.
Experience with the operation of past water resources engineering projects has highhighted
some of their adverse impacts on other natural resources and the eénvironment. With
increasing population and diminishing natural resources, concern is growing about holistic
impacts of water resources engineering projects. Planning and design of a water resources
engineering project today and in years and decades o come must consider their impacts on
other resources (e.g., aguatic biota, ecosystem, aesthetics, and recreation ). It must include
quantitative predicoon of the volume and volumetric flow rate of water, methods o control
water volume and flow to serve various needs of the society, management of limited water
resources in terms of quantity and quality, and, above all, interdisciplinary consequences of

the Frupcnncl plan-
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The details of various topics addressed in this book are commensurate with the require-
ments of a practicing water resources engineer, and the abridged descriptions of various equa-
tioms and simplified analytical technigques presented in different chapters are intended to serve
as “pocket book” rather than textbook material. Practical examples are included that illustrate
specific methods of computations or analyses. The reader must refer to other relevant publi-
cations for sophisticated analyses and theoretical details of the methods described in this book.
Examples of such references include McCuen (1998), ASCE (1996), Maidment (1993), Bras
(19907, and Ponce (198%) for hvdrologic analyses (Chapter 2); Martin and MeCutcheon
(19949), Chapra (1997}, Brater et al. {1996), Potter and Wiggert (1991}, and Tchobanoglous
and Burton (1991} for hydraulic analysis (Chapter 3); Zheng and Bennett (2002), Fetter
(2001, Charbeneau {(2008)), Delleur (1999), Fetter (1999), Bat (1998), Domenico and
Schwartz (1998}, and Anderson and Woessner (1992) for groundwater (Chapter 4); Mays
( 1999), Samons and Sentark (1992), Zpparro and Hansen (1993}, USBR (1987), Barfield et
al. {1981) for hydraulic designs (Chapter 5); and Linsley et al. (1992) for economic analysis
(Chapter 6). A number of other relevant publications are imcluded in the list of references.

Planning of Water Resources Engineering Projects

A typical project that a water resources engineer s required to plan, analyze, and design may
include hydrologie analysis, hydraulic analysis, groundwater evaluation, design of hydraulic
struciures, economic analysis of water resources development projects, and evaluation of envi-
ronmental impacts of water-related activities. Planning for the completion of such projects
imwolves the following:

* ldentification of objectives. This includes a list of specific goals or products that
the project is expected to achieve or provide,

*  Scoping analysis. This includes idemification of sequential technical tasks required
to be completed to accomplish the stated objectives (e.g., data collection, field
inspection, analyses including computer modeling, preparation of designs and
drawings, and report preparation).

* Requirements for software and other equipment. This includes identification of
computer models and equipment (e.g., AutoCAD, GIS facilites, and equipment for
ficld surveying and data collection) that would be required to complete the
required analyses or prepare designs of proposed hydraulic structures.

*  Cost estimate. This includes estimation of man-hours and other actvities that may
impact cost of the project (e.g., feld surveys and monitoring, site inspections, com-
munications and presentations, analyses, and production of reporis, drawings, and
construction plans).

* Schedule. This includes preparation of a schedule for the completion of each
technical task along with relevant documentation. It must be noted that collection
of field data and relevant sitespecific information from different sources are fairly
nme-consuming tasks and usually have o be completed before other significant
tasks can be undenaken.

Documentation of Water Resources Engineering Studies

Report preparation—or documentation of the methods and findings—constitutes an
important part of water resources engineering studies. The organization and details of the
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contents of a study report depend on the type of study (e.g., surface water, groundwater,
water quality, environmental impact, modeling, remediation, and feasibilindevel design
study), scope of study, and type of readership (eg., general public, regulatory agency, plan-
ners and designers, or construction contractors). A tvpical water resources engineering study
report may mclude the I'ullnwing basic elements:

Tifle. The title should be brief and should indicate the primary objective of the
study (e.g., “Hydrologic Study of Silver Creck Basin in Kansas”; “Evaluation of
Groundwater Supply Potential in Sarasota County, Flonida®).

Table of Contents. The Table of Contents should include Secton and Subsection
Titles, Lists of Tables and Figures, References, and Appendices, all with page num-
bers.

Executive Summary. [f the report is voluminous, it is advisable o include an
Executive Summary that describes main findings and limitations of the study. For
relatively short study reports, main findings and limitations may be included in the
Conclusions and Recommendations section.

Introduction. This should include a briel description of the problem being ana-
lveed; objectives, scope, and overall approach of the study; and reference o the
intended readership or recipients of the report. In addition, a brief description of
the site location and hydrologic eovironmment in the site vicinity may be included.
This may include nearby streams and lakes, mean annual precipitation, snowtatl,
surface runoff, and free surface water evaporation in the region. For a design
report, this may include location and purpose of the hydraulic stctures.

Hydrologic Characteristics of Watersheds or Study Area. For a study relared 1o sur-
face water hydrology, this should include areal extent, soil wvpes, soil covers,
hydraulic length and slopes of subwatersheds, and other information relevant o
the estimation of dmes of concentration and lag times; precipitation depths of
desired durations and return periods; and information about snowfall and
snowmelt. For a design study, this may include description of salient feamres of the
water body where the hydraulic structure is located (e.g., peak flow; T<day, 1vear
low flow; and drainage area). For a groundwater study, this may include delineation
of the study area along with hydraulic boundaries (e.g., streams, lakes, and ground-
water divides); information on average precipitation, infiltration, and evapotran-
spiration; and location and sizes of lakes and wetlands in the study area,

Data Collection and Analysie. This should include site-specific and regional hydro-
logic data collecied from different sources (c.g., precipitation and streamflow data
for gauging stations in the vicinity; hydrogeologic data for aguifers; topographic
survey information; and ground- and surface-water uses), Voluminous raw data,
which may not be available in the cited references, should be included in appen-
dices. Methods to screen and analvze the data and to extract or develop values or
data sets o be used in the study should be included in this section. In addivon, it
should include limitations on the accuracy of the data and data analysis and justifi-
cation for using the selected data seis, values, or methods of analysis.

Analytical, Numerical, or Other Studies. Thas should include the methods of analy-
sis or simulations including equations, description of numerical or physical models
with implicit or explicit assumptions, and appropriate references. The methods and
resulis of model calibration and validation should be included. Sensitvity analyses
o illustrate the scnﬁiliﬁt:,' of the results to variations in data values within plausible
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limits also should be documented in this section, The details to be included may
vary depending on the objective, scope, and recipients of the study report. In
design studies, this may include methods and calculations to develop various design

dimensions.

* Results. This should include results of the study along with limits on their accura-
cy. Methods o verify and demonstrate the reasonableness of the resalis should be
described (e.g., comparison with similar information for other sites, estimates
based on other simpler or empirical methods, and published values for similar con-
ditioins).

* Conclusions and Recommendations. This should include carefully worded conclu-
sions of the study with clear staterment of the imitations of the resalis. The recom-
mendatons should include appropriate caveats and need for refinement by addi-
tional studies, if pertinent. The wordings must be clear to avoid misinterpretation

by potential readers.

* Tahles and Figures. The text must be clarified through mbular information, fig-
ures, and photographs, In many cases, valuable information may be presented in a
concise fashion through tables and figures.

* References. Key information used for the study must have a cited reference, which
the reader may consult to verify or get addinonal relevant information, The cited
reference should be complete and should include author(s), year of publication,
title, and publisher.

=  Appendices. Information that is used for the study but is not available in the cited

references and cannot be included in the main text (without distracting the read-
er) should be included in appendices.

In practice, it is advisable to prepare a draft of the report for review by peers, editors,
or other potential recipients. The draft should be finalized after incorporating responses to
the review comments. For clarity of presentation, major sections may be divided into sub-
sections containing information about separate subiopics.



CHAPTER

HYDROLOGIC ANALYSES

The subject of hydrology includes study and analyis of the occurrence, circulation, and dis-
tribution of water through the hydrologic cycle, which includes the ansfer of moisture
from the ocean, to the atmosphere and land surface, and back 10 the ocean. Hydrologic
analyses are required for most projecs involving planning, design, construction, rehabilita-
ton, remediation, or feasibility evaluation of various types of facilities. Although the types
of hydrologic analyses required for different projects may be somewhat different, the basic
principles and methodologies are generally the same. Commonly used hydrologic analyses
for different tvpes of projects include the following:

1. Community Development Projects

Rainfall intensitp-duration-frequency or rainfalldepth-duration-frequency analysis.
Estimation of pre-and postdevelopment peak flows for design of storm drainage
systems, sizing of culverts and bridges, flood insurance studies, and floodplain
delineation.

Development and routing of storm runoff hydrographs for design of retention /
detention basins and wetlands.

Water yield analysis for streams, reservoirs, and watersheds.

2. Mming Projects

Estimation of peak flows for design of diversion channels.
Development and routing of surface runoff hydrographs for design of sedi-

mentation basing and tailings ponds.

Evaluation of waiter s|.1.||:|p|].' Portemn tial of surface streams,

Evaluation of low-flow characteristics of streams receiving mine wastewater
discharge.

Estimation of surface nunoff producing potential of watersheds, including snow-
melt runoff,

Estimation of pre- and post-mining flooding conditions for environmental

I'E'PDI'L'I..

3. Dams, Reservoirs, and Spillways

L]

Generation of sequences of streamflows to evaluate watershed yield.
Hydrologic analyses to determine dependability of available water supply.
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*  Hyvdrologic analyses to determine required reservoir storage,
*  Development of design-basis flood hydrographs for spillways contributed by rain-
fall, snowmelt, or both.

*  Reservoir routing for sizing of spillways, reservoirs, and dams.

*  Reservoir operation analysis for single and multiple use of available water,
*  Low streamflow analysis to determine instream flow requirements.

*  Dam-break analysis for safety evaluation and risk analysis.

"

Evaluation of pre- and post-project flooding and instream flow conditions for
environmental reports,

4. Hydropower Projects
*  Generation of sequences of streamflows o evaluate watershed wield.
*  Hydrologic analyses to determine dependability of available water supply.
*  Reservoir operaton studies to determine hiom and peak energy generation
potential.
+  Evaluation of pre- and post-project daily and monthly streamflow patterns.

5. Nuclear Power Projects
*  Estimation of local and general storm probable maximum precipitiation.
* Development of probable maximum flood and design-basis lood hvdrographs.
¢+ Development of dam-break flood hydrographs.
*  Development of combined event hydrographs (e.g., snowmelt combined with
less than the probable maximum precipitation event}.
*  Estimation of low streamflows to evaluate impacts of cooling water withdrawal

for and wastewater discharges from the power plant
+  FEstimation of probable maximum snow load on safety-related structures,

In general, environmental reports for most development projects require the evaluation of
pre- and post-project daily and monthly instream flows, flood hydrographs and peak flows,
and low streamflows in the site vicinity.

Hydrologic analyses required for the above-mentioned facilities are desenibed in subse-
quent sections of this chaper,

Estimation of Peak Flows

Estimanon of peak flows is required for hydraulic designs of bridges and culverts, for water
surface profile analyses for flood insurance studies, and for evaluation of flooding potential
at different sites. It is desirable 1o estimate peak Hows by several different methods and
select reasonable values by judgment. Some commonly used methods are described here.
Methods o develop surface runofl hydrographs are described in the section of this chapter
entitled “Surface Runoff Hydrographs.” Surface runoff hydrographs also may be used to esti-
miate peak flows.

Rafional Method
The rational formula for estimation of peak flows is

Q = 0.2755 CIA (21)



where

() = peak flow in m*/s

= runofl coefficient (dimensionless) estimated by judgment in light of typical values
given in Table 2-1

I' = rainfall intensity in mm/h for the required return period, corresponding to a dura-
tion equal to the time of concentration of the watershed

A = watershed area in km?

This method is useful for estimation of peak flows of different return periods for watersheds

smaller than 2.5 km®, although the basic principles of the method may be applicable to larger
drainage arcas as well,

Runoff Coefficients

{.‘.-n-mmq::nl}r used values of runoff coefficients are included in Table 2-1 (ASCE 1976).
The values given in Table 2-1 are applicable for storms of 5 to 10year retumn periods,
Higher values may be used for higher return periods and tight clayey soils. For watersheds that

Table 2-1. Commonly used values of runoff coefficienis

Description of area Runoff coefficient
Downtown business 0.70 to 0.95
Neighborhood business 0.50 to 0.70
Single-family residences 0.30 to .50
Detached multi-unit residential areas 0,40 1o 0.60
Attached multi-unit residential areas 0.60 to 0.75
Residential (suburban) 0.25 1o .40
Apartments 0.50 to 0.70
Light industrial 0.50 o 0.80
Heavy industrial 0.60 to 0.90
Parks or cemeteries 0,10 1w 0.25
Playgrounds 0.20 o 0.55
Railroad yard 0,20 v 0,35
Unimproved 0.10 1o 0.50
Asphalt and concrete pavement 0.70 o 0.95
Brick pavement 0.70 wo 0.85
Roofs 0.75 v 0.95
Lawns on sandy soils (flat 1o 2% slope) 0.05 to (.10
Lawmns on sandy soils (2 to 7% slope) 010 to D15
Lawns on sandy soils (slope, T%) .15 to 0.20
Lawns on heavy soils (flat 1o 2% slope) 013 o 0.17
Lawns on heavy soils { 2 1o 7% slope) 018 10,22
Lawns on heavy soils (slope, 7%) L25 to 0.35

Source: ASCE (1976).
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include different npes of arcas, a weighted or composite runoff coethicient may be calculated
using the relatonship

C=(0A + Gy + Gy + ... + CALN/A, {2-2)
where

= composite runoff coefficient

G G Gy .oy Gy = runoff coefficients applicable to areas Aj, Ay, As ..., A
respectively

n = number of different types of arcas within the watershed
Ai=momalarea=A4; + s+ As+ ...+ A,

Time of Concentration

The time of concentration is defined as the time taken by surface runoff to travel from
the remaotest point in the watershed to the point where peak flow is to be estimated. Various

methods have been proposed for estimating the time of concentration {McCuen et al. 1984;
USBR 1977, 1987}, It is a good practice to use at least three different methods to estimate
the ume of concentration. Within the range of these estumates, the final value should be
selected by judgment. A few relatively simple and useful methods are shown below.

Kirpich Method (USBR 1977)
= (0.R7 I3/ H )04 (2-3)

where

£, = time of concentration (h)
L. = length of the longest watercourse (km)

H = difference in elevation between the upper end of the watershed and the location
at which flow is o be estimated (m)

This method results in relatively low estimates of £, (Prakash 1987).

Soil Conservation Sevvice (SCS) Curve Number Method (USDA 1972, 1985)

, = 1347 2%, +2.54)"" /7 (1900,f5, ) (24)
L =06¢ (2-5)
5, = (2540/CN) ~ 25.4 (2:6)

where

= basin lag (h)
L; = hydraulic length of watershed (m)
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LN = curve number of the watershed
8, = potential maximum retenton {(cm})

8, = average land slope of the watershed (percentage)

This method has been found to result in relatively large values of ¢ (Prakash 1987).

Snyder's Method (Chow 1064)
L = 07517 C (L L)% (2-7)

where

L, = length along the longest watercourse from the location where flow is 1o be est-
mated o the centroid of the watershed (km}

i, = a coefficient

The value of €, may be taken to he 2.0 for fairly mountainous watersheds similar to the

Appalachian Highlands, (1.4 for watersheds similar to those in southern California, 0.7 to 1.0
for those similar to the Sierra Nevada areas, and 8.0 for watersheds bordering the eastern
Gulf of Mexico. An analysis of 20 basins in the North and Middle Atlantic states resulted in
the empirical relationship

€ =06 /45 (2-8)
where § = basin slope {m/m). Where possible, it is advisable to use calibrated values of €,

{LS. Bureau of Reclamation Method (USBR 1987)
iy = 46169 K L1 /8" (2-9)

where

& = slope of the longest watercourse (m,/m)
K, = a coefficient (typical values are given in Table 2-2)

Stream Hydraulics Method

The watershed is divided into different segments along the main watercourse based on rough-
ness characteristics and slope. The length of the flow path and the average flow velocity for
each segment are estimated. Then,

= [L/Vy+ Lo/ Vo + Lo/ Vo + ... + L/V,1/3600 (2-10)



Table 2-2. Typical values of K,
Watershed size
Region {km®) K.
Great Plains in Colorado, Kansas, 5.2 w0 10,280 0,070 for basins with considerable

Oklahoma, Nebraska, New
Mexico, Wyoming, and North
Dakota

Rocky Mountain watersheds in
Colorado, Wyoming, Uah,
Oregon, Montana, Idaho, and

Mew Mexico

Southwest desert, Great Basin,
and Colorado Plateau in Anizona,
California, and parts of Colorado

Sierra NMevada, California

Coast and Cascade Ranges in
California, Oregon, and
Washington

Urban basins in California,
Texas, Rentucky, Virginia,
and Marvland

3.4 w 6,500

6.0 to 12,250

55,4 to 5,370

8.7 1o 1,980

(L5 to 238

overtand flow

0.030 tor basins with well-defined
drainage network

(1260 for 1004 Hoods
0.130 1o 0.160 for general storm PMF
0050 b VDTS foo thunderstorm events

0.070 for basins with coniferous
forests at higher elevations

(1042 for desert werrains

150 for basins with substannal conil-
erous growth

(k064 for basins with well-
developed drainage networks

0.150 for basins with very heavy conil-
erois growrh extending into the over-

bank floodplain

0L080 For low-lyving basins with consid-
crably sparser vegetation

0,033 for basins with low-density or
partial development with only minor
flood water collecton facilities

(0TS for basins with high-density devel-
opment with a good collection system

*Values between mdicated upper and lower limits may be used for basins with intermediate charac-

LErisiies.
Source: USBR (1987).

where

= pumber of segments

Ly, Ls, Ly, . .., L, = lengths (m) of watershed segments with different roughness char-

acteristics and slopes

b Vo Vo

shed segments

.+ ¥, = overland or channel flow velocities (m/s) in the respective water-
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Table 2-3. Approximate overland flow velocities {cm/'s)

Land Surface type
slope
(%) Typel Type2 Type3 Type4 Type5 Typeb  Type?
0.5 6 11 15 20 22 34 43
1.0 a8 15 21 27 31 46 |
20 11 21 31 4 43 i 88
3.0 13 27 40 49 55 82 107
4.0 15 31 43 55 fil a1 122
5.0 17 kY 49 61 70 104 137
10.0 24 49 67 88 a8 150 198
20.0 35 69 98 122 137 210 274
30.0 43 82 119 152 171 256 366
40,0 44 98 137 180 198 200 396
50.0 55 107 152 198 215 335 427
60.0 61 122 168 215 244 66 488

Source: USDA (1972, 1985).

The flow velocities may be estimated using Manning's formula for 247 peak or bankiull dis-
charge for well-defined channels and the values given in Table 2-3 for overland flow (USDA

1972, 1985). “Type" in Table 2-3 refers 1o
* Type 1—Owerland flow on forest areas with heavy ground liter and hay meadow

= Type 2—Owerland Aow on fallow or minimum tillage cultivation areas, contour or
strip-cropped lands, and woodland

¢  Type 3—Overland low on short grass pasture
=  Type +—Owerland flow on straight row cultivated areas

*  Type 5—Overland flow on nearly bare and untilled areas and alluvial fans in western
MOUNEn regions

*  Type 6—Flows in grassed waterways
*  Type 7—5Shect flow on paved areas and in small upland gullies

Sheet Flow Eguation (USDA 1986)

An empirical equation to estimate travel time for sheet flow of less than about %0 m on plane
surfaces or in the headwaters of streams is

t = [0.0289(nl)""] /[ P" 5] (211)
where

£ = travel time (h)

L = flow length (m}
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Py = 2ar, 24-h rainfall (cm)
& = land slope (m/m)}

n = Manning's roughness coefficient

Typical values of Manning's roughness coefficient for sheet flow are included in Table 2-4.
Average flow velocites for shallow concentrated flows on relatively flar slopes less than
0.005 m/m can be estimated by {USDA 1986);

Unpaved surfaces: V = 49176 /S (2-12)
Paved surfaces: V = 6.1957 S (2-1%)

where
V= flow velocity (m/s)
5 = slope of water course (m/m)
Kevty-Hathaway Method (McCuen et al. 1984)
T, = 002407 LM o 57058 (2-14)
where

Iy = straight line distance (m} from the most distant point in the watershed to the point
under consideraton measured paralle] to the slope

5 = mean slope of the basin (m/m)

n = retardance coefhcient or Manning's roughness coefficient

Typical values of the retardance coefficient, n, are given in Table 2-5 (ASCE 1959),

Table 2-4, Typical values of Manning's » for sheet flow

Surface description Manning's n
Smooth (concrete, asphalt. gravel, or bare soil) 0.011
Fallow {no residue) 0.05
Cultivated soils, residue cover =< 20% 0.06
Cultivated soils, residue cover > 2% 0.17
Grass (short prairie) 0.15
Grass (dense) .24
Grass {Bermuda) 0.41
Range (natmral) 0.13
Woods {light underbrush} 0.40
Woods (dense underbrush) (.80

Source: USDA {1986).
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Table 2-5. Typical values of retardance coefficient

Type of surface Retardance coefficient, n

Smooth impervious surface 0.02
Smooth bare packed soil 0.10
Poor grass, cultivated row crops, or moderately

rough bare surface 0.20
Pasture or average grass 0,40
Deciduous timberland 060
Coniferous timberland, deciduous amberland

with deep forest litter or dense grass 0.80

Source: ASCE (1959).

The aforementioned methods were developed For specific sizes and types of watersheds.
However, their application to a variety of watersheds is quite common. Appropriate values of
times of concentration should be selected with due consideration of watershed conditions.

Exomple 2-1: Estimate the time of concentration for a 12km? watershed in the four corners
area of the southwestern United States (corner of Colorado, Utah, Kew Mexioo, and Arieona).
Relevant watershed parameters are:

Watershed length = 5.18 km
5= 0,057 m/m

CN = T6

K, = 0045

G = 0.4

L.=259km

The surface soils are nearly bare with some alluvial fans.
Solution:  Lse several methods to compute { and select the appropriate value by judgment.

l. Kirpich Method—(Eq. (2-3))
H= 518 X 1000 X 0.057 = 995.26 m
i, = [D.B7({5.18)*/205.26]"* = 0.T1 h

2. SCS Method—(Eqs. (2-4), (25), and (26))
5, = (2540/76) — 25.4 = 8.021 cm
= 1.347(5180)"%(B.021 + 2.54)*7]/[1900 (0.057 x 100)] = 1.448 h
L,=1448/06 =241 h

3. Snyder's Method—(Eq. (2-7))

t = 0.7517 % 0.4 (5.18 X 2.59)* = (L.655 h
t, = 0.6656,/06 = 1.09 h
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4. LUSBR Mcethod—(Eq. (2-49)]
i = 4.6169 x 0.045[(5.18 X 2.59)/(0.057)""1"* = 0.7B5 h
i,=0.785/0.6 = 131 h

5. Stream Hydraulics Method—(Eq. (2-107)
overland flow velocity = 74 cm/s (from Table 2-3)
Io= 518 x 1000/ {0.74 x 5600} = 1.94 h

The estimates vary from 0.71 w 2.41 h. The median value of 1.31 h appears to be a rea-

sonable approximation. It is also close 10 the average of the five estimates.
—

Rainfall Intensity

Rainfall intensities for dilferent return periods and corresponding to different dura-
tions {(e.g., times of concentration) can be obtained from NOAA Atlaz 2 for the eleven west-
ern states: Montana, Wyoming, Colorado, New Mexico, ldaho, Utah, Nevada, Arizona, Wash-
ington, Oregon, and California (NOAA 1973). Some states and counties have developed
precipitation intensity-durationdrequency (IDF), depth-durationdrequency, and depth-area-
duration (DAD)} curves for areas in their jurisdictions using relevamt precipitation data,
{e.g.. Bulletin 70 for the State of Illinois (Huff and Angel 1989}]. For other areas in the
United States, precipitation depths taken from Technical Paper No. 40 {TP-40) may be used
with a multiplying factor of about 1.20 to account for uncertainties and extreme storm
events that may have ocourred during the last three decades since the publication of TP-40

{ Hershfield 1961).

An IDF is a plot of precipitation intensity on the y-axis and duration on the x-axis with
refurn period indicated on each intensity-duration curve. As convenient, either arithmetic
or loganthmic scales for both axes may be used for these plots. A depth-duration-frequency
curve is similar to the [DF curve except that precipitation intensity is replaced by precipita-
tion depth. The DAD curve is a plot of watershed area on a log scale on the y-axis and pre-
cipitation depth on an arithmetic scale on the x-axis with duration indicated on each depth-
area curve. As convenient, the x and y axes may be interchanged.

For areas where limited precipitaton data are available, preliminary values of precipi-
tation intensity or depth may be estimated by (Ponce 1989; Rouse 1950}

= ag/(t+ 0" o d= gt/ (t+ H" (2-15)
where

i = precipitation intensity {mm /h)
d = precipitation depth {mm]
t = time duration {h)

a, b, and m are empirical coefficients

For the sake of simplicity, the exponent m = 1. Values of the other empirical coefficients
may be determined by substitubng available data for rainfall depths or intensities and aver-
aging the computed values for different sets of data points.
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Eﬂ"h 2:2: Prepare IDF curves for use in the design of the drainage system for an indus-
trial site near Joliet, llinos.

Solation: The rainfall depths of varous durations and retum periods for Joliet, llinois,
obtained from Huff and Angel (1989} are shown in Table 26(a). The corresponding inten-
sities are shown in Table 246(b). The IDF curves for durations of 5 min to 2 b, plotted on an
arithmetic scale, are shown in Figure 2-1 (a); those for durations of 10 min to 24 h, ploited on

a log-log scale, are shown in Figure 2-1(b}.

Table 2-6{(a). Rainfall depth-duraton-frequency table

Rainfall depth for different return periods (mm)

Duration (h) 2yr 5yr 10yr el Sye 100y
24 H1.28 103.65 125,19 153 42 182.12 215.14
18 T4.68 95.25 113.28 141.22 167.64 197.87
12 70.61 90.17 107.19 133.35 158.50 187.20
& 60.96 77.72 9246 11506 136656 16120
k) 52.07 66.29 78.74 98.30 116.5%9 137.67
2 48.01 61.21 T72.64 90.42 107.44 127.00
1 38.10 48.77 57.91 72.14 85.60  101.09
0.500 (30 min) 29.97 3835 45.47 5664 67.51 79.50
0.250 (15 min)  21.84 97.04 38.97 41.40 49.28 58.17
(L.167 (10 min) 17.78 22.86 27.18 a5.78 40.13 47.24
0.083 (5 min) 9.65 12.45 14.75 18.29 21.84 26.91

Source: Huff and Angel {1989).

Table 2-6(b).

Rainfall intensity-duration-frequency table

Rainfall intensity for different return periods (mm, h)

Duration (h) 2—}1 T 10-yr 2591 50T 100-yr

24 3.39 4.32 5.15 .39 7.59 B.96

18 4.15 5.29 .29 7.85 9.5 10.99

12 5.88 7.51 8.93 11.11 13.21 15.60

6 10.16 12.95 15.41 1918 22.78 26.88

3 17.%6 22.10 26.25 5277 36.86 45.89

2 24.00 30.61 a6.52 15.21 h3.72 6350

1 38.10 48.77 57.91 T2.14 R5.60 101,084

0.500 (30 min) 59.94 76.71 90.93 113.28 134.62 159.00
0.250 (15 min) 87.38 111.76 133.10 165.61 197.10 292.66
0.167 (10 min) 106,68 137.16 163.06 202.69 240.79 283.46
0.083 (5 min) 115.82 149.55 176.78 219,46 26218 210,90

Source; Huff and Angel (19859).
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Table 2-7. Rainfall data for mine site

Drration (min)
Return period 10 30 60
241 high rainfall depth {mm) 19.2 36.9 54.3
54t high rainfall depth (mm) 221 41.7 62.7

Elll“h 2-3: Five vears of rainfall data for a remote mine site are included in Table 2-7.

Develop an approximate [DF table usable for planning purposes and extrapolate it up toa 104t
return period.

Solution: Using Eq. (2:15) with m = 1, i = d/, and available 247 rainfall depths for 10-,
M, and Hl-min duratons,

1= 19.2 X 60/10 = 115.2 = a/(0.16G7 + &)

i= 369 x 60/50 = T3.8 = /(0.5 + &)

i=h3=a/(l0+H

Solving the first two simultaneous equations results in a = 68.38 and & = 0.4266; solving
the first and third equations results in a = 85.56 and & = 0,5757; and solving the second and
third equations results in a = 102.75 and & = 0.8923. The averages of the three sets of values

are @ = B5.56 and & = (L6315, Thus, a preliminary IDF table may be developed from the
equation

i(2yr) = 8556/ (1 + 0.6%15).
Similarly, the three equations for the 541 rainfall depths are

i= (22,1 X 60/10) = 1826 = a/(0.167 + b)
i= (4.7 X 60305 = B4 = g/ (L5 + b
i= 627 = a/(1.0 + B

The solution of these equations in the same order as before results in & = 7485, b = 0.3975;
a = 90,08, b= 05802; and a = 126.31, b = 1.0145. Using the averages of these values results
in the equation

i(B4r) = 100.08/ (¢ + D.6641)

In the absence of any other data, the estimated precipitation intensities for 2- and 5S-year
return penods may be converted to the corresponding depth, using the relationship d = it
The depths for each duration may be plotied on a Gumbel probability paper, and the 10year
precipitation depths for the corresponding durations may be obtained by extrapolation (see
the section of this chapter entitled “Statistical Analysis of Awvailable Data”). Allematively,



assume the Z-year rainfall depths 1o be approximately equal 1o the respective means; for ex-
ample, for a duration of 60 min, mean = X = 54.3 mm. Then, using Fq. (2-23),

K (541) = —0.7797 [0.5772 + In [In (5/4)]] = 0.71946.
Using Eq. (2-21),

62.7 = 545 + 0.71946 5.
This gives s = 11.6754. Reusing Eqs. (2-23) and (2-21),

K {1047} = 1.30457
d (1047) = 54.3 + 150457 X 11.6754 = 69.53 rmun
1t (1097} = 69.53 X 60,60 = 69.53 mm/h

The Lyt values for other durations may be similarly estimated.

Note that these results are preliminary and may be useful for planning purposes only,
They must be modified as soon as addidonal data are available,

For sitations where rainfall data for a few years (e.g., 5 years) for several gauging sta-
tions {e.g,, 10 stations) within the same climatc region are available, the data may be com-
bined and assumed to be equivalent to 50 years of data at one station. This approximation
is known as the Sation Year Method (Chow 1964). Where appropriate, stochastic methods
to extend available data also may be used. Using the extended data, statistical methods
described in the section entitled “Statistical Analysis of Available Data” may be used to esti-
mate rainfall depths of different return periods.

Exomple 2-4: Dt processing of rainfall records from six continuous recording rain gauge
stations in & remote mining area (approx. 8 km % 8 km) indicated the annual maximum
10-min values shown in Table 2-8. Esumate the 10-min 2-, 10-, 50-, and 1004y rainfall depths
tor the design of the drainage system for the facility.

Solution: The rain gauge stations are located within a relatively small mining area,
which is within the same climatic region. Therefore, the Station Year approximation is used.
The values at different stations pertaining to the same date may represent one and the same
storm and may not necessarily provide additional independent data points. Note that there
are three values for November 28, 1993; two for November 28, 1993; three for November 15,
1995; two for February 14, 1996; three for April 14, 1997; and two for January 12, 1997, To
develop an approximate equivalent record for more than 6 years at one station within the site
area, only the highest value observed on each of these dates is considered. This results in
25 independent data poins as shown in Table 2248, approximating 25 yr of 10-min annual max-
imum rainfall values at the sibe,

Normally, the bestfitting probability distribution should be used for frequency analysis
using these data points. However, the Fisher-Tippett Type [ (i.e.,, Gumbel) distribution has
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been found e At rainfall data (Hershfeld 1961 NOAA 1973). Therefore, this distribution is
used to estimate the 2-, 10-, 50-, and 100« 10-min rainfall depths for the site area. Using func-
tions available in standard software packages (e.g., Excel), the mean, X, and standard devia-
tion, 5, of the 25 values in Table 29 are found 1o be 19552 and 3.803, respectuvely. Using Eqs.

(2-24), (2-25), and (2-26),

o = 1.2826,/3.803 = 0,337
u = 19.582 — 0.5772/0.337 = 17.819
Therefore,
P{l0yr) = 17819 ~ In [—In {1 = 0.10))/0.337 = 24.50 mm,
£ (5041) = 17.819 — In [—In (1 — 0.02)]/0.337 = 29,40 mum, and
P{100yr) = 17.819 = In [=In {1 — 0.01)}/0.337 = 31.47 mm.

It must be noted that these estimates are preliminary and may be useful for design of the
site drainage sysiem wsing reasonable tactors of saltety.

The U.S. Geological Survey has developed different sets of regression equations to estimate

peak flows of different return periods for ungauged sites in different siates of the United
States and Puerto Rico (USGS 1994). The reported standard errors of these equations are

Table 2-8. Annual maximum |0-min rainfall {mm)

Simtion 1 Station 2 Station 3
Year Diate Rainfall Drate Rainfall Daie Rainlall
1953 Movember 28 180 Movember 98 [REX] Movember # 9.4
1954 December 10 25.4 January 25 16,6 Movermser 16 18.0
1995 January 4 19.8 Movember 15 20.6 November 156 24.8
1405 January 24 16.0 February 14 17.6 February 14 199
1997 April 14 25.5 April 14 19.4 January 12 17.2
1998 Neovember 2 29.6 January 15 17.0 Dictober 24 22.8

Siation 4 Station 5 Siation &
Year Diate RadnFall Date Rainfall Daie Fain fall
R e Nowember 20 e Movember H8 | — —
104 March 18 14.4 February 13 19.4 Movember 24 16.8
1995 November 2% 234 Movember 15 2.0 MNovember 27 18.6
[REE November 15 14.2 Jamary 12 18.8 April 18 18.6
1997 Jawuary 12 15,0 April 14 ¢1.8 November 16 150

1908 — — MNeowember 17 1.6 May 10 15.6
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Table 2-9. 10-min annual maximum screened rainfall {mm)

Date 10-min maximum rainfall
11/28,/93 220
11,/29/93 21.2

1/25/94 16.6
2/18/94 19.4
/18,94 14.4
11/16/94 18.0
11/24,/04 16.8
12/10,04 23 4
1/4/95 19.8
11/15/95 24.8
11/29,/95 23.4
11/27/95 18.6
1/12/9% 18.8
1/24,/96 16.0
2/14/96 19.2
418, 940 18.6
11/15/96 14.2
1/12/97 18.0
4/14/97 25.5
11/16,/97 15.0
1/15/98 17.0
5/10,/08 15.6
10/24,/98 29 8
11/2/98 206
11/17/98 19.6

relatively high. However, they are useful for verification of the reasonableness of peak flows
estimated by other methods. These equations are reported in the foot-poundsecond (FPS)
system of units. It is generally convenient 1o use them in the FPS system and convert the
results to the 51 system.

hﬂ* 2-5: Using the HEC-1 madel, the 100wr peak flow of a creek in Kansas is estimated
o be 367 m* /s, Use USGS regression equations o verify the reasonableness of the estimated
10(yr peak flow. Relevant parameters required for the use of the regression equations are:

DA = 61.4 km* (23,70 mi®)
mean annual precipitation for the basin = 71 em (28 in.)

Solution:  The generalized form of the regression equations for drainage areas of (L17 w0
less than 30 mi® (0.44 w 77.7 kin®) in Kansas is (USGS 2000a):

Q =a DA* P¥ (2-16)



where

(= peak flow in cubic lect per second (cfs)
DA = drainage area (mi®)
P = mean annual precipitation (in.)

a, b, bl = regression coefficdents obained from USGS (2000a)

The values of the regression coefficients for the 1004y return period, along with the esti-
mated errors of predictions, are shown in Table 2-10. Using Eq. (2-16)} with the coeflicients
given in Table 2-10,

oo = 19.80 x (25.70)°% x (28)'%= = 10,770 cfs = 305 m"/s.

The estimated 1004y peak flows and standard errors of the estimate based on the regression
equation are shown in Table 2-11.

In view of the values given by the USGS regression equation, 367 m”/s appears o be a
reasonably conservative estimale,

Table 2-10. Regression coefficients and errors of prediction of USGS regression equa-

ton for Kansas
Regression coefficients’
Return period a b bl Error (%)
100yr 0.634 +71
19.80 1.288 —44

*For drainage areas ranging from 0,17 o less than 30 mi.
Source: USGS (1994

Table 2-11. Estimated 100+r peak flows

Regression equation
Peak flow
estimated by Estimated Prediction Prediction
Subwatershed HEC-1* peak flow error (+) error (=)
f1.4 km? 367 m*/s 305 m*/s 217 m/'s 134 m*/s

*See Example 2-8.
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Statistical Analysis of Available Data

The following four common statistical parameters are required for statistical analysis of dat:

Mean =X =L X/n (2-17)

Standard deviation = s = [E (X - X)*/(n ~ 1)]™® (2-18)

Skew coefficient =G = nE (X - XY/ [{n— Din — 2) 5% {2-19)
Kurtosis = k= [a{n + 1}/l{n — 1}{n — 2){n — 8)]] X

[ (X — X)/sl'] —[B(m — 1)*/{(n — 2)(n — 3)}] {2-20)

where

X = value of the variahle
n = number of data points

L=from]wn

For normal dismbution, G = 0 and k = 5. For the Gumbel {Extreme Value Type 1) distn-
bution, & = 1,139 and k = 5.4,

If annual peak flow data are available for the site, peak flows of higher return periods
may be estumated by stanstical analysis. In practice, peak flows of the desired return period
should be estimated using several probability distributions and the adopted value should
be selected by judgment, giving more weight to the better-fitting and log-Pearson Type 111
distributions. The normal or log-normal distribution is acceptable if the skew coefficient s
sinall. The Gumbel distribution has a constant skew coeflicient of 1.1396. The log-Pearson
Type I distribution is applicable for any known skew coefficient (USWRC 1981 ). A simple
method to determine the goodness-of-fit is to plot the annual peak Aows on several proba-
bility papers {e.g., normal, log-normal, and Gumbel probability papers) and identify the
bestfiting distribution by observation.

Computational steps for statistical analysis of annual peak flows are as follows:

*  Arrange the annual peak flow values in descending order of magnitude. Assign a
rank, m, to cach value, with the highest value being 1. Assign different {successive)

ranks even il two or more values are equal. This can be done on a spreadsheet.
*  Compute logarithms (to the base 10) of all the values,

*  Determine mean, X, standard deviation, s, and skew coefficient, G, of all values and
of their loganthms. Thas can be done using available functions in standard software
packages (e.g., Excel).

* Compute plotting position for each value using the Weibull formula, m/(n + 1),
where s is the total number of data points. Use these plotting positions for prepar-
ing straight line graphs on different probability papers. The plotting position is
taken to be the probahility scaled on the abscissa of the probability paper.

#  Estimate peak flow of the desired return period by visual ohservation or extrapola-
tion from the probability distribution plot, or, alternatively, by using the equation

Qr=i+.ﬂ:‘i {2'21]



where

Q r = peak flow of a return period of Ty
K = frequency factor obtained from tables (USWRC 1981; Chow 1964)

For normal distribution, the values, Q0 X, and s pertain to untransformed annual peak
flows, and K is the standard normal deviate, which may be obtained from statistical tables
corresponding to = 1,/T, where P = probability that the indicated value will be equaled
or exceeded (e.g., F = 0.01 for the 100yr peak flow). If tables of frequency factors for the
log-Pearson Type 111 distribution are used, then tabulated values of K for G = (0 may be used
for the normal distribution (USWRC 1981}, Commaonly used values of K for normal or log-
normal distribution are given in Table 2-12.

For the log-normal and log-Pearson Type I distributions, the values of X and s used in
Eq. (221) are computed from the logarithms of the annual peak flows, and the estimated
value of (O is the logarithm of the desired peak flow. The frequency factor for the log-
normal distribution is the same as for the normal distribution, and for the log-Pearson Type
I distribution is that corresponding to the previously computed skew coefficient, G, of the
logarithms of the annual peak flows, These values are mbulated in statistical ables (e.g.,
USWRCG 1981). Alternatively, approximate values of K for the log-Pearson Type 111 distribu-
tion may be estimated by the equation

K (LP Type LI} = 2/G |[{K, — G/6) G/6 + 1]* - 1] (2-22)

where K, i the value of K for the normal distribution.

Table 2-12. Selecied values of frequency factor for normal or log-normal distribution

Return period (yr) P (probability of exceedance) Frequency factor (K)

2 (.50 0

25 0. 40 025345

5.55 0.30 052440

5 0.20 0.84162

1t 010 1.28155

20 0.05 1.64485

25 .14 1.75065

40 0.025 19595

Bl .02 205375

100 0.01 2. 32635

200 0.005 257583

500 0.002 2 R7R1G

1,000 0.001 1.0902%

2,000 0.0005 3.20053

10,000 0.0001 3. 71902

Source: USWRC (1981).
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For Gumbel distribution, (, X, and s pertain to untransformed annual peak flows and
K may be estimated from the equation:

KiGumbel) = —=0.7797 {05772 + In[ln T = 1In (T = 1} ]} (2-23)

Alternatively, 0 for the Gumbel distribution may be estimated by the following equations:

o = 1.2826/s (2-24)
u=¥X - 05772/ {2-25)
1 -P=1-1/T= exp[—expl—a{Qy— ul] (2-26a)
o,
Qr= 4 — {In[-In{] — P}/« {2-26b)

The Gumbel distribution is used to define the mean annual flood. Setting Qr = X, Eq. (2-26)
gives

1-P=1-1/T= exp[—exp|—a(X - u)}]
Also, from Eq. (2-25),
—a{ X = u) = —0.5772.
Thus, T = 2.35% yr = return period of the mean annual flood.

For more refined statistical analyses of annual peak flows, refer to standard texts on
application of statistical methods in hydrology (e.g., Haan 1977; Yevievich 1972a, 1997).

Example 2-6: Esiimate the 500-yr peak flow of the Ohio River at Louisville, Kentucky, using
the annual peak Aow data given in Tahle 2-15,

Solution:

1, Mormal Dismribution
Using Eq. (2-21) with X = 2.87816 from Table 2-12, X = 14320.4, and s = 3677.0
from Table 2-15,

Que = 14329.4 + 287816  3677.0 = 24,912 m*/s

2. Log-Normal Distribution
Using Eq. (2-21) with K= 9 RTR16 from Table 2212, X = 4.142405, and s = 0.1 10875
from Table 2-13,

Log (@) = 4142405 + 287816 x (.110875 = 4.46152

Therefore, (g = 28,941 m*/s.
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3. Log-Pearson Type LI {(LF Type 1) Distribution
Using X = 4.142405, s = 0.110875, and G = —0.24 from Table 2-18, and K (LP
Type 11} = 2588096 (by interpolation from tables for the frequency factor for
log-Pearson Type [l distnbution for G = <0.24), Eq. (2-21) gives,
Log {(Qse) = 4142405 + 2588906 = 0.110875 = 4.42046

Therefore, Qage = 26,882 m"/s. Alternatively, using Eq. (2-22) for log-Pearson Type
I distribution,

K(LPII) = 2/(—0.24) [{{287816 + 0.24/6)
(—0.24/6) + 1" — 1] = 259

which is nearly the same as the value interpolated from the mbles.

4, Gumbel Distribution
Using Ea;l. (2-23) o estimate the frequency factor for Gumbel distnbuton,

K {Gumbel) = —0.7797[0.5772 + In[in(500/409)}] = 4.3047
Therefore, using Eq. (221) with X = 14329.4 and s = 3677.0,
so0 = 143204 + 48047 X 3677.0 = 30,489 m"/s
Alternatively, using Eqs. (2-24), (2-25), and (2-26b) with F = 0.002 for T'= 500 yr,

a = 1.2826/3677.0 = 0.0003488
u = 14320.4 — 0.5772,/0.0003488 = 12675
Qsoe = 12675 = In[~In(1- 0.002)]/0.0003488 = 30,489 m*/s

The estimated 5004t peak flow varies from 24,912 1o 30,489 m*/s. The estimated value
using LF Type [l distnbution is near the middle of this range. So, a value of 27,000 m?*/s
appears to be a reasonable estimate.

Surface Runoff Hydrographs

This involves development of a surface munoff hydrograph for the watershed at the point of
interest. A hydrograph is a graphical plot (or mbular presentation) of fows against ume.
Surface nunoff hydrographs resulting from storm events of specified durations are described
here. The peak of Tyr storm runoff hydrograph is assumed to represent the Tyr peak flow,
although this may not always match the statistically estimated Tor peak flow, Methods to devel-
op the probable maximum flood (PMF) hydrograph are described in the section of this chap-
ter entitled “Probable Maximum Flood Hydrograph.” A typical surface runoff hydrograph con-
sists of a slowly rising approach limb, a relatively faster rising limb, and a receding limb that
connects to the baseflow hydrograph (Figure 2-2).

Usually, surface runofl hydrographs are developed using computer models, such as
HECG-HMS (USACE 2002), HEC-1 (USACE 1991a), TR-20 (USDA 1988a), and SEDIMOT-I



Table 2-13. Sttistical analysis of annual peak flows of Ohio River at Louisville, Kentucky

Year Q (m*/s) Ordered Log (Q) Rank Plotting position

1872 110710 31427 1.4973 1 0.0085
1873 Q881 23868 4 5778 2 0.0171
1874 11835 23358 4.3684 3 (.0256
1875 144349 22295 4.5468 4 0.0542
1876 15572 21772 4.5379 5 0.0427
1877 14524 21235 4.3270 6 0.0513
1878 6852 20187 +.3051 7 0.0598
1879 10136 19932 4.2995 8 0.0684
1850 14638 19451 4.2889 9 0.0769
1881 11855 18177 4.25495 10 0.0855
1882 17667 17979 4.2548 11 0.0940
1883 21235 17979 4.2548 12 0.1026
1884 23358 17865 4.2520 13 0.1111
1885 11637 17667 4.2472 14 0.1196
1886 15742 17611 4.2458 15 0.1282
1887 15742 17469 4.242% 16 0.1367
18848 9541 17327 4.2387 17 0.1453
18849 B206 17242 4.2366 15 01538
184940 16874 17214 1.2359 19 0.1624
1891 15572 17214 4.2354 20 01709
1892 11778 16031 4. 2287 21 0.1795
1893 14213 16874 42272 F+4 0. 1880
1884 TH45 16818 4.2258 23 0.1966
1895 11525 16789 4.2250 24 0.2051
1896 11920 16676 4.222] 25 0.2137
1897 16818 16648 4.2214 26 0.2222
1898 17214 16591 4.2199 27 0.2308
18049 15714 15940 4.2025 28 0.2393
1904 B267 15883 4.2009 29 0.2479
19401 15940 15855 4.2002 30 0.2564
1902 12797 15798 4.1986 31 0.2649
1903 14185 15770 4,1978 32 0.2735
1904 12146 15770 4.1978 33 0.2820
1905 11637 15770 4.1978 M 0.2906
1906 13279 15742 4.1971 35 0.2991
1907 20187 15742 4.1971 3 0.3077
1908 15119 15714 4.1963 37 0.3162
194049 15770 15572 4.1923 3g 0.3248
1910 14071 15572 4.1928 39 0.3333
1911 12061 15515 4.1908 40 0.8419
1912 14185 15252 4.1828 41 0.3504
1913 21772 15147 4.1803 42 0.3590
1914 11806 15118 4.1795 43 0.3675
1915 14609 15114 4.1795 44 0.3761



Table 2-13.  (Confinued)
Year Q (m*/s) Ordered © Log (Q) Rank Plotting position
1916 152119 15062 4.1779 45 (.3846
1917 14864 1485932 41729 46 0.9932
1918 13307 14864 41721 17 0.4017
1919 13675 145864 4.1721 48 4103
1920 15252 14836 41713 49 0.4188
1921 10278 14751 4. 1688 il 0.427
1922 15515 14658 4.1655 il 0.4359
19253 13477 14609 4. 1646 52 k4444
1924 15770 146049 4, 166 53 0. 4530
1925 10195 14609 4. 1646 54 04615
1926 11976 14581 4.1638 55 0.4701
1927 16676 14581 4.1638 56 0.4786
15928 12231 14524 4.1621 L 0ART2
1929 14581 14439 4.1595 58 0.4957
1930 10815 14439 4.1595 50 05043
1951 10617 14439 4. 1595 1] 0.5128
1982 15147 14326 4,151 Gl 0.5214
19385 19932 14213 4. 1527 62 0.5299
1934 11608 14185 4.1518 63 0.5385
1985 157498 14185 41518 64 0.5470
1936 17611 14071 41483 65 0.5556
1957 21427 130958 4. 1448 b 05641
1938 o796 13958 4. 1448 67 3.573
193% 179759 134930 4. 1439 63 05812
1940 165951 13675 41559 (it 05897
1941 7758 13505 4.1305 70 0.5983
1942 11582 13477 4, 1296 71 0.B065
19458 17465 13307 4.1241 72 6154
1944 13109 18979 41281 79 0.6240
1945 23568 131454 4. 1204 T4 (G325
1946 13505 13165 4. 1194 Th 06410
1947 D966 13104 4.1176 i (6496
19448 19451 13050 4. 1166 77 (L6551
19459 14435 12011 4. 1100 R 0.Go6T
1950 17242 12797 4,107 79 0.6752
1951 14892 12281 4.0875 80 0,6858
1952 15855 12146 4.0844 81 0.6925
1955 BRO0 121158 4.0834 82 (. 7008
1954 BT 10 12061 40814 B3 0, 704
1955 17214 12035 4. 0104 B4 07179
1956 14836 11977 4.0783 85 0.7265
1957 13958 11920 4.0763 86 0.7350
1958 16770 11841 4. 0759 a7 0.7436
1959 14581 11885 4.0752 s 0.7521
([ exrridivitasdd )

27
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Table 2-13. (Continued)

Year Q (m*/s) Ordered Q Log (Q) Rank Plotting position

1960 10245 118355 4.0732 k] 0. T6OT
1961 16789 11806 4.0721 ] 0, 7502
1962 17865 11778 40711 91 0.7778
1963 1 6648 11636 4.0658 92 0. 7863
1964 22225 11637 4.0658 a5 .7949
1965 15194 116408 4. (WG48 04 LR34
1966 1 46000 11382 4.0562 05 0.8120
1967 18177 11525 4.0540 96 1LE205
1968 16591 11070 4.0442 97 0.8291
1969 Q066 11074 4.(419 us (L5376
1970 14536 10815 40540 Lt 0.8461
1971 13165 10617 4. (260 10 01.8547
1972 14751 10278 40119 101 (1.8632
19758 15062 10245 4.0107 s 08718
1974 15885 10195 40013 103 (18RS
1975 1 4605 10156 4.0059 104 ().B8H9
1976 13950 9966 3.9985 105 (L.RG7T4
1977 1430 G066 39985 106 RELE
1978 17327 GRA1 3.904R 107 o145
1979 17979 9796 3.9911 108 0.9231
1980 11014 9541 3.9796 109 09316
1981 118491 BHEO0 394849 110 0.9402
1982 13080 B296 3.9188 111 (.9487
1988 14864 H267 3.0174 112 0.957%
1984 12911 7843 F.8045 113 LO65R
1985 12035% TIa8 F.8897 114 09744
1086 154958 QeI 9.8358 115 (10824
1987 12118 6710 3.8273 116 0.9914
Sum 1662210 1662210 480 510

Mean (X} 143294 143294 4142405

Std. deviation (s) 36770 3677.0  0.110875

Skew () 1.1 08E LO108RE =0 24026

(Wilson et al. 1984). The most common method to develop a surface runoff hydrograph is
to convolute the unit hydrograph ordinates (UHOs) with rainfall excess increments of unit
duration arranged in an appropriate sequence. Convolution is a process of multiplication
and summation. Rainfall excess is precipitation minus losses. The following data are required
to generate a surface ranoff hydrograph:

* Watershed parameters including drainage area and time of concentration or lag time
to determine the unit hydrograph for the basin

*  Duration and time distribution of precipitation and snowmelt runoff
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Figure 2-2. Typical surface runoff hydrograph

*  Soil losses
*  Baseflow hydrograph

The entire watershed is divided into subwatersheds, each representing the drainage area of
a significant tributary of the main stream. Identification of significant mbutary subwater-
sheds is based on judgment. The larger the number of subwatersheds, the more complex
the hydrologic network. A surface runoff hydrograph has to be developed for each subwater-
shed, routed along interconnecting channels, and combined with surface runoff hydro-
graphs from other subwatersheds at appropriate locations. A line diagram of the hydrologic
network should be prepared that shows the location of each subwatershed and the flow path
of surface runoff from all subwatersheds 1o the point where the compaosite hydrograph for
the entire watershed is to be developed. Sometimes, dividing a watershed into different
numbers of subwatersheds may result in appreciably different peak flows at the watershed
outlet. If all hydrograph parameters are selected consistently and weighted hydrograph
parameters are used to reflect the contribution of minor tnbutaries within each subwater-
shed, then the difference in the number of subwatersheds in which the watershed is divided
may not result in significant differences (i.e., greater than about 10%) in the estimated peak
fows for the entire watershed (Prakash 1987).

Methods to estimate the time of concentration or lag ime are described in the section
of this chapter entitled *Rational Method.”

Unit Hydrograph

The unit hydrograph is a hydrograph of direct runoff from a watershed resulting from a
unit depth of effective rainfall (i.e., precipitation minus losses), uniformly distributed over
the watershed area occurring during a specified perod of dme known as the unit duration.
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The unit duration should be sufficiently small so that the precipitation rate during this period
may be assumed to be constant. Generally, a value smaller than 0.29 times the lag time is
considered reasonable (USACE 1991a). The mwo methods to develop a unit hydrograph
tor a watershed or subwatershed are the direct and indirect {(synthetic) methods. In the
direct method, subwatershed area, observed outflow hydrograph at the subwatershed out-
let, estumated baseflow parameters or baseflow hydrograph, precipitation associated with
the observed outflow hydrograph, precipitation loss parameters, and lag time are used as
input to derive the unit hydrograph. For this method o be applicable, the observed outflow
hydrograph should be the result of an isolated storm with uniform intensity throughout its
duration and uniform distribution over the entire subwatershed. In the HEC-1 model, this
method is incorporated in the form of “optimization methodology” (USACE 1991a). (Refer
to other texts for details, e.g., ASCE 1996.) The practitioner is often required to develop and
use synthetic unit hydrographs computed by indirect methods. Some relatively simple indi-
rect methods to develop unit hvdrographs follow:

Dimensionless Unit Hydrograph (USDA 1972, 1985; USBR 1987)

Various agem:ie-s leg., USDA and USBR) have developed generalized dimensionless unit
hydrographs (i.e., plots or tables of dimensionless discharge against dimensionless tme) appli-
cable o subwatersheds of different sizes in different regions. The HEC-1 model has incorpo-
rated the 505 dimensionless unit hvdrograph values (iLe., A.Jri’,“:nm g/ q,) within its code, where
t = time in hours at which unit hydrograph ordinate (UTHO) is g (m”/s), §, = tume from the
bcgmrung tor the peak of unit hydrograph in hours, and ¢, = peak ordinate of the unit hydro-
graph (m"/s). If subwatershed area, A (km®}, unit duration, £,(h), and lag fime, ¢, (h), are spec-
ified, then

=1/2+ 10 (2-27)

g = 208 478, (2-28)

As stated previously, £ = 0.29¢,. For any ome, £, the ratio, i/ g 18 computed from Eq. (2-27)
and the corresponding value of g/g, is obtained from the tables from which ¢ (UHO at time
£} is computed. From a practiioner’s point of view, this is one of the more convenient meth-
ods because it requires only one parameter, {;, to be estimated, in addition to the area of
the subwatershed.

Clark’s Unit Hydrograph (ASCE 1996; USACE 1991a, 2002)

Tur use this method, the subwatershed area is divided into several zones by isochrones,
which are loci of points of equal travel tmes up 1o the subwatershed outlet. The area
between each isochrone and subwatershed outlet is planimetered and expressed as a dimen-
sionless time-area curve or table between A" = A{f} /A and = i) /¢, where A() = area
and #1) = travel time from sochrone @ o subwatershed outlet. IF a sitespecific ime-area

curve is not available, then the equations of the HEC-1 and HEC-HMS models may be used:
= L414()'* 0=¢ <05 (2-29a)

1= A" = 1.414(1 - )'* 05=/( <10 {2-29b)



HYDROLOGIC AMALYSES kY|

Although not absohately necessary, the time step of computations s usually taken to be the
same as the selected unit duration, At The UHOs of Clark’s unit hydrograph can be com-
puted by the following:

B() = A[A™(H) — A'(1 - An] (2-30)
glf) = 2,8(1) + Cgle + Af) (2-31)
L) = D5[ge — At) + g(0)] (2-32)
G = A/ (2K + Ad) (2-33)
G=1-20 (2-34)

where K = storage coefficient in units of time. This method is useful only when a site-specific
or regional value of K is available or can be estimated. Methods to estimate K may be found
in other references (e.g., USACE 1960; Ponce 19849, Bras 19490},

Snyder’s Unit Hydrograph

This method does not produce the complete unit hydrograph. It provides the base
width in hours, peak flow (m®/s), and widths at 50% and 75% of the peak flow in hours and
is useful only when calibrated values of Snyder's parameters, €, and ¢, for the region or sub-
watershed are available, The parameter, £, is estimated from Eq. (2-7), and € is a coeffi-
cient in the equation

g = 278CpA/, (2-55)

Typical values of G, are 0.94 for watersheds similar to those in southern California, 0.63 for
those similar to fairly mountainous Appalachian Highlands, and 0.31 for those similar to
sections of states bordering on the eastern Gulf of Mexico, (Details of the method are pro-
vided in other texts, e.g., ASCE 1996; Chow 1964.) Knowing G,and i, the HEC-1 model may
be used to develop Snyder’s unit hydrograph. This model uses a wial and error method to
obtain the corresponding Clark’s parameters and then generates the unit hydrograph. An
initial value of Clark's parameter, K, is assumed; the time of concentration is estimated from
the relationship, £, = §/0.6; Clark’s UHOs are computed for the desired unit duration, At
Then, trial values of Snyder’s parameters are computed by:

Ca= go(d; — 05 A}/ (2.78 A) {2-86)
I = I.{Hﬂ{:; — .75 Ar) {2-37)
where

[

t, = time when g, occurs on the computed Clark’s UHOs

gp = maximum UHO

The initial assumed values of { and K are adjusted to compensate for differences bemween
computed C; and ¢; and given values of G, and 1. A new set of C; and ; is recomputed
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until these values are in close agreement to the given values within an acceptable tolerance
limit {e.g., 1.0%). The final set of values is then used w develop Clark's UHOs,

Kinematic Wave Method

This method is incorporated in the HEC-1 and HEC-HMS models (USACE 1991a, 2002)
and is useful to develop surface runofl hydrographs for subwatersheds that constitute lateral
flows to streams. It also is useful to develop surface runoff hydrographs for flows across lin-
ear boundaries of subwatersheds. The basin area contributing lateral flow to the stream may
be divided into separate subunits based on land slopes and surface cover types or direction
of flow. For instance, overland flow to a stream from the left and right sides of its bank may
be computed uwsing two different subunits of the same basin. Surface runoff computations
have to be made separately for each subunit. The rainfall excess s assumed o low laterally
to the stream through a wide rectangular channel. The length of the flow path, L, land slope,
5 Manning's roughness factor, n, and percentage of basin area that this subunit represents
are used as given parameters. The roughness factor for overland flow typically varies from
0.5 for dense vegetation to 0.10 for very shallow depths on surfaces paved with concrete or
asphalt. The roughness factor and land slope are used to determine kinematic wave parame-

ters, o and ;. For a wide channel where the wetted perimeter is nearly equal to the chan-
nel width, the kinematic wave approximation for discharge, @, is

(= A" {2-38)
where
a=(1/ms?2
m =59

Rainfall excess, g, per unit width of the flow path constitutes the inflow to the channel, The
resulting continuity equation with the kinematic wave approximation is

dA/dt + amd® 'ad/dx = g {2-39)

A discretized form of Eq. (2-39) is solved numerically to develop a surface runofl hydro-
graph for overland flow per unit width of the subunit. The average width of the subunit is
estimated by dividing its area by the average length, L. The surface runoff hydrograph ordi-
nates per unit width are multiplied by this width to obtain the surface ranoff hydrograph for
the entire subunit. Surface runoff hydrographs from these subunits are combined with the
hydrograph entering the stream reach or subwatershed at the upstream edge of each sub-
unit, Further details of the method are provided in other texts {e.g., USACE 1991a, 2002},

‘The duration of design precipitation for the watershed is determined using the estimated time
of wravel of surface runoff from the upper edge of the watershed o the point of interest
through overland flow paths, channels, and impoundments. A study of annual maximum dis-
charge records of selected sireams in Maryland indicated that a 24-h storm duration may be
appropriate for drainage arcas of 5 to 130 km® (Levy and McCuen 1999). Smaller storm dura-
tions may be wsed for smaller watersheds with smaller travel times of surface rmunofl, and a
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24- to %6-h duration may be necessary for larger watersheds. Precipitation depths of the desired
remurn periods and durations can be obtained from NOAA Adas 2 for the eleven western states
(NOAA 1973), TP-40 for other contiguous states {Hershfield 1961), Technical Paper No. 47
for Alaska (Miller 1963}, Technical Paper No. 43 for Hawail (USDOC 1962), and Technical
Paper No. 42 for Puerto Rico and the Virgin Islands (USDOC 1961). Methods to estimate areal
average precipitation depths from point estimates also are included in these publications.
For convolution with UHOs, precipitation depths have to be divided into ime increments
equal to the unit duration and sequenced to approximate the time distribution of precipit-
tion in the storm event of interest. Various methods have been proposed for time distribation
and sequencing of incremental precipitation. If hyetographs of rainfall events in the site vicin-
ity are available, then the distribution and sequence of incremental precipitation for the
design storm should be selected to be as close to the observed ones as possible. A few com-

monly used methods are presented here.

SCS Method

The SCS has expressed fime distribution and sequencing of 24-h rainfall by four curves
applicable 1o different regions of the United States. Approximate distributions of precipi-
tation depths convenient for computer use are included in Table 2-14 {USDA 1986; Ponce
1989},

The Type I distribution is applicable to Hawaii, the coastal side of the Sierra Nevada in
southern California, and the interior regions of Alaska. Type LA represents areas on the
coastal side of the Sierra Nevada and the Cascade Mountains in Oregon, Washington,
northern California, and the coastal regions of Alaska. Type Il represents Gulf of Mexico
and Atlantic coastal areas where tropical storms bring large 24-h minfall amounts. Type 1l is
applicable w the remaining United States, Puerto Rico, and the Virgin Islands. Type Il and
Type Il distributions are very similar to each other.

HEC-1 Model Approach

This method uses specified values of precipitation depihs for 5, 15, and 60-min and 2-,
3-, B, 12-, 24-, 96-, 168-, and 240-h durations depending on the duration of the design storm.
The model generates a rriangular distribution such that the rainfall depth specified for any
duration occurs during the central part of the storm. This method has been found to be
convenient for cases where site-sspecific sequences of incremental precipitation cannot be
determined.

Soil Losses

Soil losses include the portion of precipitation that is lost due o infiltration, wanspiration
and interception by vegetation, depression storage, and evaporation. Methods w estimate
soil losses that are relatively simple to use and do not require parameters, some of which may
he relatively difficult to obtain, are described here.

1. Constant initial loss (mm) followed by uniform loss rate (mm,/h). This method is
suitable for watersheds where calibrated values for the uniform loss and uniform loss
rate are available for storm events similar to those for which the surface runoff hydro-
graph is to be developed. The entire precipitation is lost until the prescribed initial
loss is satisfied. Thereafter, precipitation loss occurs at the prescribed uniform rate,



Table 2-184. Time distribution and sequencing ufdﬁign LTINS

Fraction of 24-h rainfall depth
Duration (k) Type 1 Type IA Type Il Type I
LRI {1, () i) M 1 O F (3. RO
0.5 0.00871 0,00 00 000515 RPN
1.4 0.01745 {1, (000 001050 (107 D
1.5 (L0hGE1 {03 01614 (001 5
2.1 0.03508 {00500 0. 02200 ]
25 004416 {06600 002815 LOEs1Y
3.0 0.05405 0.082 (W) 0.03450 008075
3.5 IR ] (RS ) (4115 (h D509
4.0 R L 0, 1 160 (0, 0 BW0 (04300
45 LOBTE4 0.1 3506 (LNG595 (L4 G
5.0 . (PO ). 1 G (3, RS LORETS
0.5 11234 (). 1 B{WHD 007125 LT
.1 0,1 254H) RS XL 0.07200
6.5 L15915 025700 . a925 005063
7.0 0.1 5600 0. 26800 X (0050
7.5 0.17460 0. 31000 0. 10925 010165
B . 149400 0.42500 0, 1 20000 0, 11400
A5 A, 5] S 4B (MM 15225 12844
0.0 0. 25400 {152 TW0 0. 14700 0. 14575
0.5 030300 . 5E0 0, LGS0 0. 15554
100 0.5 1 5400 05T 0. 18100 {0, 15900
1.5 (L.5E300 .6 1M ), SO0 0.21650
110 0.62300 (L62400 0.28500 0. 25000
11.5 01.65550 1. B4 5000 0. ZE0 (1, 20H00
12.0 {1 GR400 LI e300 i, SO0
12.5 0. 7095 G R 1. TH500 {1, 70020M)
15.0 0.73200 0. 70100 0. 77200 (0. TR0
15.5 0. 7THIEE O.71900 0. TS {1, TEHL50
14.0 0. 7T 0. TH600 {1 HEA D {1851 1M
14.5 0. TRE2R 0. 75981 f.83763 {1, B340
15.0 0.80200 0. 76924 0.85350 {1LB5425
15.5 081725 0. 78520 0.B6T63 0.87156
16.0 083200 00, BOOGDE i) HEH (1, KEGH
16.5 11 B4625 . 81625 H.851 1% (. BOR3E
17.0 (), RO 083116 (.90 78 TR T
75 0.A7325 084560 0,91 1649 91958
18.0 (), BEG 085984 (.92 100 . G2R00
18.5 089825 087361 0, 93060 .93581
1500 ERIBENE I .BETN 0,93775 094325
19.5 092125 0. 901 094519 iras0%1
2.0 0.9320d1 0.91264 {0, 95203 0495700
2.5 {94235 £, 924849 1L 95844 {26356
21.00 {452 (K {.93676 096475 .96 44
2.5 (L9661 25 094825 0, 97094 IR ]
220 (LS T 0, S5936 (LA7 7 IR T
22.5 097825 097004 0.98204 L.985098
4910 {1, SR 0, D044 0.98875 0.99004
2.5 0.909525 0. 90041 0, 90444 099561
2410 1N 1. (DN 1.0 [REITCH]

Bource: USDA (1966); Pance {19859)
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Curve Number Methed (USDA 1972, 1985; ASCE 1996). In this method, a curve
number (CN) is assigned to cach component of the watershed based on soil ype,
land use, and antecedent moisture condition of the soils. Published soil surveys for
most counties in the United States are available in many libraries and local offices
of the Matural Besources Conservation Service (MRCS), The soils are classified into
four hydrologic soil groups:

a.  Soils having high infiltration rates even when thoroughly wetted and consisting
chiefly of deep, well-drained to excessively drained sands or gravels. These soils
have a low surface runoff potential and are assigned low curve numbers.

b. Soils having moderate infiltration rates when thoroughly weted and consisting
chiefly of moderately deep 1o deep, moderately well- 1o well-drained soils with
moderately fine 1o moderately coarse textures.

c. Soils having slow infiltration rates when thoroughly wetted and consisting
chiefly of soils with a layer that impedes downward movement of water, or soils
with moderately fine to fine texture, These soils have a relatively high runoff
potential and are assigned moderately high curve numbers.

d. Soils having very slow infiliration rates when thoroughly wetted and consisting
chiefly of clay soils with a high swelling potential, soils with a permanently high
water table, soils with a clay pan or clay layer at or near the surface, and shal-
low soils over nearly impervious material. These soils have high runoff poten-
tial and are assigned high curve numbers.

The soil moisture condition resulting from weather condivons preceding the storm
event for which a surface runoff hydrograph is to be developed is referred to as the ante-
cedent moisture condition (AMC). AMCs are divided into three classes:

1.

2.

.

where

AMC I: This represents a condition when soils are dry but not to the wilting point and
antecedent precipitation (within 5 days prior o the storm event) is less than about
13 mm for the dormant season and less than about 36 mm for the crop growing season.

AMC II: This represents average conditions typifying annual floods when antece-
dent precipitation is 1% to 28 mam for the dormant season and 36 to 53 mm for the

Erowing Scason,

AMC III: This represents a condition when heavy rainfall {greater than 28 mm dur-
ing the dormant season and 53 mm during the growing season) or light rainfall and
low temperatures have occurred within 5 days preceding the storm event,

According to the curve number method,

Q= (P~ L) [P+ 0.85)] {240

{7 = surface runoff {cm)

P = wotal rainfall (cm)

5, = potential maximum retention as defined in Eq. (2-6) (cm)

I, = inidgal abstraction (cm) = 0,25,

If P= [, there is no runoff.



Table 2-15.

Typical runoif curve numbers (AMC Il and [, = 0.2 5,)

Cover Hydrologic seil group
Treatment Hydrologic
Land use or practice condition A B C D
Fallow Straight row — 77 86 91 94
Row crops Straight row Poor T2 Hl HHE 9]
Good &7 T8 85 89
Contoured Poor 70 79 B4 BR
Grond b5 75 82 B
Contoured and Poor i T4 80 B2
terraced Good 62 71 78 &1
Small grain Straight row Poor 65 76 84 BE
Good 63 i H3 87
Contoured Poor 63 T4 B2 a5
Good fil 75 a1 A4
Contoured and Poor iG] T2 79 B2
terraced Crood 59 70 78 a1
Closed seeded Straight row Poor LiH] i 85 B
legumes or e hR iz &l Bh
rotation Contoured Poor 64 75 85 85
mead ow® Good 55 [t T8 A
Contoured and Poor 63 78 80 A3
terraced Good 51 67 76 B0
Pasture or General Poor 68 4 a6 89
range Fair 449 (¥ ?':1‘ Hi
Gaod 3% 6l 74 8l
Meadow Ceneral (i S a8 7l TR
Winneds General Pror 45 filfi T H3
Fair 36 (i 78 79
Croodd 5 55 70 7T
Farmsteads General General A0 T4 82 86
Roads Dvirt General T2 82 RY it
Hard surface General 74 H4 o o2
Open spaces Grass cover <50% Poor 68 79 86 B9
(lawns, parks, Grass cover 50 to 75% Fair 49 69 79 B4
golf courses, Grass cover >T5% Cooronel 39 i1 74 8O
cemeteres, efc.)
Commercial and General General B4 92 4 095
business areas
(B5% impervious)
Industral districts Ceneral General Hl HE a1 b e

(T2% impervious)

Residential areas M reduces with Lot sizes of 1/8 4677 6585 77-90 #2492
increase in lot siee Ly 2 acres
Paved parking lots General General Oh-08 95-08 95-58 O95-98

*Close-dnlled or broadoas:
Source: USDA (1972, 1985,
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Curve numbers for AMC I are given in Table 2.15 (USDA 1972, 1985). The corre-
sponding curve numbers for AMC [ and AMC [II can be estimated using the equations
[(Hawkins et al. 1985):

CN; (CNs for AMC ) = CNg/ (2.3 — 0.018 CNy) (2-41)
ClNyp (CNs for AMC I = CNy/ (0,43 + 0.0057 CNy) (2-42)

If the watershed includes segments with several types of soils and soil cover complexes,
appropriate CNs are assigned 1o each segment and a weighted CN can be estimated for the
entire watershed using the equation

CN (weighted) = CN{1)A, + CV(2)A: + ... + CN(m) A, (2-45)
where

CN{1) Ay, etc. = CN and area, respectvely, of different segments

i = ol number nfsegmenm in the watershed

Snowmelt and Snow Loads

A simple method w estimate the contribution of snowmelt to rainfall excess is 10 use the
degree-day method, as in the equation

5= G(T—T,) {2-44)
where

Sa = snowmelt per day (mm)

I'= air temperature ("C) at the midpoint of the zone of snowpack during the time
interval for which snowmelt is being calculated

Ty = air temperature at which snow melts {"C)
Ca = melt coefficient per degree-day (mm,/C), usually abourt 3.20

Often, air temperatures at different elevations within the zone of snowpack are not avail-
able. To estimate air temperatures at different elevations from known values at one eleva-

tion, an average temperature lapse rate with changes in elevation may be used. A tvpical value
of lapse rate is about 0.60°C per 100-m change in elevation.

If data about rainfall intensity and wind velocity are available, the contribution of snowmel
during rain may be evaluated using Eq. (245) or (2-46) (Chow 1964):

*  For open (<10% cover) or partly forested (10 to 0% cover) basin areas,
8. = [1.326 + 0.2386kv + 0.0126P1 T+ 2.29 (2-45)
*  For heavily forested {>B0% cover) areas,

5. = [5.383 + 0.0126F) T + 1.27 (2-46)
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4, = daily snowmelt (mm)

T, = mean temperature of saturated air at the 3.0-m level ("C)

v = mean wind velocity (km/h) at the 15.2-m level

P = rate of precipitation in mm,/day in open portions of the basin

k = coeficient varying from 0.3 for forested areas to 1.0 for unforested plains

The water resources engineer is often required o compute rain and snow loads on
roofs of industrial structures {e.g., nuclear power plant structures) and some residential
buildings. If a parapet is provided so that the snow and rainfall are both retained on the
roof, then the roof load can be estimated using design depths and unit weights of snow and
rainwater. The average initial specific gravity of snow is about 0.10. In some cases, snowfall
is followed by small amounts of intermittent rainfall. As rainwater falls on snow, the snow is
compacted, and it absorbs water until a threshold is reached when drainage of excess water
begins, The average specific gravity of compacted snow is about 0.40, Computational steps
to estimate roof loads due 1o compacted snow on roofs without parapets are listed below:

Estimate 100-year mean recurrence interval snow load on the ground for the loca-
ton of interest from available maps (e.g., NBS 1972).

Obtain the corresponding snow load on the roof by multiplying the snow load on
the ground by a basic snow load coefficient of 0.8, This coefficient may be decreased
For sloping roofs to account for slide-off of snow and inereased to account for accu-
mulation of snow on pitched or curved roots.

Ohbtain the snow depth, I, {m), of the computed inital snow load on roof using a
specific gravity of 0.10 for snow.

Obiain initial water equivalent of snow, Hy(m), using the relationship Hy = 0.10 kg

Obtain the depths of compacted snow, & (m), and its water equivalent, A (m}), at
the threshold condition using the experimental relationships (USBR 1966):

H = 0.4k (247)
hihy = 1.474 — DATAH/ H, (2-48)

Estimate roof load of compacted snow for the equivalent water depth, H (m).

Exomple 2-7: Esiimate roof load of compacted snow on a building near Milwaukee,

Wisconsin.

Soluton:

LMy mean recurrence interval snow load on the ground= 146.5 kg/ m® (NSB 1972)
Corresponding snow load on roof = (L80 * 146.5 = 117.2 kg/m®
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Initial snow depth = &, = 117.2/(0.10 = 1000) = 1.172 m
Initial water equivalent, Hy; = 0.104, = L1172 m
hibg = H/(DAK) = 1.474 — 0.4T4H/ H,

Therefore,

H = 0.2386 m
Roof load due to compacted snow = 0.2386 x 1000 = 258.6 kg/m”

Baseflow

A number of methods have been proposed for the estimation of baseflows (e.g., ASCE
1996). Usually, baseflow is a small component of the flood hydrograph and its estimates are
hard to verify. Unless calibrated values are known, a constant baseflow may be found rea-
sonable for most practical purposes. This constant value may be nearly equal to the dry
weather flow at the point of computation.

The surface runoff hydrographs for various subwatersheds should be combined at vanous
junction peints along the main stream. Some times, hydrographs may have to be lagged
before combining and routing. Varous methods are available for routing hydrographs
through stream channels (eg., USACE 1991a, 2002; ASCE 1996). Depending on the ease of
estimating the required parameters, any one of these methods may be used. Methods 1o lag
a hydrograph by a certain number of ume steps, though straightiorward, may require input
maodification for different models. For the HEC-1 maodel, use of the Muskinguim or Straddle-
Stagger options may be convenient. In these cases, the channel loss parameters may be set 1o
zero. The routing steps may be set to 1, and the number of ordinates to be averaged may be
set to zero (see HEC-1 or HEC-HMS User’s Manuals, USACE 1991a, 2002).

Example 2-8: Develop 10097 flood hydrograph for a 60.44km® watershed, shown in
Figure 2-3.

Solution:

1. Dhvide the watershed into 12 subwatersheds as shown in Figure 2-5. Subwatersheds 1 o
I have point outlets and unit hydrographs have to be developed for them. Subwater-
sheds 11 and 12 contribute lateral flows and are analyzed by the kinematic wave method.

For this purpose, Subwatershed 11 is further subdivided into 11{a}, 11(b), 11{c}, and
11{d), and 12 is divided into 12{w) and 12{e).

2. From topographic and soil maps of the watershed, estimate hydrauhic and kinematic
wave parameters as shown in Tables 2-16({a} and (h).

4. Prepare line diagram of hydrologic network as shown in Figure 2-4.
4. Prepare sequence of rainfall-runoff computations as shown in Table 2-16(c).
5. Determine time distribution of precipitation depths.



40 WATER RESOURCES ENGINEERING

fi. Use the input developed in the previous sieps for the selected model to develop a sur-
face minofl hydrograph for each subwatershed and combine them to develop the sur-
Face munoff hydrograph for the entire watershed.

7. Compare estimated peak of the hydrograph for the watershed with estimares using
ather methods as shewn in Table 2-11.

The probable masimum flood (FMF) is defined as the hypothetical Hood (peak discharge, vol-
ume, and hydrograph shape) that is considered to be the most severe reasonably possible,
based on comprehensive hydrometeorological application of probable maximum precipitation
(PMF) and other hydrological factors favorable for maximum flood runoff, such as sequential
storms and snowmelt (USNRC 1977). Reasonably conservative watershed parameters (e.g.,
time of concentration and soil loss parameters) along with heuristically combined hydrome-
teorological events are used to develop the PMF hydrograph {Prakash 1978; 1983). These
include the magnitude of the principal storm PMP of required duration, ume distnbution and
sequence of incremental precipitation, antecedent moisture condition, and the antecedent
storm that is assumed 1o precede the principal storm.

The antecedent storm may be taken o be 40% of the PMF occurring about 5 days prior
to the principal storm, and the antecedent moisture condition may be taken to be AMCIL

For watersheds within the United States, PMP estimates for various durations can be
obmined from relevant publications of the US. Department of Commerce (e g, USDOC

Figure 2-3. Watershed map
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Table 2-16{a). Hydraulic parameters of subwatersheds

a1

Hj‘ltl‘ll.l.lil: parameters

Subwatershed D.A. (km®) L (km) H {m) ic (h) t, (h) CN
1 7.61 5.4%9 45 72 1.55 0.9 65
2 6,58 41.43 48.77 1.18 0.71 b5
3 3.16 2.72 55.54 0,65 .59 (1]
4 H.18 4,78 TE.H] .07 064 B
5 7.43 4.12 57.91 1.02 0.61 65
h 6.21 h.24 B6.56 1.4] (.85 65
7 2 54 3.35 32 040 1.00 0,60 65
8 1.94 2 80 49,38 0.6 0.42 65
q 7.958 .55 6858 1.65 08 il
¥ .52 5.4%9 6736 1.34 B0 65

DA, = drainage arca; L = hydraulic length; H = clevadon difference beoween outlet and upstream
edge of subwatershed,

1961, 1962, 1965, 1969, 1977, 1978, 1982, 1983, 1988, 1994). In areas where both short-
duration local intense thunderstorms and long-duration general storms are commaon, twio
estimates of the principal storm PMP must be made, Examples of such areas include those
west of the 103d meridian in the United States. Methods to estimate the short-duration
(usually 6 h) local storm PMP and long-duration (usually 24 1o 96 h) general storm PMP are
given in the above-mentioned publications. As an example, the following steps are used o

compute the general storm PMP for the Colorado River and Great Basin Drainages using
figures and 1ables in Hydrometeorological Report No. 49 (USDOC 1977):

1. Estimation of 24-h convergence PMP for 26-km” area at the location of the
drainage arca of interest.

2. Reduction of the estimated 24-h convergence PMP for barrier elevation.

Table 2-1&(b). Kinematic wave parameters for Subwatersheds 11 and 12
Lateral Row parameters Main channel parameters
DA
Subwatershed  (km?) L ] H T area L 5 w.. F
11{a) 021 21335 Q05 DS 0y 115818  (.0H326 3.05 2.0
11(h) 1.48 565,74 00xE 020 L 426700 0.5 .05 2.0
11{c) (L36 60957 (L0605 .20 L) 01436 00028 106 2.0
1hid) 44 467,18 (L (HkE {20 I 106675 {0 O 105 a0
12{w) 131 504,79 0015 .50 A2 MLAL MNAL M.A LA
12{e) 062 457,18 R h 50 7. 1676.52 LR 3.66 2.0

L = length {m}; § = slope {m/m); W.I. = bottom width of channel approximated by a trapezoid (m);
£ = slope of the bank (horizontalvertical); and N.A. = not applicable.
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Table 2-16{c). Sequence of rainfall-runoff computations

L e R

15.
16.
17.

18.
19.

21.
23,
24
25.

26.

Develop hydrograph for Subwatershed 1.

Develop hydrograph for Subwatershed 2.

Develop hydrograph for Subwatershed B,

Combine hydrographs for Subwatersheds 1, 2, and 8,

Route through the channel up to the outlet of Subwatershed 3.

Develop hydrograph for Subwatershed 3,

Combine hydrographs for Subwatersheds 1, 2, 8, and 3.

Route through the channel up to the outlet of Subwarershed 9.

Develop hvdrograph for Subwatershed 9,

Combine hydrographs for Subwatersheds 1, 2, 8, 3, and 9.

Route through the channel up to the outlet of Subwatershed 10.

Develop hydrograph for Subwatershed 10.

Combine hydrographs for Subwatersheds 1, 2, 8, 3, 9, and 10.

Develop hydrograph for lateral flow from Subwatershed 1la and route eombined
hydrograph to the outlet of Subwatershed 4 {using kinematic wave approach of the
HEC-1 model).

Develop hydrograph for Subwatershed 4.

Combine hydrographs for Subwatersheds 1, 2, 8, 3,9, 10, 11a, and 4.

Develop hydrograph for lateral flow from Subwatershed 11b and route combined
hydrograph to the outdet of Subwatershed 5 (using kinematic wave approach of the
HEC-1 model).

Develop hydrograph for Subwatershed 5.

Combine hydrographs for Subwatersheds 1, 2, 8, 3, 9, 10, 11a, 4, 11b, and 5.

Develop hydrograph for lateral flow from Subwatershed 11c and route combined
hydrograph to the outlet of Subwatershed 6 (using kinematic wave approach of the
HEC-1 model).

Develop hydrograph for Subwatershed 6.

Combine hydrographs for Subwatersheds 1, 2, 8, 8,9, 10, 11a, 4, 11b, 5, 11¢, and 6.
Develop hydrograph for lateral flow from Subwatershed 11d and route combined
hydrograph to the outlet of Subwatershed 7 (using kinematic wave approach of the
HEC-1 model).

Develop hydrograph for Subwatershed 7.

Combine hydrographs for Subwatersheds 1, 2, 8, 3,9, 10, 11a, 4, 11b, 5, 1lc, 6, 114,
and 7.

Develop hydrograph for lateral flow from Subwatersheds 12w and 12e and route com-
hined hydrograph for all subwatersheds to the outlet of Subwatershed 12 (using kine-
matic wave approach of the HEC-1 model).

3. Estimation of cumulative convergence PMP for 6, 12, 18-, 24-, 48-, and 72-h dura-
tions using specified multiplying factors.

4. [Estimation of incremental convergence PMP for 6, 12-, 18, 24-, 48-, and 72-h
durations.

5. Estimation of areally reduced incremental convergence PMP for 6, 12-, 18-, 24-, 48-,
and 72-h durations,
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Figure 2-4. Line diagram of hydrologic network

6. Estimation of cumulative drainage area average convergence PMP for 6-, 12-, 18-,
24-, 48-, and 72-h durations.

Estimation of drainage arca average 24-h orographic PMP index.
Estimation of areally and seasonally adjusted 24-h orographic PMP.

Estimation of orographic PMP for 6, 12-, 18-, 24-, 48-, and 72-h durations using
specified multiplying factors.

10. Estimation of total PMP for 6, 12-, 18-, 24-, 48-, and 72-h durations (i.e., sum of
convergence and orographic FMPs).

Storm transposition and moisture maximization methods described in the aloremen-
toned publications and information included in World Meteorological Organization pub-
lications (e.g.. WMO 1986) may be used for watersheds in other parts of the world where
rﬂ;.'u::nal or site-specific estimates of PMP have not been developed. For situations where mean
(X) and standard deviaton (s) of the 24h annual maximum rainfall depths can be estimated
from available site-specific or regional data, preliminary estimate of 24-hr pomt PMP () may
be made using the relationship (NRC 1985)

P,(24h) =X + 20 (2-49)
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In the absence of reliable information, the empirical relationship enveloping the world's
maximuum rainfalls of different durations may be used for preliminary estimates of the PMP
(USDOC 1961):

P, {cm) = 38.9D" 4 (2-50)

where [} = duration in hours.

The total precipitation depth during the storm is divided into precipitaton depths for
time increments equal to the unit duration of the unit hydrograph. The incremental values
are arranged in descending order of magnitude (i.e., 1, 2, 3, 4, 5, 6, etc.). Several methods
to divide the PMP into smaller ime increments equal o the unit duration and to sequence
them to develop the PMF hydrograph are included in the aforementioned publications and
also in the HEC-1 and HEC-HMS models. The following are some commonly used se-
quences of incremental precipitation:

1. 6,4,2,1,3.5
5,8, 1,2,4.6

o

A hypothetical distribution and sequence ncluded in the HEC-1 maodel

Methods for distribution and sequencing of Standard Project and PMP storms of
24- 48-, T2-, and 96-h durations included in the HEC-1 model

g 50

An optumal sequence, which depends on the shape of the unit hydrograph for the water-
shed, may be used for cases where extremely conservatve PMF peaks are desired (Prakash
1978).

Since the PMF is a conservatively estimated hypothetical event, reasonableness of the
estimated PMF peak should be verified using heunstic methods, Where practicable, water-
shed parameters such as the time of concentration and soil loss parameters may be verified
by calibration using observed historic rainfall and flood hydrographs. A few simple empiri-
cal methods o estimate peak flows approaching the PMF peak are given here (Crippen
1982).

1. Crippen's Equation

Q. = B7T7.26A0M5  g051 (2-51a)
Z=062144"" + 5 (2-51h)

2. Creager's Equarion
0,. = 130(0.3864)" {2-52a)
B = 0,03584 "8 {2-52h)

3. Maiuthai's Equation
0 = 174,345 (2-53)

where

{1 = peak flow (m*/ s}
A = drainage area (km®)
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It should be verified that the estimated PMF peak is close to the range of those computed
by the empirical methods. In addition, the estimated PMF peak should be reconciled with
any other previously estimated PMF peaks in the region.

Elll'llﬂu 2:9: The watershed of a stream is located in a hurricane-prone area. A dam is 1o
be constructed on this stream at a point where the drainage area is 535 kin®, Rainfall analysis
of limited data and extrapolations from data for watersheds in similar latimdes resulted in
PMP depths shown in Table 2-17(a). Develop a PMF hydrograph for the design of this dam

assuming a constant baseflow of 100 m*/s.

Solution: The watershed is divided into seven subwatersheds as shown in Figure 2.5, The
portions of Subwatershed 3 on the left and right sides of the river contribute lateral flow along
the stream reach. So, the kinematic wave option of the HEC-1 model is used to develop the
hydrograph for this subwatershed. Relevant parameters for each subwatershed are shown in
Table 2-17({b). An AMC II curve number of 70 is used for all subwatersheds. The sequence of
rainfall runoff computations is shown in Table 2-1 7{c).

For the sake of simplicity, the hvpothetical distribution and sequence of incremental pre-
cipitation incorporated in the HEC-1 model is adopted. This requires PMP values for 5- and
15min durations. In the ahsence of site-specific information, values for smaller durations may
be estimated from the 1-hr value using the ratios shown in Table 2-17{d) (NOAA 1973):

Semin PMP = 0,29 x 108,74 = 31.82 mm
15min PMP = 0.57 ¥ 108.74 = 62.55 mm

The input developed previously may be used for the selected rainfallrumoff model. In this
case, the HEC-1 model is used, which resulis in a PMF peak of 11,435 m"/s,

To check the conservatism of the estimated PMF peak, use the empirical equations
described previously, as shown below:

. Crippen's Equation

Z = (0.6214 » 535" + 5 = 19.373, and
0, = 577.26 x HIRTAHS w10 3787075 = 19 249 m* /s

2. Creager's Equation

B = 09358 x 535 %M = ) 5922 and
), = 130 (0.386 X B35 = 5 204 m*/5

3. Matthai’s Equation
.= 1743 ¥ 535" = 8,046 m’/5

Thus, the estimated value of 11,435 m" /s s judged 10 be farly conserative,
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Table 2-17(a). PMP depths

Duration (h) Rainfall {mm)
1 14,74
2 211.67
5 309,06
£ 554,87
12 828.07
24 1092.58
48 1538.40

Risk Analysis and Estimation of Failure Probabilities

ASCE (1988) and Prakash (1992b) provide claborate risk analysis of dams and other struc-
tures, In some situations, the water resources engineer is required o estimate the proba-
bility or risk of cccurrence of a certain flood during the design life of a stracture, which has
been designed for a Tor (p = 1/T) flood. For such analyses,

*  Probability that at least one (e, one or more) failure events will occur in n vears:
A=1)=1-{1-p" (2-54)
*  Probability that no failure events will eccar in n vears:

Finone) = (1 = " {2-55)

Table 2-17(b). Subwatershed parameters

Area Lag time (hrs) and
Subwatershed {km®) CN kinematic wave parameters
] T0 70 1.60*
2 T0 70 2.08*
4 24 70 214
5 56 70 1.94°
£ 164 70 T.4F
7 106 70 4.58*
% (lzteral Hlow from :right L= 4. 500 m;
side looking downstream)® 27 70 5= 050 m/m; n = L3
3 (lateral flow from left L= 1,500 m;
side looking downstream)" I8 0 5=040m/m; n = 0L30)
% (main channel flow)® 45 70 L = 8500 m; § = 0.0135 m/m;
n= 0.040; Wik =Him;z=1.0
“Lag time {(hrs).

FRinematic wave Paramerers,
I. = hydraulic length; § = land slope; s = roughness cocfficient; WD, = botom width of channel
approximated by a trapezoid; and Z = slope of the bank (horizontal to vertical).



Table 2-17(c). Sequence of minfallrunoll computations for hurricane-prone watershed

e e
-l Ll S S e R

Develop hydrograph for Subwatershed 1.

Develop hydrograph for Subwatershed 2.

Combine hydrographs for Subwatersheds | and 2.

Lag the combined hydrograph by 2 hours to reflect flow to the end of Subwatershed 3,
Develop PMF hydrograph for Subwatershed 3.

Combine the hydrograph for Subwatersheds 1 and 2 with that for Subwatershed 3.
Lag the combined hydrograph by 1.5 hours to reflect flow 1o the end of Subwatershed 4.
Develop hydrograph for Subwatershed 4.

Develop hydrograph for Subwatershed 5.

Combine hydrograph for Subwatersheds 1, 2, and 3 with those for Subwatersheds 4 and 5.
Lag the combined hydrograph by 3 hours to reflect flow to the end of Subwatershed 6.
Develop hydrograph for Subwatershed 6.

Develop hydrograph for Subwatershed 7.
Combine hydrograph for Subwatersheds 1, 2, 8, 4, and 5 with those from

Subwatersheds 6 and T,

Table 2-17(d). PMP depths for 5 to 30-min durations

Duration (min) Hatio 1o 1-hr value
5 0.29
10 0.45
13 0.57
30 0.79

Source: NOAA (1973).

Hgl.ll'l 2-5. Hurricane-prone watershed

47



48 WATER RESOURCES ENGINEERING

Example 2-10: A briege is designed for the 10047 flood (p = 0.01). What is the probability
of (1) no overtopping and (2} one or more overtopping events during the next 20 and 100
¥T.
Solution:
* Probability of at least one overtopping event, P (= 1), in 20 yr:
1= {1—001)" =018 or 18%
* Probability of at least one overtopping event, P (= 1}, in 100 yr:
1 = (1 = 0.01)"™ = 0,63 or 63%
* Probability of no overtopping event, P (none), in 20 yr:
(1 — 0.01)* = 0.82 or 82%
= Prohability of no overtopping event,  (none), in 100 yr:
(1 — 001} = 0.37 or 37%

Thus, there is an 18% chance that the bridge may be overtopped at least once during the next
20 yr.

In ceriain cases, it is desirable o estimate the prohahility of x number of T9r events occurring
in @ period of 7 years. For these computations, Poisson’s distribution can be used. Thus,

{Haan 1977):

PlAx) = At (2-56)
where
%! = factorial x
A=#ST

plA,x) = probability that x number of Toyr events occur in n years

Elll'l'l..l-lL 2:11: The risk of damages to a flond control facility is 1o be assessed for the flood
season during which no time may be available for repairs. Estimate the probability that three

10yt Aoods would occur in that period of 6 mo when repairs may be difficult.
Solution:
n= 05y, T=10v;A=05/10 =005 and x=§.

Therefore,

P(0.05,3) = (0.05)" exp(—0.05)/(3 X 2x 1) =2 X 107"




Benefitcost analyses are required to perform comparative evaluation of alternative water
resources development projects. An approximate procedure is illustraied here.

Example 2-12: An erosion and flood control project is proposed for a siream passing
through an urbanized area. Perform a simplistic benefit-cost analysis and identify the opti-
mum level of flood protection for which the project should be designed. Ignore decision fac-
tors other than monetary benefits and costs. Use a discount rate of 6% to convert present-day
capital cost to annual valhues.

Solution: Preliminary estimates were prepared for alternative projects designed 1o pro-
vide different levels of protection using a project life of 50 years. The benefit-cost computa-
tions are included in Tables 2-18(a) and (b). The operation and maintenance cost decreases
as the cost (size) of the project increases and the indicated costs are adjusted 1o include price
escalation from year (o vear.

Anmnual cost = Ol + 0% [0(1 + 0" = 1]
where
= present-day capital cost

i = discount rate

The estimated benefitcost ratios suggest that, based on costs alone, it may be desirable 10
design the project for 70- to 10047 return period foods.

Table 2-18(a). Computation of expected damage protection or benefits

Total
Diesign Incremental Incremental expected
return probability Damage expected damage damage
period Frobability or frequency protection protection protection
(T, yr) ip=1/T) (A p) (D, million §) {DAp, milkion §) {million §)
=1 1.00 — -— - s
2 0.50 .50 010 .05 005
5 0.20 0,50 0.20 (.06 0.11
10 i1 .10 .50 003 .14
20 (.05 .05 (.40 0.02 .16
25 0.0:4 (.0 .50 (0,005 (. 165
5y (L5 07 LR (12 0. 1692
40 0.025 0.008 (.80 (064 0.1756
50 0.020 0.005 1.00 (.0050 ). 1806
70 0.014 (0.006 1.50 (0.00940 0.1896
100 0.010 0004 1.7 ALY 0.1964
150 0.0067 0.0033 25 0.0076 0.2040
300 0.0053 0034 .5 00119 0.2159

=500 =) 0.0033 4.0 (0152 0.2291




Toble 2-18(b). Compuation of benefit-cost ratio

Average
Total annual
Design expected operation & Total
returm damage Present-day maintenance anmnual
period protection capital cost Anmnual cost Ciogt™ Ciost Benefit,/
(T, yr) (million $) {million §) imillion §) {million $) imillion $) cost
=1 — — — — — -
2 005 1.103 0.07 0.07 (14 0,36
5 0.11 1.261 0.08 (.06 014 0.79
10 0.14 1.576 (.10 (.05 (.15 0.93
20 016 1.784 0.11 0.045 0.155 1.03
25 0.165 1.8491 0,12 004 0. 160 1.03
Sl .1692 2045 0.13 .04 ). 164 1.03
40 0.1756 2128 0.135 0.030 0165 1.06
50 0.1806 2.280 0.145 0,025 0.170 1.06
0 (.1896 2,443 0.155 0020 0175 1.08
100 0.1964 2.522 . 160 007 0177 1.11
150 0.2040 3468 .20 &0 0.21 97
Sy 0.2159 4729 0.350 .01 0.31 0.70
=500 0.2291 7.881 {150 .01 0.51 .45

"Includes price escalation from year o year.

Reservoir Operation Studies

Reserveir operation studies are required for sizing reservoirs to meet specified demands for
municipal water supply, irrigation, recreation, flood conirol, hydropower, and instream
flows. Several types of hydrologic analyses may be required to perform reservoir operations
studies. Commonly required analyses are described here.

Generation of Streamflow Sequences

If the objective of the study is to evaluate the adequacy of available surface water supply on
a daily basis, then daily streamflow data have o be collected or synthetically generated.
This may be required for run-of-river systems where stream water is used or diverted
depending on the quantity available in the river at that point in ume, e.g., for dversion
dams with little storage capacity. For reservoirs with relatively large conservation storage to
absorb diurnal fluctations in streamflows, monthly streamflow data may be adequate, If
reliable data are available, those data must be used. However, in many cases, only limited
data are available at the time of reservoir planning. In such cases, streamflow generation
models may be used 1o extend available data and genevate daily or monthly streamflow
sequences for 50 to 200 years or so.

In some cases, only monthly data are available and sequences of only monthly stream-
flows can be generated, but daily steamflow data are required for reservoir operation stud-
ies. In such cases, daily streamflow data for streams in similar watersheds may be examined.
Similarity between watersheds may be judged by size of drainage arca, time of concentra-
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tion, precipitation pattern, climatic region, baseflow patterns (i.e., low streamflow parterns),
etc. The percentage of monthly streamilow that occurred during each day of a month in an
average year may be estimated for the stream for which daily streamflow data are available.
This distribution may be used to disaggregate monthly streamflows into daily values. Note
that this distribution is useful only for preliminary planning and must be modified as soon
as appropriate data are available.

Deterministic Methods

These involve simulation of contnuous hourly, daily, or monthly streamflows using con-
tinuous hourly rainfall data for the watershed along with other parameters governing tem-
poral variation of soil moisture conditions, evapotranspiration, percolation, etc. (Prakash
and Dearth 1990). Some of the models that can be used for this purpose are the National
Weather Service (NWS) River Forecast System (NWS 1998); Hydrologic Simulation Program
FORTRAN (HSPF) (USEPA 1%la); Precipitation-Runoff Modeling System (PRMS) (USGS
1983); and Streamflow Synthesis and Reservoir Regulation (SARR) (USACE 1986). The
respective user's manuals must be studied for the use of these models, Such analyses may be
treated as special studies,

Regression Analysis

Regression analysis is useful for cases where daily or monthly streamflow data with con-
current daily or monthly rainfall, mean air temperature, and other parameters that may
affect surface runoff are available for a relatively short period of ame (e.g. 5 1o 10 years)
and dat for rainfall, emperature, and other relevant parameters are available for a longer
period of time (e.g., 25 10 50 years or more). In these cases, regression equations may be
developed using the 5 to 10 year data with streamflow as the dependent vanable. The cor-
refation coeflicients and standard errors for regressions with untransformed varables and
logarithms of variables should be compared and the best-fitting regression equation should
be used to generate additdonal streamflow data, using addivonal available data for the inde-
pendent variables,

Example 2-13: For evaluating the feasibility of a water supply project, monthly siream-
flows have to be estimated for a period of 24 years at an ungauged stream at a point where
the drainage area is 38 km*. However, only monthly rainfall data are available for the
watershed for the above period of 24 years. Monthly streamflow and rainfall dam are avail-
able for another stream in the vicinity with similar watershed characreristics for a period
of 13 years at a point where the drainage area is 40.66 km®. The average basin slopes, alti-
tudes, hydrologic soil groups, and mean annual precipitation in the ungauged and gauged
watersheds are 0.013 and .02 m/m, 68 and 100 m, A 1o B and A 1o B, and 500 and 550 mm,

respectively.

Solution: The dminage areas for the two streams are different and the watershed charac-
teristics are similar. The following is an approximare approach to generate monthly streamflows:

* Estimate monthly streamflows per square kilometer of drainage area for the gauged
SIream.
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* Develop a linear regression equation between monthly streamflows per square kilo-
meter and monthly rainfall for the gauged stream. For comparison, develop a second
linear regression equation between the logarithms of these two variables.

* LUse the equation with the higher correlation coefficient o estimate monthly streamflows
per unit square kilometer from known monthly rainfall da for the ungauged stream.

Monthly streamflow and rainfall data for the ganged watershed are shown in Table 2-19(a).
Liner regression between /A and P and log (Q/A) and log (F) resulted in

ar

/A = —0.00966 + 9.14 = 1075, F={.71 i1l
Log (Q/A) = —6.27588 + 1.732749 log (), # = (.B5

(/A = 0.000000330 P 7 (ii)

‘The second equation is adopted because it has a higher correlation coefficient:

r=+{.85 =092,

The known monthly rainfall values and estimated monthly Qows for the unganged watershed
(A = 38 km*) using the second equation are shown in Table 2-19(h).

Statistical and Stochastic Methods

These are useful for situatons where only daily or monthly streamflow data are avail-

able for a limited period of time (e.g., 10 years or more) with little mformanon about con-

Table 2-19(a). Monthly streamflow and rainfall data for gauged watershed

Rainfall Streamflow /A
Year P (mm}) Log (F) @ (m*/s) (m*/s,/km®) Log (Q/A)
1 45.5 1.6577 0.0453 0.0011 —2 49581
2 351.7 2 5461 0.5370 0.0132 ~1.8784
3 253.0 2. 4031 0.2831 0.0070 -2.1572
4 32%.0 2 5001 0.2690 0.0066 -92.1795
[ 3054 2 5049 0.3398 0.0084 —~9 078
6 96.1 1.9829 0.0275 0.0007 —38.1707
ri 147.0 2.1671 0.0849 0.0021 -2 6801
8 685 1.8546 0.0511 0.0008 —-3.1158
G 3245 25112 0.7928 0.0195 =1.710d0)
10 103.% 20139 0.0340 0.0008 —3.0780
11 316.6 2.5005 1.2458 00306 -1.51%7
12 628.9 2 7986 2.7180 0.0668 —1.1749
13 52.1 1.7166 0.0235 0.00068 -~ 3.2581

A=

drainage area in km®,
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Table 2-19{b). Known monthly rainfall and estimated monthly flows

Year P (mm) Q (m’/s)
I 5.33 0. 004
2 112.52 0.0721
3 96.52 0.0653
4 29.21 0.0070
3 195.55 0.1846
6 171.70 0.1500
7 244.09 0.2760
8 156.97 0.1284
9 72.64 0.0338

10 94.25 0.0550
11 33.78 0.0090
12 284.19 0.2569
13 82.80 0.0424
14 152.40 0.1220
15 216.15 0.2236
16 16.76 0.0027
17 27.43 0.0062
18 55.05 0.0096
19 186,94 0.1756
20 28,96 0.0069
21 142,24 0.1083
22 12.45 0.0016
23 166.88 0.1428
24 127.00 0.0890

current precipitation. Sophisticated stochastic modeling may be treated as a special study
for which the reader may refer to other publications {e.g., Cuimpo 1968; Fiering and Jackson
1971; Yevjevich 1972b, 1982). For generating long sequences of monthly streamflows using
monthly streamflow data for a limited period, the HEC4 model (USACE 1971a) is a con-

venient tool. This model has the additional capability to fill in flow values for months for
which data are missing.

Flow duration curve is a plot of streamflows (on yaxis} against percentage of times that flow
is equaled or exceeded (on x-axis). [t is useful o determine the dependability of daily or
monthly streamflows at a given location to meet a :ap-l:-l:iﬁt:d water demand on a daily or
monthly basis. Daily computations may be required for run-of-river diversions to meet hydro-
power or irrigation requirements. Monthly computations may be required for reservoirs
with significant storage so that daily variations in streamflows are not important, so long as
the total monthly inflows are maintained, Computational procedure for flow duration curves
is illustrated in Example 2-15.
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Mass Curve [Rippl] Analysis

Mass curve analysis is useful in determining preliminary size of a reservoir required to satisfy
a simplified pattern (i.e., ime sequence) of water demand.

Mass curves include two plots on the same graph. The frst curve s a plot of cumulative
streamflows or inflows (y-axis) against time (x-axis), and the second is a plot of cumulative
demand on y-axis against time on xaxis. If the demand curve is a straight line {i.e., demand
is constant), then select a point on the inflow curve at the beginning of the longest low-flow
period and draw a line tangent to the mass flow curve and parallel 1o the demand curve start-
ing from this point. The maximum vertical distance between this line and the infllow curve
gives the required storage. In certain cases, the demand may be vaniable with time. For
instance, water demand may be low during the initial and final months of the construction
of a major project and may be high during the peak construction period. A slightly modified
procedure is used for this case. The computational procedure is illustrated in Example 2-14.

h‘l‘lﬂu 2-14: Five vears of monthly streamflow data are available at the location of a pro-
posed dam (Table 2.20{a)). The reservoir is proposed w0 meet a constant demand of 8 m/s
including -r.!.rapnr'atinn and other losses. Determine the sise of conservation storage required
to meet the above demand. Assume that the reservoir size is such that dinrnal fluctuations
in streamflows will not impact the capability of the reservoir 1o meet the required demand.
Also, determine the conservation storage to meet the variable demand shown in column (3}
of Table 2-200h).

Bolotion: For the case with constant demand, flows, cormulative fows, comulative demand,
Aow-demand, and cumulative flow-cumulative demand are shown in columns (2) through (6)
of Table 2-200{c). Then,

* Identify the pairs of successive peaks (F) and wroughs (T} in column (6).
* Compute the differences: P1 — T1; P2 — T2, P3 - T3, et

The maximum of these differences is the required storage. Note that some peaks and troughs
with relatively small differences (P — T} are not included in column (6). The maximum dif
ference is between P2 and T2 and its value is 39.37 m*/s-mo. To verify that this storage is ade-
quate, reservoir storage and spills during each month are shown in columns (7) and (B).

The graphical solution for a constant demand of 8 m*/s is illustrated in Figures 2-6(a)
and (b}, Figure 2-6(a) includes plots of cumulative flows and demand against time. The peak
preceding the longest low-flow period is denoted by P A angent 1o the mass curve of flows at
P drawn parallel 1o the mass curve of demand is shown in Figure 2-6(b). The largest vertical
intercept gives the storage, which can be scaled to be about 30.37 m”/smo.

The flows, demand, low-demand, cumulative flows, cumulative demand, and cumulative
flow-cumulative demand for the case with variable demand are shown in columns (2) through
(7} in Table 2-20({b). As in the previous case, successive peaks and troughs are identified, and
the differences—F1 — T1; P2 — T2 PS5 — T5 and P4 = Td—are computed. The maximum
difference is between P2 and T2 and its value is 64.3% m®/s-mo. This gives the required stor-
age. To verify that this storage is adequate, reservoir storage and spills during each month are

shown in columns {8) and (9).
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Table 2-20{a). Monthly streamflow data (m®/s)

Year Jan. Feb. March April May June July Ang. Sept. Oct. Nov. Dec

1 B.77 491 552 1113 2248 1150 951 1410 20.15 3592 665 4.60
2 2453 947 335 459 13R8F 432 927 T4 3647 645 6.15 528
3 572 536 361 347 578 428 490 194 739 430 1526 1897
4
3

9.55 583 4.50 8.22 1686 12328 10.75 1046 992 9.01 1639 16.16
6.16 946 837 7.29 1920 2397 2677 1038 567 469 391 1595

Table 2-20(b). Mass curve analysis with variable demand

(1} (2) (3) (4) (5} (6) (7 8) %

Flow- Cum. Cuarm, Cum. flow-
Flow Demand demand Flow demand com. demand Siorage Spill
Month (m?/s-mo) (m*/smo) (m*/s-mo) (m*/emo) (m’/s-mo) (m'/smo) (m®/smo) (m®/emo)

1 0 0 i 0 0 0 64.33 0

2 8.77 1 4.77 B.7T7 4 457 £4.33 477

3 4.91 b =0.09 13.68 9 4.68 64.24 0

4 h.52 ] =048 152 15 4.2 63,76 L]

b 11.13 7 4.15 30,35 22 8.33 f4.493 5.56

] 22.48 7 15.48 52,81 29 25.81 f4.33 15.48

7 115 9 25 64,31 38 26.51 64,35 2.5

8 9.51 14 =0.49 a2 48 2582 63,54 (1]

G 14.1 B 6.l 8792 56 31.92 4.3 G561
11 20.15 L] 14.15 108.07 ¥ 46.07 B4.53 14.15
11 3592 B 27.92 143.90 Fil T30 64.53 279
12 6.65 B .65 150.64 76 T4.64 G4.43 065
13 4.6 3 L& 155.24 ™™ Th.24 64,33 1.6
14 24.58 4 20.53 17977 B 05,77 04.2% 20.53
15 947 5 447 1689.24 B8 101.24 Fl 64,35 41.47
16 .35 ] =165 192.59 94 9858 61.68 0
17 4.59 7 -241 197.18 101 06.18 5027 0
18 3,85 ¥ =315 20103 108 93.03 h6.12 {4
1% +.52 9 —4.68 595 17 AH_85 51.44 i ]
20 9.27 10 -0.73  2]14.62 127 B7.62 500,71 0
21 7.04 8 -0.96  I21.66 135 B6.66 T'1 49.75 o
2 36.47 ] 30,47 FE A ) 141 117.13 .53 15.80
23 6.45 8 =150  264.58 149 115.58 62.78 ]
24 6.15 i 15 270.73 155 115.7% 6293 ]
25 5.28 3 228 276,01 154 11801 .53 0r.5H
26 5.72 4 .72 28L73 162 119.73 64,33 1.72
27 556 4] 0.36  287.09 167 1 20.09 P2 64,33 0.36
28 3.61 fi —2.59 #0907 173 1177 fil.94 i
29 347 7 =353 417 180 114.17 58.41 0

{ comiinwed )
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Table 2-20(b). (Continued)

(1) (2) 3) 4) (5) (6} (7) (8} (L]

Flavw Caarm. Cum. Cum. flowe.
Flow Demand  demaand low demand cum. demand Storage Spill
Mooth (m*/smo) {m?/smo) (m®/smo) (m*/emo) (m*/s=mo) (@ /s=mo} (m*/s=mo) (m*/smo)

i) 578 14 —822 MA65 194 105,95 50,19 ]
31 128 18 = 15,72 04,23 212 a2.23 647 i)
32 4.9 20 =151 204,13 232 7713 91.87 i
) 1.94 15 ~18.06 31107 247 .07 831 0
%4 7.%9 19 — 4,61 11546 i R 46 17 f
35 4.3 A -7 89976 267 5R.T6 T2 ih ]
A6 15.26 1] 9,26 358.02 273 B5.02 0.26 ]
A7 18097 5 1597 85699 *Th R340 25,23 ]
a8 0,55 4 5.50 66,54 SR HE.54 80,78 1]
a4 5.83 ] .83 r2ar 85 Br.a7l 51.41 ]
4 4.5 fi —-1.5 TR.BT st b | HR BT .11 ]
4l B.22 7 1.22  3E5.09 298 HT.09 %1.35 0
42 16,86 14 2HRG 401,95 512 89.95 pP3 %4.19 0]
45 1228 18 —-572  414.23 %0 B4.93 28.47 1]
44 [ T5 M =0, 25 424,098 A5 74,98 19,22 1]
15 1,46 15 —4.54 495.44 65 70,44 14.68 il
46 0,a2 12 =08 445,56 377 GH.56 T3 1260 iy
47 .01 ] 1.0 454 57 385 6957 13.61 ]
Etal 16,50 fi 150 470,76 301 T0.76 24.0 ]
44 16.16 3 13,16 48692 304 02 02 2716 il
Fd) .16 1 216 493.08 a8 a5 (8 30, 39 i
5l 0,46 B 446 50254 408 99,54 45,78 )
52 .37 fi 287 51091 e 1o1.91 46,15 i}
54 .0 T 29 5188 416 Lo22 46,44 ]
B 19.2 14 5.2 537.4 450 107 .4 5164 i
RS 23497 18 BOT  5B1.97 448 115,37 A7.61 i}
Ay 0.TT ™) 677 hRR.14 468 120.14 P4 64,93 0.5
BT ikt 15 —4 6% RO 5D 483 115652 50,71 i)
5A 56T 12 —633 60419 445 109.19 53.38 i)
] 4.609 B ~%.51 GOS8, 88 503 105,88 50.07 0
il 39 i] =209 H12.79 509 103.79 T4 47 08 i
il 15.95 5 12095  GIR.74 512 116.74 60,95 i)

P = peak; T = trough.

Estimation of 7-day Average 10-yr Low Flow

Many times, flow diversions from streams are permissible only if flows equal to or more than
the V-day, 1047 (7010} low flows of the stream are left in the stream o meet instream flow
requirements. The 7010 low flow is also used to evaluate the impacts of wastewater discharges
on the water quality of the receiving stream. The 7-day average implies an average of all suc-
cessive combinations of 7 days of flows in a vear, i.e., average of flows from day 1 1o day 7,
day 2 to day 8, day 3 1o day 9, etc. This is also known as the T-lay moving average. The lowest
Tday average flow is computed for each year for which records are available. The mean,



Table 2-:“:}. Mass curve anal:,.'mi.'l. with constant demand®

(1) (2) (3 (4) (5 (6) (7) (8)
Cum. Cum. Flow- Cum. fow-
Flow flow demand demand cum. demand Storage Spill
Month (m'/smo) (m*/smo) (m*/smo) (m*/smo} (m*/smo) (m'/smo) (m® s-ma)
1 0 (1] i i} i 3937 0
' _T7 877 a 0.77 0.77 59,37 0.77
3 491 13.68 16 =5.00 -2.92 5628 0
4 5.52 19.20 24 —-2.48 —4.80 33.80 0
5 11.13 30.33 a2 313 - 1.67 5698 0
6 22.48 52.81 40 14.48 12,81 39.37 12,04
i 11.50 64.31 48 3,50 16.31 59.87 3.50
8 9.51 7382 56 1.51 17.82 39,87 1.51
9 14.10 R7.92 64 .10 23932 59.87 6.10
140 20.15 108.07 72 12,15 36.07 50.57 12.15
11 35.92 145,99 80 27.92 63.09 %9.97 27.92
12 .65 150,64 HH —1.55 62.64 38.02 0
13 4.60 155,24 96 —5.40 50.24 34.62 0
14 24.55% 179.77 104 16.53 ™77 5057 11.78
15 0.47 189,24 112 1.47 7724 Pl 8057 1.47
16 555 192.59 120 —4.65 72,59 34.72 (1]
17 4.549 197,18 124 =341 60.18 31.51 0
18 3.85 201.08 136 -4.15 6i5.03 27.16 0
19 4.32 205.55 144 - 3.68 61.35 T 25.48 0
20 9.27 214.62 152 1.27 62.62 24.75 i
21 7.04 221.66 160 —1.96 61.66 23.79 0
22 3647 258.13 168 28.47 040,15 P2 39.57 12.89
23 6.45 264,58 176 -1.55 B8.58 37.82 L
24 f.15 270,73 154 - 1.86 B6.73 55.97 i
25 5.28 276.01 192 -2.72 84.01 23.95 0
26 5.72 281.73 2040 —-2.28 B1.73 ;.97 {0
27 h.36 287.09 208 —2.64 79.048 28.33 )
28 3.61 200.70 216 —4.39 74.70 23.94 0
29 347 204,17 224 ~4.53 70.17 19.41 i)
30 5.78 200.95 232 —2.22 6795 17.19 0
L 4.28 304,25 240 —3.72 fi4.25 13.47 0
Al 4.90 209,15 248 -3.10 61.1% 10.37 0
13 1.94 311.07 256 o AL 55.07 4.31 0
L2 7.39 115.46 264 =61 54 46 .70 i)
35 4.30 322,76 272 ~5.70 .76 T2 0 0
36 15.26 338.02 280 1.26 hR.02 7.26 0
37 18.97 356,99 28R 10,97 BE.99 18.23 il
38 0.55 26654 206 1.55 70.54 19,78 i
39 5.83 872.37 304 -2.17 BE.AT 17.61 i
40 4.50) 376.87 312 —3.50 64,87 14.11 0
4] 8.22 385609 320 0.22 65.09 14.53 [
42 16.86 40195 528 H.86 73.95 2319 0
[ corretimitoed )
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Table 2-20{c). (Continued)

(1) (2) (3) (4) (5) (6) (M (8)

Cum. Cum. Flow- Cum. flow-
Flow flow demand demand cum. demand Siorage Spill
Month (m*/smo) (m’/smo) (m*/smo) (m’/s-mo) (m'/smo)} (m?/smo) (m* smo)

43 12.28 414.23 336 4.28 78.23 27.47 0
i 10.75 424 98 544 2.75 80.98 50.22 0
45 10.46 435.44 552 2.46 BS.44 52.68 0
46 992 44536 560 1.92 B5.36 34.60 0
47 9.01 454.37 368 1.01 B6.57 35.61 0
48 16.39 470.76 576 8.59 94.76 3837 4.63
49 16.16 486.92 584 8.16 102.92 39.87 816
a0 6.16 493.08 592 —1.84 101.08 37.53 0
51 9.46 502.54 400 1.46 102.54 88.99 0
52 837 510.91 408 0.37 102.91 30,56 0
55 7.29 518.20 416 —-0.71 102.20 38.65 0
54 19.20 537.40 124 11.20 113.40 89.37 10.48
55 23.97 561.37 432 15.97 129.37 39.37 1597
56 26.77 588.14 440 18.77 148.14 39.837 18.77
57 10,38 5OR.52 448 2.38 150.52 P3 39,37 2.58
58 5.67 604.19 456 -2.33 148.19 37.04 ]
549 4.64 6858 464 —3.31 14488 33.73 0
B0 3.91 612.79 472 —4.09 140.79 T3 20.64 0
61 15.95 628.74 480 7.95 148.74 37.59 0

“Comstant demmand = 8m®/s,
P= peak; T = trough.

Flows (m’/s-mani)

Figure 2-6{a). Mass curves of flow and demand
58



Figure 2-6(b). Mass curve analysis

standard deviation, and skew coefficient of the resulting lowest annual 7-day average low flows
are computed, as described in the section of this chapter entitled “Statistical Analysis of
Available Data.” Using normal, log-normal, or log Pearson Type 11l distributions, the T-year
low flow is computed using the equation,

Qr=%X - Ks (221)

where Kis as defined in the section of this chapter entitled “Statistical Analysis of Available
Diat.” CGumbel used the Extreme Value Tﬂ;u: I or Bounded I‘,'xpnn:ntial distribution of
the smallest values for analyzing annual low streamflows (Yevjevich 1972a, 1997). Analytical
estimation of K values for this distribution is relatively complex. For most practical cases, the
values may be plotted on plotting papers for Extreme Value Type 111 distribution and low
streamflows for the desired return period obtained by eye judgment.

Example 2-15:  Daily streamflow data for a low-flow year for a stream are shown in Table 221 (a).
It is proposed o divert water from this siream to meet a uniform daily demand of 7.0 m*/s
with minimum instream flow requirements of 1.0 m*/s. Determine the dependability of this
source to meet the water demand of the municipality.

Solution: Develop a flow duration curve for the lowflow period following these com-
putational steps:

= Sort all daily flows in descending order of magnimde.

* Assign a rank number to each daily value (i.e., rank number 1 1o the highest flow and
so on). If the same flow occurs two or more times, then each value is assigned a dif-
ferent rank in succession,



= Divide the rank of each value by the total number of days for which data are available
and multiply the quotient by 100 1o obtain the percentage of times that Aow iz l:quall.'d
or exceeded.

* Plot flows {on y-axish against percentage exceedance (on x-axis) as shown in Figure 2-7,

Table 2-21{h) shows 27 selected flows, their ranks, and perceniage of times each flow is
equaled or exceeded. i may be seen that the dependability of the stream 1o meet a total daily
demand of & m*/s is 656.03%. The available streamflow will be short of the demand during

33.97% (100 - 66.05% ) of days in a low-flow year.

Table 2-21(a).

Daily streamflow data (1 year) (m”/s)

Day Jan. Feb. March April May Jume July Aug Sept. Oct. Nov. Dec.
1 1439 1875 2084 1133 1027 174 566 1715 1145 767 75 1294
2 3574 606 9.79 596 697 1917 458 284 1508 1755 569 Bd49
3 108 26 679 185 1309 1831 7.67 256 1522 466 506 1419
4 893 1081 504 1901 742 112 2119 844 2192 535 1197 14.76
5 B15 929 19056 1019 20.% 1069 7.8 16.19 1584 263 1645 2598
6 1106 547 1261 152 26095 814 488 426 2407 3 B77 27.07
7 658 874 2002 702 2199 514 601 461 2491 644 975 177
B 1098 542 1756 7.78 2501 441 966 88 1622 403 1291 G.28
9 935 2834 3364 392 2006 353 B69 B4 2753 747 558 392
10 7.98 9595 2626 35 1604 3093 2416 1104 1681 1039 778 342
11 1278 2568 1607 4392 1198 266 2044 902 1057 332 285 31

12 1326 864 1351 3142 2446 282 1605 866 1145 2425 267 11

18 149 47056 T.78 695 1312 4.01 1.72 31.9 748 266 368 B9
14 782 994 1257 938 1138 6 714 1414 B56 1956 566 085
15 5.61 B.65 B8.16 9.21 9% 941 1197 755 8345 1722 326 609
16 453 796 1751 1051 766 2306 1544 544 276 1125 26 3.34
17 2362 6.8 1700 B47 611 4172 114 439 179 67 2182 816
18 3937 7.67 4175 06 663 1097 1081 398 3845 517 2362 576
19 @669 T4 466 1225 5985 1281 19.72 1526 496 724 2877 Q.18
20 1337 1416 964 43 78] 1583 931 835 699 421 2098 779
21 731 8 3134 1742 984 1073 961 178 729 1182 35267 147
92 3560 891 1118 1483 1472 1026 1066 3388 512 815 2604 2219
99 27.85 11.09 5818 1123 1088 10.4 947 226 068 369 1468 055
94 0.04 2371 13656 1207 1814 754 33 1898 B71 71 1106 293
95 850 17.22 577 1589 1506 712 873 1902 702 685 978 .79
26 8.8 B.04 476 3015 1185 643 335 1631 8656 1151 18356 A”.I13
27 4.51 16.87 381 1201 1256 1798 238 2404 373 11.7 21.21 G. 99
28 12.29 104 457 1337 1025 837 549 131 412 3048 20.12 1096
20 917 947 1027 872 133 747 2867 7.66 1254 1157 5.0l
30 8.28 483 1197 707 703 2313 1955 2846 605 558 553
31 13.32 10,12 5.74 19.35 13.36 7.92 8.1




Table 2-21(b).

Flow duration table

Flows (m'ls)

Q (m*/s) Rank % Exceedance
73.10 ] 0.27
33.64 15 4.11
26.26 B0 522
2%.67 45 12.33
20.44 1] 16.44
18.50 75 20.55
16,81 90 24 66
15.20 105 98.77
13.37 120 32.88
12.57 135 36.99
11.51 150 41.10
10,98 165 45.21
10,27 180} 49.59

9,64 195 5%.42
£.03 210 57.53
8.49 295 61.64
8.04 240 65.75
R.00 241 656.03
7.67 255 7014
7.14 270 73.97
644 285 TR.08
5,60 300 B2.19
5,06 315 B6.30
4,26 330 00.4]
365 345 94 52
.76 360 O8.65
2 38 365 100.00

|
e R

A "

b

Figure 2-7.
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Exomple 2-16:  Use the daily streamflow data of Example 2-15 to estimate the T-lay average
low flow for that vear. The estimated 'i"-nr:la].l average lowest Nows for the previous 15 vr for that
stream are given in Table 2-22(a). Estimate the Y-day 107 low flow for that stream.

Solution: The steps of computation are as follows:

-

Record daily flows given in Table 2-21(a) in a column of a spreadsheet

Using statistical functioms of a standard software package (e.g.. Excel), compute 7-day
moving averages and insert in the next column, This gives 359 T-day average values for
365 daily flows. A few selected values are shown in Table 2-22(h).

Find the minimum of these 358 values, which is found 1o be 3,786 m*/s, This is the T-day
average low flow for the vear for which data are given in Table 2-21(a).

Use this value along with the given values for the preceding 15 yr to compute the
mean, standard deviation, and skew coefficient for the 16 values. The results are
shown in Table 2-22(c).

Using normal distribution as described in the section “Statistical Analysis of Available Dara™
in this chapter:

T-day, 1047 low flow (7Q10) = 416 — 128155 % 0.95 = 2.94 m%/s

Using log-Pearson Type 1T distribution:

K (by Eq. (2-22)) = (2/0.341)[[{1.28155 — (0.341/6))
W (0.341/8) + 15 = 1] = 1.812

log [7Q10] = 0.609 — (1.812 X 0.096) = 0.483
TOI0 = 3.04 m*/s

Thus, a value of 3.0 m*/s appears reasonable,

Hydrologic Models

With continuing advances in computer technology, there has been a proliferation of hydro-
logic models that can interact with vanous graphics and visual packages, e.g., Surfer, CADD,
GIS. A number of these models are available from various private vendors. A brief discussion
on some commonly used public-domain hydrologic models follows.

Models for el Maieg
p et g i 3

HEC-1, Flood Hydrograph Package (USACE 1991a}): This model computes surface
runcff hydrographs for green rainfall and snowmelt events with known hydrauhc
characteristics of watersheds, combines hydrographs of subwatersheds at pre-
scribed locations, and routes them through reservoirs and channels in a given net-
work. It can also perform simphfied dam-break analysis and economic analysis for
flood damages.



Table 2-22{a). 7-day average annual low flows

Year Flow (m®/s)
1 4111
2 3.212
3 5.913
4 6.005
5 2 891
L] 2.976
7 5505
8 Z.O87
9 2851

10 A.892
11 4.905
12 4.50%
13 4. 550
14 3.525
15 8.761
16 .

“Value to be determined by moving average analvsis of given dam.

Table 2-22({b). Computation of 7-day average low flow

Daily flow (m”/s) 7-day moving average (m*/s)

14.%9

3374

10.&0
2.93%
B.15

11.06
6.58 13.379

10.98 12.891
9.5856 9.407
5.14 12 864
4.41 11,005
353 8774
3.03 6.720
266 5500
2.82 4.376
4.01 . 7RG
G0 2.909
9.41 4623
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Toble 2-22(c). Staustical parameters of 7-day average annual low flows

Untransformed 7-day average Logarithms of 7-day average

Parameter low flows (m®/s) low flows
Mumber of values 1600 1 6. 000
Mean 4. 16 M50
Sandard deviation .95 (105G
Skew coefficient 0.7 m.341

* HEC-HMS, Hydrologic Modeling System (USACE 2002): This model is a successor
to the HEC-1 model. It is an interactive model and has the capabilities that are avail-
able in the HEC-1 model. In addigon, it includes:

- A distributed runoff model for use with distributed precipitation data, such as
dara availlable from weather radar.

- A continuous soilbmoisture accounting model used to simulate the longterm
response of a watershed to wetting and drying.

- An automatic calibration package that can estimate certain mode] parameters and
initial conditions, given observations of hydrologic conditions in the watershed.

— Link io a database management system that permits data sLorage, retrieval, and
connectivity with other analysis tools available from the USACE Hydrologic
Engineering Center and other sources.

* TR-20, Program for Project Formulation Hydrology (U'SDA 1983a): This model per-
forms generally the same computations as the HEC-1 model. It has the capability to
develop nunoff hydrographs, route them through channels and reservoirs, and com-
bine or separate them at confluences. It is designed to perform muliiple analyses in a
single run so that various altermatives can be evaluated in one run.

*  TR-55, Urban Hydrology for Small Watersheds (USDA 1986): This model] includes
simplified procedures to compute storm runoff volume, peak rate of discharge,
hvdrographs, and storage volumes required for flood-retarding reservoirs in small
watersheds. Available support functions include computation of CN, time of con-
centration, and travel time through a subwatershed.

* SWMM, Storm Water Management Model {(USEPA 19889a): This mode] analyzes both
water quantity and quality associated with a single storm event or continuous long-
term climatic patterns in urban or rural watersheds, It can simulate lows through
storm sewers and natiral channels, perform storage and subsurface flow routing, and
simulate movement of runoff and pollutants from ground surface to the receiving
water body through pipe and channel networks and storage treatment units,

Although choice among the aforementioned models should be made based on specific study
requirements, it may be convenient to use the HEC-1 or HEG-HMS models in most cases.

Continvous Flow Simulation Models

*  NWSRKFS, National Weather Service River Forecast System Model {NWS5 1998): This
mode! includes a snow accumulation and ablation model, soilmoisture accounting
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model, rainfall-runoff model, and a reservoir routing model o produce a continuous
flow hvdrograph using contunuous (hourly and daily) climatic data.

= PRMS, Precipitation-Runoff Modeling System {11505 1983): PRMS simulates mean
daily flows and can generate shorter time hydrographs using continuous chimatic
data. The model includes soil mowsture accountng, channel routing, reservoir rout-
ing, sediment transport computations, and groundwater flow computations.

= HSPF, Hydrologic Simulation Program-FORTRAN (USEPA 1991a}. This model
performs basin-scale analysis for one-dimensional channels, including soil-moisture
accounting, overland flow, routing through channels, sediment uansport, and move-
ment of several water quality constituents using continuous climatic data.

* SSARR, Streamflow Synthesis and Reservoir Regulation Model (USACE 159386):
SSARR performs yearround surface runoff simulations for flood forecasing and
reservolr operations using continuous climartic data. It includes models for water-
shed hydrology and river and reservoir routing, snow accumulation and melting,
infiltration, and interception.

These models are fairiy mmplcx ard red) Uire largl: volumes of data. Studies illmll’iﬂg these
muodels should be treated as 5]:H::.-i.;il sruclies.

Other Useful Models

* HECH, Monthly Streamflow Simulation (USACE 1971a}): This model develops se-
quences of monthly streamflows for desired number of vears {(e.g., 50 to 100 years or
more) using available monthly streamflow data for a smaller number of years (e.g.,
10 1o 15 years or more). [t reconstitutes any missing streamflows within the available
data, estimates the statistical characteristics of available or reconstituted data, and
generates sequences of streamflows having the same statistical characteristics. This
moddel is fairly simple to use and provides useful data for reservoir operations.

* HEC-3, Reservoir System Analysis for Conservation and HEC-5 Simulation of Flood
Conirol and Conservation Systems (LUSACE 1981, 1991b): These models perform
storage routing computations for a system of reservoirs for hydropower genera-
tion, water supply, navigation, recreation, flow augmentation, and other seasonal or
monthly uses. For HEC-3, the input includes monthly streamflows obtained from
moddels such as HEC4 or data collected from other sources. HEC-5 can use any ime
interval from one minute to one month, and it also allows multiple time intervals
within a single simulation. Economic computations can be made for hydropower
benefits and flood damage evaluation. Reservoir operations can be performed 1o
minimize downstream flooding, evacuate Hood control storage as quickly as pos-
sible, provide for low-flow requirements, and meet water supply and hydropower
requirements. These models are useful for reservoir planning.

* HEC-FFA, HEC Flood Flow Frequency Analysis and FREQ (USACE 1995): HEC-
FFA performs frequency computations of given annual maximum floods using Water
Resources Council Guidelines for Determining Flood Flow Frequency (USWRC 1981 ).
FREQ) is a graphics-based LP Type T flood frequency estimation model. Tt allows
the user to caleulate unbiased frequency factors and confidence limits for estimates.
It also allows alteraton of skew coefficients.
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CHAPTER

HYDRAULIC ANALYSIS

Classification of Flows

The subject of hydraulics includes the study and analysis of the movement of water through
natural and man-made watercourses including open channels and pipes. The flow of water
is classified in several categories:

1.

Free Surface and Pressure Flows. Free surface flow occurs when the top of the wa-
ter surface is at atmospheric pressure. Pressure flow occurs when the water surface
is confined by a solid boundary (e.g., flow in closed conduits and through certain
culveris and bridges under flooding conditions).

Uniform and Nonuniform Flows. Uniform flow ocours when the depth of flow is the
same at every cross section of the channel and the water surface is parallel 1o the chan-
nel bed. Nonuniform or vared flow occurs when flow enters or leaves the channel
along its length and the depth of flow varies from cross section 1o cross section.

Steady and Unsteady Flows. The flow is steady when the depth of flow does not
change with time and unsteady when it does change from time to time. Steady flow
may be uniform, gradually varied, or rapidly varied (e.g., occurrence of hydraulic
Jump). Unsteady uniform flow is practically impossible; however, unsteady flow may
be gradually varied (e.g., in a flood wave) or rapidly varied (e.g., in a bore).

Laminar and Turbulent Flows. Laminar fow is dominated by viscosity and mrbulemt
flow by inertial or gravitational forces. Whether the flow is laminar or marbulent is in-
dicated by the Reynolds number, R,., defined as

R.= VR/»p {31)
where

¥V = velocity of flow (m/s)
R = hydraulic radius (m) = A/P

A = crosssectional area of flow (m™)

&7
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F = wetted perimeter {m)

¥ = kinematic viscosity of water (mn*/s)

If R, < 504, the flow is laminar; for 500 < R, < 12,500, flow is transitional from lam-
inar 1o urbulent flow; and for B, 2> 12,500, flow is murbulent. The upper limit may
vary significantly depending on specific low conditions.

5. Suberitical, Critical, and Supercritical Flows. When gravity forces dominate, flow
is characterized by the Froude number, F, defined as:

F= Vg (32)
where

r = gravitational acceleration = 981 m*/s
D = hydraulic depth (m) = A/T
T = wop width of flow (m)

Flow is subcritical if F <2 1; critical if F = 1; and supercritical if F > 1.

Steady Uniform Flow in Open Channels

Uniform flow in open channels or conduits is governed by the following:
1. Manning's Equation
V= (1/n) R¥*¥S (3-3)
2. Chezy's Equation
V=CV(RS (3-4)
5. Darcy-Weisbach Equation (generally used for pipe flows)
h=fIV¥/(2gd) (3-5)
4, Haren-Williams Equation (mostly used for pipe Mows)
V= 084917 Cy R** §*H (3-b}
where

§ = energy slope (m/m)

I = length of pipe {m)

h = head loss in the pipe (m)
d = pipe diameter (m) = 4 R
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n = Manning’s roughness coefficient
= Chezv's coefficient
_f= Da.rq*—"."ln'tis.bach friction coefficient

Cy = Hazen-Williams coefficient

The coefficients in Eqs. (3-3) to (36) are interrelated:

C=RY6/n or n= RE/C= RSYIVE g {3-7)
[=8gn /R  or a=RSYVED (3-8)
Ca= 117762 B*™/(n 5™ or n=11712 R™/{C; ™™ (3-49)

If grain-size distribution of channel bed matenal or armor material is known, then
Manning's roughness coefficient may be estimated using Sinickler’s Equation {Simons and
Senturk 1976, 1992):

n= do' %/ 26 (310}

where dyy = particle size (m) than which 90% of the material is finer by weight. Values est-
-mated by Eq. (310} may be too low for many field situations, Typical values for Reld condi-
tions are shown in Table 3-1 (Chow 1959).

Design of Nonerodible Channels

Nonerodible channels include concretedined, rock-cut, and armored channels, Usually,
such channels are required where ground slope along the channel alignment is steep, avail-
able right-of-way is limited, anticipated bed and bank erosion for an unarmored channel is
unacﬂcpuhlc, of the channe] has to pass through :::Ptn:d rock. The procedure for the de-
sign of such channels is iterative, and the computational steps are listed below:

1. Determine design discharge, @ (m*/s} (e, peak flood flow for flood control or
diversion channel, or full supply discharge for an irrigaton or power canal).

2. Plot ground profile along the channel alignment, mark required invert elevations
at the upstream and downstream ends, and determine feasible bed slope for the
channel to minimize excavation. Channel bed may not be placed on hll

3. Estimate maximum permissible velocity, V {(m/s), for the tvpe of lining or armor
matenial. Concretedined or rock-cut channels may withstand about 5 to 15 m/s de-
pending on the abrasive resistance of concrete or rock; those lined with grass may
withstand 1.0 to 2.5 m/s depending on the type of soils and grass. Preliminary esti-
mates of maximum permissible velocity for armor material may be estimated using
procedures described in the section of this chapter entitled "Design of Erodible
Channels.”

4. Estimate Manning's roughness coefficient, n (Table 3-1), and hydmuolic radius using:

V= (1/n) R**V§ (3-3)
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Table 3-1. Typical values of Manning's roughness coefficient

Manning's roughness
Type of channel coefficient, n
Clean, straight and uniform, excavated in earth 0.016-0.020
Straight and untform with short grass and some weeds,
excavated in earth 0.022-0.033
Winding and sluggish carthen channel with no vegetation 0.023-0.030
Winding and sluggish earthen channel with grass and some weeds 0.025-0.033
Smooth and uniform rock-cut channel 0.025-0.040
Jagged and wrregular rock-cut channel 0.035-0.050
Unmaintained channel with dense weeds as high as flow depth 0.050-0.120
Unmaintained channel with dense brush and high stages 0.080-0.140
Natural channel with clean smraight bank, full stage, no nfis or
deep pools 0.025-0.033

Natural channel with straight bank, full stage, no rifts or deep pools,

some weeds and stones 0.030-0.040
Natural winding, clean channel with some pools and shoals 0.033-0.045
Natural winding, clean channel with some pools and shoals,

lower stages, more ineffective slopes and sections 0.040-0.055
Natural winding, clean channel with some pools and shoals,

some weeds and stones 0.035-40.050
MNatral winding, clean channel with some pools and shoals,

lower stages, more ineffective slopes and stony sections (.045-0.060
Sluggish river reaches, weedy or with very deep pools 0,050, (R0
Very weedy stream reaches 0.075-0.150
Floodplains, pasture, no brush 0.025-0.050
Floodplains, cultivated areas 0.025-0.050
Floodplaing with brush 0.035-0.160
Floodplains with trees 00500, 160
Concretelined channel 0.011-0.016
Cunited channel 0.016-0.025
Channel with vegetal lining 0.050-0.50
Source: Chow (1953),

5. Estimate crosssectional area of flow:
A=V (3-11)

6. Estimate suitable side slope for the channel banks. Typical values are shown in
Table 532, For earthen channels, side slopes should be tested by slope stability

analysis.

7.  Assume water depth, [} {(m), and estimate bottom width, 8 (m), for the desired
trapezoidal channel:

A=BD+:D? ($12)
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Table 3-2. Suitable side slopes for nonerodible channels

Type of channel Side slope (x Horizontal:1 Vertical)
Concrete lined Verucal walls (0:1) o 2:1 or flatter
Rock-cut (1 1o practical limit of rock cut
Armored with stone 1.5:1 or flatter

Shotcrete or gunited Existing rock face to 1:1 or flaner
Soil cement 21

Source: Chow {1953,

H. Estimate:
P=[B+ D2V(£ + 1)] (5-13)

9. Estimate:
R=A/P (3-14)

If this value of R is not nearly equal to the value estimated in step (4), assume a new value
of [} and repeat steps (7) to (9) until the two estimates of R are nearly equal.

The design steps for other channel shapes are similar except that different expressions
will be required for A and P.

Eﬂlﬂh 3-1: Design a concretelined section for a 2km stream reach with § = 0.0025 m/m,
upstream of an existing drop structure. The existing channel is approximately 55 m wide. The
channel downstream of the drop strocture is lined and has sufficient capacity such that the
proposed lining will not impact flooding and erosion conditions in the downstream reach.
Use (3 = 500 m*/s. Permissible velocity for concrete lining is 5.0 m/'s and n = 0,015,

Solution: From Eq. (33), 5.0 = (1/0.015) 8% v(0.0025). So, R= L8337 m, A = 500,/5.0 =
100 m®, Since concrete lining will be installed on earth slopes, a suitable side slope of 2RIV
is adopted. Computations with trial values of D are shown in Table 3-3.

To minimize potential for excessive flood velocities in localized areas, the channel may
be designed to have a bottom width of about 46 m, side slopes of 2H:1V, and a otal depth of
2.65 m, which will provide a freehoard of about 0,65 m above the anticipated flood level.

Velocity in flow sections of open channels varies in both vertical and horizongal direc-
tions, Different equations are used to estimate velocines ar specified depths for smooth and
rough channels. For turbulent flows, a channel may be treated as smooth if &Ly < 5
rough if #LL/» > T; and ansidonal if 5 < L/ p < 70, where Lt = fricion or shear ve-
locity (m/s) = fr{gRE} and k = equivalent roughness height {m). For nprap-hned channels,
k = dg. For movable bed channels, k& will normally be much larger than & because of
boundary irregularities and bed forms and may vary from 0.03 to 0.91 m. If Chezy's € or
Manning's n are known, then k for rough channels may be estimated by

C=R'""/n=826log (122 R/k) {315}
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Table 3-3. Trial computations for concrete-lined channel

Trial value B(m) = (A-2DY/D P {m)

of D {m) (Eq. (3-12)) (Eq. (3-13)) R(m) = A/P
1.75 28,64 61.47 1.63
2 50 85.0 46.18 2,16
2.0 46.0 54,04 1.82
2,027 4598 54,845 1.84
2023 45,3855 544827 1.887

For turbulent flow in smooth channels,
U/l = 55 + 575 log (15 y/w) = 5,75 log (9 Uiy/w) (3-16)

where [/ = velocity at depth, y, above channel bottom (m/s).
For turbulent flow in rough channels,

U/ s = 8.5 + 5.75 log (y/k) = 5.75 log (30 y/k) (317)

In transition between smooth and rough channels, the constant 8.5 in Eq. {%17) varies
with k[L/r (Simons and Senturk 1976, 1992}, For laminar flow in a rectangular open chan-
nel, velocity distnbution in vertical direction is given by (Chow 19549):

U= (v 8/p) (yD— ¥/2) (3-18)

where

¥ = unit weight of water {kg,.-’m’]l

D = depth of flow (m)

g = dynamic viscosity of water (kg-s/m")
Laminar flow may occur if velocity and depth of flow are relatively small.

Depth-averaged velocities at different locations along a channel cross section may be
assumed to be proportional o f-"’, in which y is depth (m) of water at that location. Distri-

bution of depth-averaged velocity along channel cross sections should preferably be obtained
from HEC-RAS (USACE 1998), HEC-2 {(USACE 1991c), or other similar models.

Design of Erodible Channels
Maximum Permissible Velocity
The bed and banks of erodible channels expenence erosion and depositon under varving

flow conditions. The stability of such channels is governed by the character of the bed and
hank materials and hydraulics of How. A relatively simple and practical method for the de-
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Table 3-4. Typical values of Manning's roughness coefficients and maximum permissible

velocities
Maximum permissible velocity (m/s)
Water transporting
noncolloidal silts,
Water transporting  sands, gravels, or
Material " Clear water colloidal silt rock fragmenis
Fine sand {colloidal) 0.02 .46 0. 76 0. 46
Sandy loam
{noncolloidal) 0.02 0.53 .76 00,61
Silt loam (noncolloidal) 002 .61 .91 (.61
Alluwial silt
{noncolloidal) 0.02 0.61 1.07 .61
Ordinary firm loam 0.02 0.76 1.07 {1.69
Volcanic ash .02 0.76 1.7 61
Fine gravel (.02 0.76 1.52 1.14
SufY clay (very colloidal)  0.025 1.14 152 .91
Graded loam o cobbles
{noncolloidal) .03 1.14 1.52 1.52
Alluwial silt (colloidal) 0.025 1.14 1.52 (.91
Graded silt o cobbles
{colloidal ) TRIE) 1.22 1.68 1.52
Coarse gravel
(noncolloidal) 0.025 1.22 1.83 1.98
Cobbles and shingles 0,035 1.562 1.68 1.98
Shales and hard pans 0,025 1.83 1.8% 1.52

Spurce: SCS (1954); Simons and Senturk {1976, 19692); Chow {1959,

sign of erodible channels 15 based on maximum permissible velocities for the bed and bank
materials. Typical values of Manning's roughness coefficient and maximum permissible ve-
locities for different types of soils are given in Table 34 (SCS 1954; Simons and Sentrk 1976,
1992; Chow 1959).

Suitable side slopes for erodible channels are indicated in Table 35 {Chow 1959).

Table 3-5. Suitable side slopes for erodible channels

Material Side slope (H: V)
Sff clay 0.5:1 w 1:1
Firm compacted clay or soils having clay, silt, and sand mixmres 1.5:1
ailt, loam, and sandy soils 2:1
Sandy loam, porous clay, and fine sands 81

Sowrce: Chow { 1959),
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To avoid silt deposition in channels {e.g., irrigation canals), design of erodible channels
may sometimes require that channel velocities be above a certain minimum permissible
{nonsilting) velocity, The following are commonly used equations to estimate nonsilting,
nonscouring velocities:

1. Rennedy's nonsiling, nonscouring velocity:
Vi (m/s) = C P54 (3-19)
where O = 0.37 for extremely fine soils; 0.55 for fine silty, sandy soils; 0.60 for

coarse, light, sandy soils; (.66 for sandy, loamy soils; and (.71 for coarse silts or hard
soil debris (Chow 195%; Singh 1967).

2. Lacey's regime velocity:
Vo (m/s) = (Qf2/140)V" (3-20)
where

f = Lacey's silt factor = 1.76vd

d = mean particle size (mm} {Davis and Sorensen 1970; Zipparro and Hansen
1993)

Ellﬂlph 3-1: Design an earthen (unlined) channel for the stream reach of Example 3-1.
The channel bed contains graded silt and loam o cobbles. Use side slopes of 2H1V

Solution: This channel may not be well maintained in the future and some weeds may
grow with time. 50, use n = (L035. The existing channel bed slope is steep (0.0025 m/m). To
reduce channel bed slope, provide a 4. 1-m drop structure at the upstream end or one 2-m
drop structure at the upstream end and another 2.1-m drop structure 1.0 km downstream
from the upstream end. This is determined after several trials with different heights of drop
structures such thai the resulting bed slope provides no more than the maximum permissible
velocity with a bed width not much larger than the existing bed width of the channel.

Average bed slope with drop structures = (2,000 X 0.0025 — 4.1) /2,000 = 0.00045 m./m.

During flood events, the channel will transport noncolloidal silts, sands, gravels, and rock
fragments. Thus,

Permissible velocity = V= 1.52 m/s {Table 34} and A = 500/1.52 = 328,95 m",

1.52 = (1/0.035) B *(0.00045). So, R = 397 m = (BD + 20)/[8 + (2V(5)D}]. By wial and
error, ) = 4.6056 m and B = 62.223 m. To minimize the potential for excessive flood veloci-
ties in localized areas, the channel may be designed to have a bottom width of about 63 m
with a total depth of 5.25 m, which will provide a freeboard of about 0.65 m above the antic-
ipated flood level. With drop structures, the channel exeavation will be more, the channel bed
will be lower, and flood levels may be somewhat lower.
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Analysis of sediment stability (i.e., potential for erosion and deposition) is required o
design stable channels, evaluate erosion protection requirements, and assess the potential
for exposure of contaminated sediments already deposited on channel beds. Commaonly
used equations (o evaluate sediment stability include the following:

1. Shields Shear Siress Equation (Simons and Senimurk 1976, 1992). This method com-
pares the Shields shear stress for inination of motion with the shear stress at the chan-
nel bed due o flow in the channel.

Shear resistance of sediments = a {y, — v) d (3-21)

Shear stress at canal bed due o flow =y R S (3-22)
where

¥, = unit weight of sediments (kg/m®)
y = unit weight of water (kg/m®)
d = particle size {m}
R = hydraulic mean radius {m)
5 = energy gradient {m,/m)
a = a coeflicient that is a function of L.d/v
Ui = shear velocity (m/s) = ¥{g R §)
» = kinematic viscosity of water (m®/s)
Approximate values of  for given values of [ld/v are given in Tahle 3-6. Values of
a for LLd/vy << 0.2 have not been estimated, The trend of available experimental

data suggests that the coefficient “a” increases with decreasing LLd/». For most
open-channel flows, a value of 0.047 is suggested.

2. Meyer-Peter-Muller Equation (USBR 1984). The maodified Meyer-Peter-Muller bed
load transport equation for beginning of transport of individual particles is
d= D §/[57.9n/ {dag' ™1™ (3-23)
where
d = nontransportable particle size (m)
D = mean water depth {m)
n = Manning’s rounghness coeflicient
iy = particle size in millimeters than which 90% of the bed material is finer by

weight

3. Einstein-Strickler-Manning Equations { Simons and Senturk 1976, 1992; USACE 19914d;
Singh 1967). This method is based on Manning's equation to estimate channel
roughness, Strickler's equation to estimate grain roughness, and Einstein's equation
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Table 3-6. Approximate values of coefficient a in Shields equation

U d/v a
0.25 0.45
(L5 0.39
0.4 0.29
0.5 022
0.6 0.19
1.0 0.12
2.0 .06
3.0 0.047
4.0 (.40
6.0 0.085
8.0 0.034
10 0.03%
20 0.034
50 .035
40 0.087
Bl [.0440
100 0.045
200 0.052
SN (.06
800 (.06
1,000 IR

Source: Adapted from Shields diagram in Simons and Senturk (1976).

for imtaton of motion. A{;c{}rﬂing to this equation, particle size for initaton of
motion is given by

d=1818 RS (3-24)

where R’ = hydraulic radius associated with grain roughness. Approximate values of
R’ may be estimated by (Singh 1967):

R/R=(n/m** (3-25)

where n' = grain roughness coefficient given by Strickler’s equation (Simons and
Senwwk 1976, 1992):

0’ = (deg) /25,67 (if doy is in meters) {3-26)
(4l
n' = {dg) /81,2 (if iy is in millimeters)

where dug = particle size than which 50% of channel bed material is finer by weight.
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4, Camp's Equation (ASCE 1976). This method is based on the Shields equation for

initiation of motion, tractive stress at the canal bed, and Manning’s equation 1o es-
timate energy slope. According to this equation, average channel velocity for inig-
ation of motion, w, is given by

= (1/n) B Ve (s - 1) di] (3-27a)
w=V[(Bg/f)als—1)d] (3-27h)

where

s = specific gravity of sediment particles
f = Darcy-Weisbach friction factor

d = particle size (m})

For the coefficient a, Camp suggests a value of 0.04 for initiaton of motion and
0.8 for significant scour irrespectve of the energy slope. For fat slopes where
id/w < 0.3, larger values of the coefficient @ may be used for initiation of motion
{see Table 3-6).

Equations (3-21) to (3-27) are based on limited laboratory or field data for noncohe-
sive sediments and practical experience. Particle sizes smaller than about 0.009 mm (e.g.,
clays) may exhibit cohesive resistance, which is not accounted for in these equations. Esti-
mates of erodible particle sizes obtained from these equations for given hydraulic condi-
tions may be significantly different. It is advisable to estimate erosion potential using more
than one equation and select reasonable sizes of erodible particles by judgment.

T

Em* 3=3: Estimate the potential for sediment erosion from the bed of a controlled
channel under normal flow conditions when B = 3.4 m, § = 0.00001, and Manning's rough-
ness coefficient, n, = 0,025 The dy and dy, of channel bed material are 0.3 and 0.8 mm,
respectively. Use » = 113 % 107% m®/s, v = 1,000 kg/m?, and y, = 2,650 kg/m* The channel
is wide, so assume R = [} {(mean water depth).

Solution: Using Manning’s equation, average channel velocity = (1,/0.025) x (5.4)2* x
v0.00001 = 0.286 m/s.

Use Shields, Meyer-Peter-Muller, Einstein-Strickler-Manning, and Camp’s equations o est-
mate particle sizes that can be eroded under given hydraulic conditions.

1. Shields Equation
Us = Vg RS) = V{8.81 X 3.4 X 0.00001) = 0.018 m/'s.
As a first trial, for d = 0.3 mm, Lhd/'e = 0L.018 X 0.3 % 10°/(1,000 % 1.13) = 4.78.
Use a = 0,04 (Table 36).
r (canal bed) = v RS = 1,000 x 3.4 X 0.00001 = 0.034 kg/m"
r (resistance) = 004 (v, =) d = 0.04 X 1650 X 4
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Equating the wactive and resistive shear stresses, d = 0.00051 m = 0.5]1 mm. With
d = 0.51 mm, [Ld/¥ = 8,12 and the adopted value of a (i.e., 0.04} is conservative.

2. Meyer-Peter-Muller Equation
d = 3.4 % 0.00001/[57.9 10.025/(0.8) 1] = 0.00014 m = 0.14 mm,

3. Einstein-Strickler-Manning Equation
n' = (0.3)/81.2 = 0,010; K = 3.4 % (0.010,/0.025)"* = 0,87 m.
d = 1818 x 0.87 * 0.0000] = 0.00016 m = (L16 mm.

4. Camp's Equation
5= {2,660 ) /1,000 = 2 65.
0.286 = (1,/0.025) x (3.4)Y% x V{004 % 165 d)
Sa, d = 0.0005] m = .51 mm.

Two of the estimaies of erodible particle size are less than and the other two are greater than

the dy of channel bed material. This suggests that there is potential for sediment movement.
Note that the estimates are for initiatdon of moton and not for significant scour.

Design of Vegetated Channels

From environmental, aesthetic, and economic considerations, it is often desirable 1o evalu-
ate the feasibility of vegetative lining for erosion control on channel banks. A commonly
used method for the design of vegetated channels is based on the use of permissible veloc-
ities, #n-VH chart or table, and retardance classes for different types of vegetal linings defined
by the U.S. Soil Conservation Service (SCS 1954; Chow 1959; Barfield et al. 1981). VR rep-
resents the product of velocity and hydraulic radius, and » is Manning's r:mghncﬂ coeffi-
cient. Grasses have been divided into five retardance classes {i.e., A B, C, D, and E) based
on type, height, and condition of RTASSES. Guidehines for deu:ﬁnining relardance class of a
vegetal lining are included in Tables 37 and 3-8 (SCS 1954).

Permissible (nonscouring) velocities for different types of grass covers are shown in
Table 39 (305 1954). Velocites exceeding 1.52 m/s should be used only where good covers
and proper maintenance of vegeial lining can be ensured.

The values of Manning’s » and the product VR for different retardance classes are
shown in Tables 31Ma) and (b} {SCS 1954).

After a retardance class has been assigned to the desired npe of vegeial lining, the sieps
of di,:-iig'n ::nmPulaTjnns are as Foll ows:

1. Select permissible velocity, V, for the type of vegetal lining from Table 39,

2. Assume a trial value of Manning's n and read the corvesponding VR from Table
3-104a) or (b).

3. Compute the value of B = VR/V
4. Use Manning's formula to estimate VR = (1/5) R*? VS,
5. If this value of VR is not nearly equal to the value obtained in step (2), then try

another value of n until the two estimates closely match.



HhorauLic ANALYSSS 79

Table 3-7. Remrdance classes for different vegetal covers

Retardance
class Vegetal cover Condition
A Weeping lovegrass Excellent stand, w@ll, (average 76 cm)
Yellow bluestem [schasmum Excellent stand, tall, {average 91.5 cm)
B Kudzu Very dense growth, uncui
Bermuda grass Good stand, tall, (average 30.5 cm)
Native grass mixture
(little bluestem, biue grama,
and other long and short
midwest grasses) Good stand, unmowed
Weeping lovegrass Good stand, tall, (average 61 em)
Lespedena sevicea Good stand, not woody, tall
{average 48 cm)
Alfalfa Good stand, uncut (average 28 cm)
Weeping lovegrass Good stand, mowed (average 33 cm)
Rudzu Dense growth, uncut
Blue grama Ceood stand, uncut {average 33 cm)
C Crahgrass Fair stand, uncut (25.4 1 122 cm)
Bermuda grass Good stand, mowed (average 15 em)
Common lespedea Good stand, uncut (average 28 em)
Grasslegume mixture-summer
(orchard grass, redtop,
Italian rvegrass, and
common leghedeza) Good stand, uncut (15 w 20 cm)
Centipede grass Very dense cover (average 15 cm)
Kentucky bluegrass Good stand, headed (15 to 30.5 cm)
D Bermuda grass Good stand, cut to 6 cm height
Common lespedea Excellent stand, uncut
{average 11.5 cm)
Buffalo grass CGoodd stand, uncut {7.5 to 15 cm)
Grass legume mixture-fall,
sprng (Orchard grass,
redtop, talian ryegrass,
and common lespedeza) Croond stand, vncae (10 0o 15 cm)
Lespwdera semicen After cutting o 5 cm height.
Very good stand before cutting,
E Bermuda grass Good stand, cut to 3.8 cm height
Bermuda grass Burned smbble

Source: 505 (1954).

6. Estimate the area of flow using A = /V.

7. Determine 'M:l‘ep-tablt side slﬂpl‘.'m z, for the trapezoidal channel secnon, and as-

sume a reasonable tmial bed width, B

8. Estimate channel depth from A = BD + = D?,



Table 3-8.

Guide for selecton of retardance class

Stand

Average length

of grass (cm)

Degree (class)
of retardance

Fair

=76
25-61
15-25

5-15
<5

=76
281
15-25
5-15
<5

HDODOE >

mOOoaw

Source: 505 (1954),

Table 3-9. Permissible velocities for channels lined with vegetation
Permissible velocity (m/s)
Slope range Erosion-resistant Easily eroded
Grass cover {percent) soils soils
Bermuda grass =5 2.44 1.83%
510 2.13 1.52
=10 1.8% 1.22
Buffalo grass -5 2.1% 1.52
Kentucky bluegrass =10 1.53 1.22
Smooth brome =10 1.52 0.91
Blue grama
Grass mixture 05 1.52 1.22
A-10 1.22 0.91
=10 NR NR
Lespedeza sevicea ] 1.07 0,76
Weeping lovegrass =5 NER NR
Yellow bluestem
Kudau
Alfalfa
Crabgrass
Common lespedess (-5 1.07 0.76
Sudangrass® =5 NR NR

*Annuals used on mild slopes or as temporary protection until permanent covers are established.

MR = Mol recommended.

Source: SC5 (1954).



Table 3-10(a). VRand nvalues for different retardance classes

Product of velocity and Manning’s n values for retardance class

bydraulic radivs, VR
(m?/s) A B C D E
0.093 0.29 0.15 0.085 (.06 0.036
0.186 0.175 0.10 0.058 0.046 0.030
0.279 0.13 0.08 0.048 0.040 0.0r29
0.372 .11 0,07 0,042 0.038 0.027
0,464 0.092 0,063 0.039 0.037 0,026
0.557 0.085 0.054 (058 (L035 0.025
0.743 0.075 0.052 0.035 (0.0534 0.025
0.929 0.07 0,048 0054 (.052 0.025
1.858 0.06 0.04 0.032 0.030 0.024

Source; SCS (1954).

Table 3-10(b). = and VR values for different retardance classes

Product of velocity and hydraulic radius,
FR (m®/s), for retardance class

Manning’s n A B C 1 E
0.024 — —_ —_ - 1.858
0.030 —_— —_— — 1 858 0.195
0.040 —_ 1.858 0446 0.297 0.068
{(.050 — 0.856 0.248 145 0.056
{1.060 1.858 0.520 0.172 0.092 0.021
0.070 0.929 0.362 0.128 0.064 0014
0,080 0.641 0.279 0. 100 0.046 0.010
0.090 0.502 0.223 0.084 0.037 —
0140 0.4049 0.186 0,072 0.031 —
0.15 0.282 0.104 0.040 0.015 —
0.20 0.156 0,064 0.027 — —
(.50 0.086 0.033 e e —
0.375 0.087 — — — —

— indicates that the product VR is not viable for that value of nand retardance class,
Source: SCS (1954).

&1
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Example 3-4: Estimaie the dimensions of a2 channel 1o be excavated in easily erodible soils
and lined with Bermuda grass that will be maintained at an average height of about 6 cm. The
channel is to carry a discharge of 3 m*/s with a bed slope of 0,02 and side slopes of 25H1 V.

Solutiom:  From Tables 5-7 and 3-8, the retardance class is [, and from Table 39, permissible
maximum nonscouring velocity for 5= 2.0% is 1.8% m/s.

Assume a trial n = 0.033. From Table 3-10{a) or (b), VR = 0836 m*/s, So K= (.836,/].83 =
0.4568 m.

Using Manning's equation,
VR= (1/n) R**v8= (1,/0.08%) (0.4568)**v0.02 = 1.16.

Similarly, other trial values of Manning's » give the values shown below:

(1) (2) (3) (4)
" VR (from Table 3-10) R VR = (1/m) B VS
0.034 0,745 0.406 0.926
0.087 0,464 0.254 0.388
0,055 0.557 0.904 0.556

For n = (1,035, values m colummns (2) and (4) are close. So select R = 0.304 m.

Crosssectional area = A = 3/1 83 = 164 m* = BD+ : P i)
Wetted perimeter = P= A/R=164/0304 = 5386 = B+ [2V( + 1)1 D=8+
2vi253 +1)] D= B+ 5385 D (i)

Here, [} = water depth and B = bed width of the channel. By trial and error, estimate the
value of I3, which gives the required area A = 1.64 m®.

D (irial value) B [from Eq. {ii}] A [from Eq. (i)]
(.39 8,286 1.662
(.48 3.94 1.630
{1.385 3.823 1.64

To achieve a channel velocity less than the permissible nonscouring value of 1.8% m/s, and to
allow a freeboard of 0.52 m, use 8= 3.4 m and ) = 0.7 m,

Flow Through Bends

Due to centnifugal forces, water surface elevation on the outer (convex) side of a channel
bend tends to be higher and that on the inner side lower than that at the channel center.
This results in shifting of maximum velocity from the center line of the channel. Erodible
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channels tend to scour toward the outer side of bends. The rise in water surface elevation
(superelevation) may be estimated by the following equation (USACE 19494):

Ay= (CVEB)/gr (3-28)

where

Ay = superclevation = difference in water surface elevation {m) between theoretical
water surface at the center line and at the outer side of the bend

V = mean channel velocity {m/s)

B = channel width at elevatnon of centerdine water surface {m}

r = radius of bend {m) at channel center line

€ = 0.5 for subcritical and 1.0 for critical and supercritical flows
To minimize secondary flows and distortion of velocity distribution at bends, r should be
greater than 3 times the channel width.

In some cases, flood diversion channels in erodible soils may be purposely designed

with a specified curvature away from an existing or proposed struciure 1o minimize the

potential of channel migration toward the structure.
It has been found that a sand bed channel tends 1o develop a meandering pattern when

50 = 0.0007 (3-29)
The same channel may tend to develop a braided pattern when
SOV = 0.0041 (3-30)

and is in wansitional stage between the values given by Eqs. (3-29) and (330 (Simons and
Senturk 1976, 1992).

Freeboard

Freeboard is the distance between the design water surface elevation and the top of chan-
nel bank or levee, Suggested values of freehoards are given below (USACE 1994):

®*  Rectangular channels: 0.6]1 m
*  Trapezoidal sections of concrete- or riprap-lined channels: .76 m

= Farth levees: .91 m

Water Surface Profiles

Seeady flow analysis 1o determine water surface profiles for channels whose cross sections
and discharges change from location to location are performed using computer models,
such as HEG-2 (USACE 1991c), HEC-RAS (USACE 1998}, and W5P-2 (USDA 1976). These
analyses are required to estimate flow velocities and water depths at different locatons along
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and across the channel, height and alignment of levees, waterways of bridges and bridge
backwater, and delineation of floadplains, etc. Floodplain analysis involves water surface pro-
file computations for floods of different return periods (e.g., 10-, 25, 50, 100-, and 500-yr
floods} with and without encroachments. Hydraulic analysis with encroachments provides
information required w limit developments within the floodplain and involves identifica-
tion of imaginary encroachment boundaries on either side of the stream bank, such that the
resulting rise in water surface elevation is within a prescribed maximum {e.g.. 0.3 m) or the
available unobstructed width of flow is not less than a prescribed minimum. The Aow sec-
tion within such imaginary encroachments is called *Hoodway.” Options to perform back-
water analysis with different types of encroachments are included in the aforementioned
maxdels. In addition, these models include analysis of flow through bridges, junctions of trib-
utaries, and bifurcation or split flows. The basic input data imclude channel cross sections
along the study reach; discharges at different cross sections; and loss coefficients for fric-
tion, contraction, expansion, and bridge piers and abutments. Although there are no limits
on the number of cross sections required for a particular study, it is desirable 1o have a min-
imum of 6 to 10 cross sections for the study reach. Additional cross sections must be in-
cluded in the vicinity of structures (e.g., bridges and culverts, weirs and drop structures,
channel junctions, and groins). The cross sections should be oriented nearly perpendicular
ter the anticipated flow lines, To meet this conditon, sometimes the cross sections may have
to be curved or crooked.

Some environmental mitigation projects for major streams (e.g.. Missouri and Missis-
sippi rivers) require habitat restoration on the floodplains by diverting a small portion of
the streamflow onto the floodplain through ungared chutes or diversion channels. These
chutes are intended to create wetlands, riffles and pools, and meandering watercourses
through the floodplains, generally along the alignment of historic chutes that may have
been blocked after channelizaton. The diverted flow returns to the main river at the chute
outlet. Split flow analysis for such projects involves estimation of flows that would be di-
verted by a chute with specified dimensions (i.e., width and invert elevations of the ungated
inlet and outlet structures, and cross sections and bed slope of the chute) under different
sireamflow conditions. This analysis can be accomplished by trial and error using hydraulic
models, such as HEC-RAS and HEC-2 (USACE 1998, 1991c). The computational steps are
as follows (Chow 1959):

1. Select a discharge, (}, passing through the main channel upstream of the inlet.

Assume that the flow, @, is divided into (J,, (llow through the main channel) and
2, (flow through the chute) at the inlet, such that @ = @, + @, (see Figure 3-1).
Thus, (!, i8 the main channel flow through the reach from the location of the chute
inlet to that of the chute outlet. At the location of the outet, the flow, @, diverted
through the chute returns to the main channel; thereafier, flow through the main
channel becomes

P

8. Compute water surface profile for flow, . through the main channel from chute
outlet to chute inlet and for Aow, ), starting from a specified downstream station
to the chute outlet. Find the resulting energy grade elevation at the inlet and the
water swrface elevation at the outlet of the chute.

4. Compute water surface profile for the flow, (0, through the chute, starting with the
computed water surface clevation at the outlet, and find the encrgy grade clevation
at the inletr.
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Figure 3-1. Split flow schematic

5. If the two energy grade elevations at the inlet do not match, then repeat steps (2)
through (4) with modified @, until the two energy grade elevations are reasonably
close.

In planning stages, a large number of trial computations are required to determine ac-
ceptable chute dimensions and diverted flows under different flow conditions in the niver.
However, usually flow diversion through the chute, {J, is a small fraction of the total river
flow, @ (less than 10%), so that the energy grade and water surface elevations through the
main channel with a flow, {J,,. are not significantly different from those with the total flow,
). For such cases, simplified computational steps are as follows:

1. Compute water surface elevations at the outlet and energy grade elevations at the
inlet for the main channel for different river flow conditions, 2,

2. For each river flow condition, assume several values for diverted flow and perform
water surface profile computations for the chute for those flows, (0, starting with
computed water surface elevation at the outlet {(step (1)),

3. Select diverted flow, (.. which results in energy grade elevation at the inlet, which
is nearly equal to that computed in step (1).

Example 3-5: A wapezoidal chute—with B = 305 m, side slopes 3H:1V, bed slope =
0.00021, and invert elevation = 245.63 m—is proposed to divert flows from a major stream
with an average annual flow of 1,060 m*/s. The energy grade elevation in the river at chute
inlet for average annual low conditions s 246.32 m. Estimate fMow diverted by the chute
under average annual flow conditions, Use n = 0,035,

Solution: Since the chute has a consiant cross section and bed slope, use Manning's
formula to estimate energy elevation in the chute at inlet
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By trial and error with several trial values of (), y = 0.685 m; A = 2230 m% P= 54.8% m;
R = 0.6402 m; V= 03075 m/y; and Q, = 6,857 m*/s for chute flow, Energy grade elevation
at chute inlet = 24563 + 0,685 + (0.3075%)/2 g = 246.32 m, which is equal 1o the given
energy grade elevation at the inlet for average annual river flow. 5o, flow diveried by the
chute = 6.857 m*/s.

Critical Flow
Critical flow is defined by minimum specific energy. Specific energy, E (m), at a flow section
is given by

E=y+ V¥/2g (3-31)
where
y = flow depth (m)
V' = wvelocity {m/s)
For a rectangular open channel,
E=y+ ¢*/ (20 ) (3-32)

where g = discharge per unit width of channel (m®/s). To obtain minimum specific energy.
set di/dy = 0. Thus,

p= (/D" (3-33)
E {minimum)} = 3/2 (y,) (3-34)
V.=v(gy) (3-85)

whiere

¥, = cridcal depth (m} and

V. = velocity for cntical flow (m/s)

At critical flow, Froude number = F = V/v(gy) = 1. When F > 1, flow is supercritical and
subcritical when F < 1.
For a prismatic channel with given discharge, @ (m®/s},

E=y+ %/ (2g A®) (3-36)
To obtain minimum specific energy, set d/dy = 0, Thus,
@/g= AT (3-37)
or

Vi2g=D/2 (3-38)



where
T =dA/dy= mph‘idlh {m])
D = hydraulic depth = A/T

Eq. (337} can be used 1o denve equatons for critical discharge for various channel shapes.
For example, for a rectangular channel,

Q. = BVigy) (3-39)
For a triangular channel,
Q. =:25"V(g/2) (3-40)
For a trapezoidal channel,
Q.= (By+25)*Vig/(B + 2:3)] (3-41)
For a parabolic channel,
Q. = TVI(8/27) gy (3-42)
where
z = side slope
B = bottom width

A critical flow section may constitute a control section for both subcritical and super-
critical flows. A control section is one where a definite relationship can be established be-
tween stage and discharge. At this section, flow s controlled in such a way that flow condi-
tons on one side of it (i.e., either upstream or downstream ) do not affect those on the other
side. In the case of subcritical flow, flow control is ar the downstream end; in the case of
supercritical flow, flow control is at the upstream end.

Hydraulics of Weirs and Spillways
Brood-Crested and Sharp-Crested Weirs

If the crest of a weir is sufficiently wide 1o prevent the nappe from springing free at the up-
stream corner, the weir is classified as broad-cresied (Bouse 1950). The weir behaves as
broad-crested if the head above the crest, H, is less than 1.5 B, where £ = width of the crest
along the direction of flow. If H > 1.5 B, the nappe of the free overfall becomes detached,
and the weir behaves similar to a sharp-crested weir,

If the upstream edge of a broad-crested weir is well rounded to minimize contraction,
and if friction along its width is negligible or the crest is sloped 10 overcome loss of head
dute to friction, then flow ocours at critical depth, 5. In a free overfall, y, occurs at % 5. w0 4 5,

upstream of the brink (downstream corner) of the crest, and y, = 1.4 . where y, = water
depth at brink. At the critical section,

y =g/ (3-33)
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H=y+ V3/2=3+ (¢/3)% 2=+ /2 =53/25=2008 3 (343)
g = [V(8 g/27)] HY® = 517 = (3-44)

Thus, for a broad-crested weir, the theoretical maximum discharge is given by
Q=170 L HY? = 5,17 L y* (3-45)

The head, H, must be measured about 2.5H upstream from the upstream edge of the
broad-crested weir; for most practical cases, the weir coefficient, 1.70, should be reduced 1o
account for frction losses on the crest. This coefficient has been found to vary with the
head, H, and width of the broad-crested weir (Brater et al. 1996). Flow over a broad-crested
weir is not appreciably affected by submergence if y < (2/3 H + F), where y; = wilwater
depth and P = height of weir above channel bottom.

Flow over a sharp-crested weir is given by

Q=2/3CLIYEp] HY = CL H*"® {3-46)
The weir coefficient, C, varies from abowut 1.76 1o 2.54 with the rato H/Pand end contrac-

tions due to sharp edges at the ends of the weir, Flow over a sharpcrested weir is not ap-
preciably affected by submergence if yp < (0.25 H + P). For larger submergence,

@i/ Q=11 = (H/H»** (347)

where

Q,

H, = tailwater depth above weir crest

discharge with submergence

Ogee Crest

If the upper and lower nappes of flow over a sharp-crested weir are aerated (i.e., both
nappes are at atmospheric pressure), then the discharge coeflicient is given by (Chow 195%9)

C= 1.B05 + 0.221H/P (3-48)
If the lower nappe is not aerated, it results in undesirable hydraulic performance and

negative pressures on the downstream face. To minimize negative pressures, ogee profiles
have been d:vclupl:d i conform to the sha]:u: of the lower nappe as far as Prdclicablt:

X"=KH'Y (3-49)
where

Xand ¥ are coordinates of the profile with origin at the highest point of the crest
H,; = design head including velocity head due o approach flow
Kand nare given in Table 311
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Table 3-11. Coefficients and exponents of ogee profile equation

Slope of upstream
face of spillway K" n K o
Vertical 2.000 1.872 2,141 1.837
1H:3V 20000 1.851 2,141 1.817
ZH3Y 1.901 1.B02 2058 1.772
11V 1.852 1.780 2058 1.761

Source: USBR (1987).
“Neglecting velocity of approach head.
"Welocity of approach head = 0.20 H;.

Based on model tests, geometric .*.hap-:ﬁ have heen d:vclupcd oy 'PT-I.'.H."il!'].-E a smooth up-
stream edge to the ogee crest in the form of two arcs with different radii. A typical ogee crest
shape is illustrated in Figure 3-2 (USBR 1987},
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Figure 3-2. Typical ogee crest shape
Source: USBR (1987).
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The discharge for an ogee crest is given by
Q=CLH;* (3-50)
where
C=2181w2.225if H,= H,
P/ Hy = 2.50

Experimental curves are available to estimate C for other values of H, and F/H,, H, being
other than the design head (USBR 1987). Selected values of C for different values of P/ H,
are included in Table 3-12(a).

Approximate values of discharge coefficients for other than the design head of the ogee
crest are included in Table 3-12(b) (USBR 1987).

Toble 3-12(a). Discharge coefficients for verticabfaced ogee crest with varying values of P

P/H, C
0 1.7
0.5 2 098
1.0 2.142
1.5 2,150
2.0 2.17
2.5 2176
3.0 2.181

Hy = design head incuding velocity of approach.
Source: USBR (1987).

Table 3-12(b). Discharge coefficients for vertical-faced ogee crest for other than

design head

H/H, c,/C

(.05 0.8
0.2 .85
0.4 0.9
0.6 0.94
0.8 0.97
1.0 1.0
1.2 1.025
1.4 1.05
1.6 1.07

G, = discharge coefficient for head H,
Source: USBR (1987},
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Flow along Steep Slopes

A commonly encountered case of supercritical flow involves flow along downstream faces
of spillways or sloping aprons downstream of drop soructures, Estimates of the velocity and
depth of flow along and at the toe of these steep slopes is required 1o design energy dissi-
pation measures for such structures, This can be done using the energy equation

H+-!-=:F+ I',Tia"'{ﬂg_‘jﬂ}+t}'ﬂ 1‘12 LII.-J!.H fa-"-!l]}
where

H = head above the crest including velocity of approach (m)
t = height of crest above toe (m)
L =length of slope (m)
g = unit discharge (m®/s) = ¢ H'*
C = discharge coefficient of crest

y = depth of flow at toe (m)

Eq. (3-51) is solved by trial and error. Knowing ¥, velocity at the toe = V= g/ycan be estimated.

For steep slopes varying from 0.6FE1V to O.8FELY, velocity at the toe also may be esti-
mated from experimental curves available in the literature {e.g., Chow 1959; Peterka 1978).
Selected values are shown in Table 3-13.

Hydraulic Jump

A hydraulic jump occurs al the ransiton from supercritical 1o subcritical flow. Commonly
encountered cases include supercritical flow down the steep slope of a spillway or drop

Table 3-13. Toe velocities for spillways with downstream face slopes of L6H 1 Vie

A1V
Toe velocity {m,/s)
£ (m) H=0L.T6 m H=2Mm H=305m H=61m H=%1m H=122m
12 122 13.4 13.7 137 13.7 187
&4 15.2 18.6 18.9 149.8 19.8 Foh, 8
a7 15.8 21.8 299 4.4 4.4 a4 .4
40 158.8 252 24.7 R | 280 8.0
61 15.8 241 6.2 et Y 31.7 2.0
75 158 *4.4 4 320 43.4 4.4
B5 16.8 24.9 28.0 385 36,5 537.2
08 15.8 94 7 289 5.4 48.1 50,6
1110 154 24.7 28.3 36.6 9.6 41.5
122 15.8 24.7 28.3 vz 41.5 43,6

Source: Peterka (1978).
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structure or supercritical flow through a gate opening entering a mild slope channel on the
downstream side. For hydraulic jumps in horizontal recangular channels (see Figure 3-3),

nplntw =24
wn=1/2K1+8F%-1]
H = (=0 {dnm
E=n+ W/ lg=n+q/2gn")
Ex =yt W2g=y+ ¢/(2gw)
where
¥ = prejump supercritical water depth
s = postjump subcritical water depth
Vi, Vo = preqump and posiump velocities, respectively
F; = presjump Froude number = V,/¥{gy)
Hy = energy loss through jump
g = discharge per unit width of channel

£y, £y = preqump and post jump specific energy, respectively

{3-52a)
(3-52h)

(3-53)
(5-54a)

{3-54b)

Postjump depth, y, may be estimated from published experimental plots between /¥
and F, for different apron slopes (e.g.. Chow 1959) . [n many practical situations, the unit dis-
charge, g and surface water elevations and velocities upstream and downstream of the drop
are known from water surface profile computations. A mial and error procedure may be
adopted to determine hydraulic jump parameters for such cases. The parameters are non-

i—m.iﬁm—‘

Figure 3-3. Hydraulic jump in a horizontal channel
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dimensionalized by setting x = y/y: ¥y = w/¥a [ = Hy/ys m= E/y; and n = £/y, where
¥, = critical depth = (/' Note that x varies from 0 to 1. With any selected value of x,
the other non-dimensional parameters — m, ¥, 5, and : — can be computed recognizing that

m=x+ 1/(2 2% (3-55a)

xy(x+y) =2 (3-55b)
n=y+ 1/(2y) {3-55¢)
I=(y- 2% (4xy) (3-55d)

Selected values of y, x, m, n, and [ are included in Table 3-14. One set of plois can be
prepared between y and E; for various values of 4. This set can be expanded 10 include
plots between y and E;. This becomes the specific energy plot. A typical specific energy
curve is illustrated in Figure 3-4. A second set of plots can be prepared between H, and Eg
for various values of g These curves, called Blench curves, are useful for location of still-
ing basin floors in practical applications (Singh 1967). A typical Blench curve is illusirared
in Figure 3-5.

Location of hydraulic jump is required for the design of aprons and siilling basins be-
low drop structures, spillways, and sluice gates. Typical configuration of a drop with sloping
apron is illustrated in Figure 3-6. If available tailwater depth is higher than the postjump
depth, the hydraulic jump will form on the sloping apron, constituting the downstream face
of a drop structure or spillway. If the tailwater depth is lower than the post-jump depth, then
the hydraulic jump will form on the horizontal floor connecting the drop to the down-
stream channel or downstream of the sluice gate. The location of hydraulic jump on hori-
zontal aprons with low friction, where flow is subcritical, may be unstable and may move
downstream with relatively small changes in discharge or tailwater depth. On the other
hand, hydraulic jump on a sloping apron may be confined to a welldefined zone for the
full range of flow conditions. Therefore, from a practical standpoint, it is desirable that the
hydraulic jump forms above or at the toe of the sloping apron for most flow conditions (see
Figure 3-6).

The length of jump, L, on a horizontal floor may be estimated from values given in
Table 3-15 (USBR 1987).

Computational steps for the location of hydraulic jump on a horizontal apron or floor
with mild slope (Figure 3-7(a)) are as follows {Chow 1959):

I. Compute water depth, 3, on the sloping apron or immediately downstream of the
sluice gate and taillwater depth, %', in the downstream channel.
Compute critical depth, y.

3. Compute mild slope water surface profile starting with y, at the downstream end up
to ¥ at the upstream end.

4. For each depth, y, on the computed water surface profile, compute F, and the cor-

responding post-jump depth, 3, and plot these postjump depths (Figure 3-7(a)).
The jump will form on the mild slope if %" < y.

b,  Locate the point of intersection of the postjump profile and wilwater depth line.



Table 3-14.

Selected values of x, y, m, n, and |/

¥ = Yal¥e X=WN/Y m = E/y, n = Ey/y, I = H./y,
1.0 1.0 1.5 1.5 0
1.1 (.906256 1.515047 1.513223 0.001824
1.2 (LB2361 1.56071 1.547222 0013488
1.8 (.7503453 1.638419 1.595858 0.042561
1.4 (.685125 1.750323 1.655102 0.095221
1.5 01, 626805 1.899175 1.722222 0.176953
1.6 0.574773 2088256 1.795318 0.292944
1.6664 0.543177 2.237854 1.846458 (1.391396
)7 0.528031 2,321321 1.87301 0.448311
1.8 (.486042 2602566 1.954521 0.648245
1.81 0.482082 2.633514 1.96262 0.670894
1.82 (.478165 2.664995 1.970948 0.694047
1.88 0.474288 2 697013 1.979303 0.71771
1,84 0.470452 2,720573 1.987684 0, 741889
1.85 0. 466656 2.76268 1.996092 (1.766588
1.86 0.462899 2.79654 2.004525 0.791814
1,87 0.459182 2,830556 2.012084 0.817573
1.88 (.4556508 2865335 2.021467 0.843868
1.89 0.451863 2.900681 2020974 0.870708
1.9 0. 44826 29866 2 038504 0.898096
2.0 0.414214 3.828427 2.125 1.208427
2.1 0. 583486 3,783451 2.218379 1570052
2.2 0.35571 4.307359 2.505306 2004054
23 0.330562 4.906319 2.594518 2511801
2.4 0.307758 5.586763 2.486806 3.099957
2.5 0.287043 6.355485 2.58 3. 775485
2.5078 (.285508 6.419362 2.587303 3.832059
2.6 0. 268198 7.219615 2679964 4.54565
2.7 0.251012 8.18661 2.768587 5.418022
2.8 0.235324 9.264254 2.863776 6400479
2.9 0.220974 10.46065 2.959453 7.501202
3,0 0.207825 11.784253 3.055556 8728679
3.1 0.195755 13.24374 3.152029 10.09171
3.2 0. 184657 14.84821 3.248828 11.59938
3.3 0.174454 16.60703 3.345914 13.26111
3.4 0.165003 18.52986 3,443253 1508661
3.5 0.156287 20.6267 3.540816 17.08588
3.6 0.148219 2290783 3.63858 19.26925
3.7 0.140739 25.38386 3.736523 2164733
3.8 0.133793 28.06568 3.834626 2493106
3.9 0.127335 30,96452 3.932873 27.08165
4.0 0.12152 34.09188 4.08125 30.06063
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Figure 3-4, Typical specific energy curve
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Figure 3=6. Drop with sloping apron

6. Estimate trial length of jump, L, corresponding to the postjump depth at the afore-

mentioned point of intersection.

7. Mark a horizontal intercept, L, between the ailwater depth and postjump depth
profiles. This is the location of the jump (A). If the postqump depth at this loca-
tion is significantly different from that used for estimation of the trial length of
jump, then recompute trial jump length and mark that intercept o refine the
jump location.

Table 3-15. Length of jump on horizontal foor

F Li/ve
L5 3.6
2 4.4
3 5.25
4 5.8
5 6.0
6 6.15
7 6.15
8 6.15
9 6.15

10 6.15

11 6.10

12 6.05

13 f.02

14 6.0

15 5.892

16 5.85

17 5.8

18 5.7

19 5.6

20 5.45

Source: USBR (1987).
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Figure 3-7{a). Hyvdraulic jump on mild slope

The hydraulic jump will form on the steep apron if %' = . Computational steps for
this case (Figure 3-7(b)) are as follows {Chow 1959):

1.

Compute water depth, 3, on the sloping apron or immediately downstream of the
shuice gate and tailwater depth, y', in the downstream channel.

Compute critical depth, y, and plot the critical depth line (CDL) above the sieep

AT,

Compute steep slope water surface profile starting with y, at the upstream end up
10 %' at the downstream end.

For each depth y, at the water surface on the steep apron, compute the postjump
(sequent) depth w and plot the sequent depth curve,

Locate the point of intersection of the postyjump profile and tailwater depth line,

Estimate trial length of jump, [, corresponding to the postjump depth at the
above-mentioned point of intersection.

Mark a horizontal intercept, L, between the tailwater depth and post-jump depth
profile. This is the location of the jump (A4). If the post-jump depth at this location

Wl

Figure 3-T(b). Hydraulic jump on steep slope
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15 significantly different from that used for estimation of the trial length of jump,
then recompute trial jump length and mark that intercept to refine the jump
location.

Where water surface profile computations for a known g are available both upsiream
and downstream of the drop structure, and hydraulic jump is desired to be located on a hor-
izomtal floor at or upstream of the toe of the sloping apron, simplified computational steps
for practical cases are as follows:

*  Estimate total energy upstream of the drop, TELL = upstream water surface eleva-
ion + V.*/2g where V, = velocity of approaching flow. Neglect friction losses on
the sloping apron.

*  Estimate total energy downstream of the drop, TEL2 = tailwater elevation + V¥/2g,
where V= velocity in downstream channel.

* Estimate head loss = H; = TEL] — TELZ.

*  With known gand H;, estimate Ey using Blench curves or computational steps used
to develop those curves {described previously in this section).

*  With known gand E, estimate % from specific energy plots or computational steps
used 1o develop those curves (described previously in this section).

#  Draw a line at depth E; below TEL2, and locate the point where this ine intersecis
the sloping apron. If the horizontal apron is located at or below this elevation, the hy-
draulic jump is likely to form at or above the toe of the sloping apron (Figure 3-6).

* If the length of the sloping apron is large, then y and V] at the estimated location
of the horizontal apron may be estimated using the procedures given in the section
entitled “Flow along Steep Slopes.” Then, TEL] is computed using these values and
the remaining computational steps are repeated to obtain revised location of the
horzontal apron.

Diesign elevation of the horizontal floor or stilling basin downstream of a drop, spillway,
or sluice gate requires testing for various discharges (e.g., 10, 25, 50, 75, and 100% of the
design discharge ). The horizontal apron or apron toe should be located below the location
of hydraulic jump for the full range of anticipated discharges.

Example 3-6: Two design conditions for a siilling basin include g = 1.7 m®/s and 35.1 m?/s,
respectively, Water surface profile computations for the lower flow mdicated TEL1 = 200 m,
tilwater elevation = 198.53 m, and TEL2 = 198 45 m. For the higher flow, TEL1= 208.18 m,
tailwater elevation = 206,05 m, and TEL? = %622 m. Determine the location and app-m::i—
mate length of the horizontal floor.

Solution: Using Blench curves, E can be estimated from known values of gand H, =
TEL1 = TELZ. Then, v corresponding to the estimated £ can be read for given g from the
specific energy plots. The elevation of the horizontal floor should be at or below the elevation
TEL2 - E;.

An alternative trial and error method of computations is illustrated in Table 3-16. A trial
value of xis assumed and the corresponding value of yis computed from Eq. {3-55b). This en-
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ables computation of ., ¥ £, and F;. The trials are continoed until £, - £ is close to the
known value of H;.

Computations for the two given discharge conditions suggest that a 40-m-long horizontal
apron should be provided at elevation 196.0 m, approximately (see Figure 3-6).

Unsteady Flow
One of the most common unsteady flow problems encountered in practice is the analysis of
dam-break flood waves, For detailed analysis of dam-break flood waves, the NWS Dam-Break
model (Fread 1988) or its equivalents should be used. Several simple, approximate equations
have been developed to estimate the maximum flow, ravel time, and flood depth resulting from
dam-break. For some practical cases, these simpler methods also may be useful.

For a full depth, partial width breach,

Qinax = (B/27) bY, (B/B)"* V(g ¥y)) (3-56)
For a partial depth, full width breach,
Qmas = (B/27) BY (Yo/ NV (g ¥) (8-57)
For a partial depth, partial width breach,
Qo ™= (B/27) BY (B/ B (/N3 V(g ¥) (3-58)
where

Qs = peak flow (m?/s)
B = width of channel {m)
b = width of breach (m)

Table 3-16. Hydraulic jump caleulations for location of horizontal floor below sloping

Ao
Parameter Lower flow conditions Higher flow conditions
g (m*/sec) 1.7 35.1
H; {m}) 201.0 — 198.45 = 255 208.18 — 206.22 = 1.96
¥ {m) (G654 SR
I= Hy/y. 3.8323 0,592
% (for known [ from Table 3-14) 0.2855 0.5452
y (Eq. (8-55b)) 25078 1 6664
¥ (m) 0.2855 x 0.66564 = 0,19 2.72
¥ (m) 1.6 8.53
Ey (m) 4.27 11.19
E: {m) 1.72 9,25
R = ¢"Vign" 6.55 2 408

Elevation of horizontal floor (m) 198.38 — 1.67 = 196.66 206.05 — B.33 = 197.72
Length of horizontal floor {m) 6.2 ¥ 1.67 = 104 48 X 833 = 4
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¥ = depth of water above bottom of breach (m)
¥y = depth of water behind dam (m) {USACE 1977)

For instantaneous and complete failure of dam and flow through a rectangular chan-
nel, water depth, ¥ (m}, at time, ¢ (s}, and distance, x (m), from the dam (neglecting fric-
tion) is given by the following equation (Chow 1959; Rouse 1950):

x=2 V(g h) — 3eVig) (3-59)

Empirical equations to estimate dam-break peak flows based on historical dam Failure
data are (L'SBR 1987)

Qmax = 19.13 ()12 (8-60a)
The Soil Conservation Service equation for dam-break peak flow is (USDA 1981)
Qe = 1658 (¥} {3-60b)

In practice, preliminary estimates should be made using several different methods, and
a reasonably conservative value should be selected by judgment. Another convenient method
to estimate dam-break flood flows, travel times, and water depths in a prismatic river chan-
nel for insmntanecous and complete dam failure is to use Sakka’s charts (USACE 1974).

If it is possible 1o estimate crosssectional data for the downstream valley, storage-elevation

data for the reservoir, length and top elevation of the dam, time of breach development,
reservoir elevation at which failure starts, and bottom width, bottom elevation, and side

slopes of potential breach, then the HEC-1 model {USACE 1991a) may be used to compute
peak flows and flood levels at different imes and locations in the downstream channel. Com-
parative evaluations of HEC-1 and NWS Dam-Break models have indicated that the two pro-
duce comparable results for peak flows and maximum stages in the downstream valley
{Tschantz and Mojib 1981). It is advisable to use the NWS dam-break model (Fread 1988)

for a more sophisticated analysis,

Stormerelated overland flow along slopes is usually unsteady, spatially varied, and difficult to an-
alyze. Empincal methods to estimate flow rates along slopes of solid waste piles and tailings im-
poundments include Izzard s method for laminar flow and Horton's method for turbulent flow
{Chow 1959). Overland Bows along steep slopes subjected to sigmificant erosion may be as-
sumed o be turbulent. For such cases, Horton's equation for uniform mate of rainfall excess is

g = 0.000278 i tanh® [6.06 ¢ {i/ (¢ L)"* §°%) (3-61)
where

g = flow at the lower end of an elementary strip in |/s per square meter of area con-
mibuting surface runoff

i = rate of rainfall excess (mm/h)

¢ = time from beginning of rainfall excess (h)
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Table 3=17. Typical values of roughness factor, ¢

Type of surface ¢
Bare, compacted soil 0.10
Poor grass cover or moderately rough bare surface 0,
Awmg& ETASS COVET 40
Dense grass cover 0.80

Source: Chow (1955,

5 = surface slope along directdon of flow (m,/m}
I. = length of elementary strip (m)

¢ = a roughness factor; values are shown in Table 3-17

Assuming area contributing surface ranoff is an elementary strip of length, [, and unit
width, overland flow per unit width of the slope is given by

g=qL (3-62)

If the flow is found to be laminar (i.e., il < 3,871}, lzzard’s equation should be used
{Chow 19589), Horton's equation gives overland flow hydrograph at the end of the elemen-
tary strip due to rainfall excess continuing at a uniform rate for an indefinite period of tme.
Cherland RBow hydrograph for a finite duration of ranfall, &, can be estimated using the
principle of superposition. For conservative estimates of overland flow along steep slopes,
rainfall excess may be assumed to be nearly equal to rainfall.

Usually, overland flow at the toe of the 5I¢1-I;|r. is collected by a lateral ditch {parallel to
the embankment length) and conveyed to nearby streams. The flow near the upstream end
of the ditch is that at the bottom of the first elementary strip. Flow in the ditch increases
with distance from its upstream end as more and more elementary strips discharge in it (Le.,
flow in the ditch is spatally varied). Momentum of the incoming flow from successive ele-
mentary sirips impedes the flow in the ditch. A relatively simple method o design the ditch
is to provide a steep {supercritical) bed slope of about 0.05 and estimate ditch dimensions
assuming critical flow at the downstream end (Figure 3-8).

Example 3-7: Develop an overland flow hydrograph at the end of a 61-m-ong strip of unit
width along a slope with 5 = 0.014 and ¢ = 0,198, assuming a uniform rainfall intensity, § =
243.17 mm/ h, during severe storms of G and 12-min durations. The length of the embank-
ment is 1,000 m. Design a lateral ditch along the e of the embankment slope to carry over-
land flow to a nearby stream. To be conservative and for the sake of simplicity, assame that
the timings of flows from the elementary strips reaching the ditch are such that the peaks can
be combined.

Solution: In this case, i/ (¢ [) = 20.137: using Eq. (361), g = 0.0676 anh® [9.354 (]
and g = 6] g, = 4.1236 ranh® [9.354 {]. Computations with linear superposition are illustrated



in Table 3-18. Column (3) represents a hydrograph for continuous rainfall. For a fmin du-
ration rainstorm, hydrograph ordinates of column (%) are lagged by 0.10 h (column 4), and
the difference in column (5) represents the corresponding hydrograph. For a 12-min dura-
tion rainstorm, hydrograph ordinates are lagged by 0.20 h, and the difference in column (7)

represents the corresponding hydrograph.

The peak of the hydrograph for a f-min rainstorm is g, = 0.317 1/5, and that for a 12-min
rainstorm is 0,629 1/s.

2 = wtal discharge at the downstream end of the ditch during a 12-min duration storm =
0.629 > 1,000/1,000 = 0.629 m”/s. Provide a trapezoidal ditch with B = 0.3 m. One side slope
of this ditch is 0,014 or 71.428FH:1 V, and the other is 2H:1V.

A= 03y + (2 + 71.428)5%/2
T= 0.3 + (2 + 71.428)y

Use critical flow equation, Q = 0.629 = v{gA/T) = 3.132 (0.3 y + 36.714 y')'*/(0.3 +
73.428 y)"*, By trial and error, y = 0.14 m. Using a freeboard of 0.2 m, provide a 0.34-m-deep
ditch, The bed width may be uniformly reduced in the upstream direction to have a minimum
of .15 m at the upstream end.

|

b —— —

L —  Ditch

Figure 3-8. Overland flow along embankment slope
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Table 3-18. Overland flow computations wsing Horton's method

G-min duration rainfall 12-min duration rainfall

t tanh q q q q q
(hy (93540  (I/s) (lagged) (diff) (lagged) (diff)
(1) {2) (3 (4} (5)=(3)=(4) (6) (7)=(3) = (6)
0.1 0.0097 0.041 f 0,041 0 0.041
0.2 0,197 0.161 0.041 0.12 0 0,161
0.3 0,291 0,35 0,161 0.189 0.041 0. 509
0.4 0.58 0.505 0.35 0,245 0.161 0.435
0.5 0.462 0,881 0,595 0.285 0.35 0.551
0.6 0.537 1.189 0,881 0,509 0.595 0.504
0.7 0,604 1.506 1.189 0.317 0.881 0.626
0.8 0,664 1.818 1.506 0.312 1.189 0,629
0.9 0.716 2116 1.818 0.297 1.506 0.61
] 0,762 2 49 2,116 0.276 1.818 0.574
1.1 0,800 2 6542 2 302 0.251 2116 0.527
1.2 0834 2 866 2 642 0.29% 2,39 0,474
1.3 0,862 8,062 2 866 0,106 2,542 0.42
1.4 0,885 3,232 3,062 0.170 2,866 0,366
1.5 0,905 3.378 5,939 0.146 3.062 0.316
Soil Erosion on Slopes

Owerland flow along steep slopes results in sheet, nll, and gully erosion. Sheet and rill erosion
is described in the next section of this chapter. Gully erosion on steep slopes is described in this
section. Empirical equations have been developed to estimate the maximum depth and top
widih of a gully. Computational steps for a conservative estimate are as follows ( Johnson 1999):

Estimate drainage area, A (m®), tributary to the gully:
A = 0276 [L cos 8] {3-63)
where

L = length of slope (m)
# = angle of slope with horizontal = arc tan (5}, 5 being the slope {m,/m)

Estimate average annual precipitation depth, P {m), and total average precipitation
over the period of analysis (ie., ¢ yr). Mean annual precipitation at nearby precipi-
tation gauges may be obtained from published records (e.g., Gale Research Com-
pany 1985).

Estimate average runofl to rainfall ratie, C, for the site. Average annual runoff in
the site vicinity also may be obtained from published records (egg., Gerbert et al.
1989 and Water Resources Data for different states annually published by the U5,
Geological Survey).
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4.  Estimate wotal volume of runoff, V{m™), expecied at the toe of the slope during the
P:rim:’: of all;!l‘:p'!i!'i!

V=CPrA {3-te1)
5. Estimate maximum depth, [k, (m), of gully incision:
Do = GLS (3-65)
I clay content of slope material < 15%,
G=1/[2.25 + [0.789 ¥/ (H*)™"™) (3-66)
If 15% < clay content of slope material < 50%,
Go= 17[2.80 + [0.197 ¥V (H%)*"] (3-67)
If elay content of slope material > 50%,
G=1/[355 + [0.76 V/(H"|™"%] (3-68)
where H (m) = Lsin # = vertical height of slope.
6. Estimate top width, W {m), of gully at the point of deepest incision:
W= (D, /0.61)"14 (3-69}
7. Estmate distance, [l (m}), of [, along the slope measured from the crest:
Dy D = 0713 [V S/ (LY 005 {3-70)

Because of the empirical nature of these equations, the estimates must be used only for
qualitative analysis.

Example 3-8: Estimate potential for gully erosion on the slope of a solid waste disposal pile
during periods of 10 and 200 yr after remediation. § = 14°%; L. = 62 m; clay content of slope
material < 15%:; P= 0.5 m/yr; and © = (.20

Solution: 5= tan 14" = 0.25 and H = 15 m. Using Eqs. (3463} and (3-64), A = 2248 m®
and V(10 yr) = 0.20 X 0.50 * 10 X 2248 = 224 8 m” and V (200 yr) = 4,49% m”. Using
Eq. (5-66), G (10 yr) = 0.137 and G {200 yr} = 0.31,

Using Eq. (365}, D, (10 y7) = 0.137 X 62 X 0.25 = 2.12 m,

D, (200 yr) = 0.81 X 62 X 0.25 = 4.8] m.

Using Eq. {569), W ({10 yr) = 4.18 m and W (200 w) = 10.73 m.

Using Eq. (3-70), Dy (10 yr) = 48.4 m and Dy (200 yr} = 31.67 m.

The estimated values of 3, are such that there is potential for exposure of the wasie

material.
An empirical equation to estimate the rate of gully head advancement is {Thompson 1964)

R = 0.0065 A" §0M pb% p (871)



where
R = rate of gully head advancement in meters per unit ime, the time period is that rep-
resented by the rainfall variable, P

P = summation (mm) of those rainfall depths during the period of analysis that
equaled or exceeded 12.7 mm in 24 h

A = drainage area above gully head (ha)

§ = slope of approach channel above gully head (%)

E = soil factor defined as clay content (3.e., particle sizes of 0L.005 mm or smaller) in per-
centage by weight in the soil profile through which gully head is likely to advance

A simpler empincal equation developed by the Soil Consenation Service is the following:
(USDA 1966)

R = (.65 A0 poio (872}

The rates given by these cquations may be significantly different. Judgment and field ver-
ification, where possible, must be used to estimate the potential for gully head advancement
and design structural or nonstructural measures for its control.

Sediment Yield Analysis

Average annual sediment yield of a watershed can be approximated using the Universal Soil
Lioss Equatinn (LISLE):

T=2243 RK IS CP (3-73)
where

T = soil loss (1/ha)

R = rainfall facror

K = soil erodibility factor
LS = length slope factor
€ = soil cover factor

# = conservation practice factor

These parameters may be estimated from published tables and chans {e.g., Barfield et al.
1981; USEPA 1977).

Empirical expressions also have been developed to estimate some of these parameters.
To estimate average annual soil loss,

1. For regions where Type | storm (see *Design Storm Duration and Depth” in Chap-
ter 2) is applicable,

R= 00134 P22, (3-74)
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2. For regions where Type 11 storm is applicable,
R = 0.0219 P*%,, {3-75)
where Fyg = 291, 6-h storm precipitation (mm).
To estimate soil loss for a single storm event,

. For regions where Type | stiorm (see “Design Storm Duration and Depth”™ in Chap-
ter 2) is applicable,

R = 00122 P>/ DM {3-76)
2. For regions where Type II storm is applicable,

R = (L0156 p**; pi4e% (377)

where

P = 1otal storm precipitation (mm)
D = storm duraton (h)
The values of K for different types of soils in different regions may be obtained from local

and state offices of the Natural Resource Conservation Service. Typical values are shown in
Table 519 (SCS 1978; Barfield et al. 1981).

LS = (A/22.13)™ [{430 & + 30 x + 0.43) /6.613) (3-78)
where
x = sin @
# = angle of ground slope
A = slope length {m)
m = 0.2 for x = (.01,

= 0.3 for 0.01 < x = (.08,

= 0.4 for 0.03 < x = 0.05,

= 05for0.05 < x=0.12, and

= 0.6 tor x = 0,12 (USEPA 1980},

Usually, Cvanes from 0.003 for 95 to 100% ground cover with brush 1o 1.0 for no ground
cover, and £ = 1.0 where no soil conservation practices are adopted or for fand uses other
than cropping. For contour cropping, Pmay vary from 0.50 for land slopes of 2 to 7% o 1.0
for land slopes of 25 to 30% (USEPA 1977). An updated computerized version of the soil loss
equation is designated as the revised universal soil loss equation (RUSLE). The basic equa-
tion is the same as the USLE. RUSLE is a lumped process-type model based on the analysis
of a large mass of experimental dat o define the various factors of RUSLE. It includes de-
iled methods o calculate factors such as the cover management factor, €, for situations
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Table 3-19. Typical values of soil erodibility factor, K

Soil type K
Silt loam, silty clay loam, very fine sandy loam 0.37
Clay, clay loam, loam, siliy clay 0.32
Fine sandy loam, loamy very fine sand, sandy loam 0.24
Loamy fine sand, loamy sand 0.17
Sand 015

Source: SC5 (1978),

where experimental data are inadequate to define these parameters (Renard et al. 19591;
Foster et al. 1996).

The Modified Universal Soil Loss Equation (MUSLE) may be used to estimate soil loss
during a storm event (Williams 1975):

¥=11.79 (@ 9)** K LS CP (3-79)
where
¥ = soil loss {t)
= runoff volume during storm (m”)
g = peak flow (m*/s)

All the sediment estimated by USLE or MUSLE may not reach the stream draining sur-
face runoff from the watershed because of deposition along the overland How path from the
location of sediment erosion to the stream. To estimate the net amount of sediment reaching
the stream, the above-mentioned estimates should be multiplied by the sediment delivery
ratio, SDR {USEPA 1988a):

SDR = 0.77 L, " {3-80)
where L; = overland flow distance (m). An alternative equation for SDR is (USACE 1989)
SDR = 0.%0 A~ (3-81)

where A = drainage area (km®)
Because of the subjective nature of the parameters of the USLE, MUSLE, and SDR, the
reasonableness of the estimates should be verified by several alternative methods and, if pos-

sible, by field measurements. One alternative method is to use the Dendy and Boulton equa-
tons {(USACE 1989):

T = 101.25 R**® [1.54 — 0.26 log A] if R = 50.8 mm (3-82)
T = 685,83 [exp(0.002165 B [1.54 — 0.26log A)] if R>508 mm  (38%)

where

T = sediment yield (t/km?/yr)

R = mean annual surface runofl (mm)



The values of R may be obiained from Gerbert et al. (1989) or How records of nearby
streams published in USGS Water Resources Data for each year,

Computer models, e.g., SEDIMOT-2 (Wilson et al. 1984) have been developed to com-
pute storm runoff hydrographs and sediment yield from the watershed using USLE or
MUSLE and sediment delivery rato, and to route the runoff and sedimemt hydrographs
through a sedimentation basin. These models estimate deposition in the sedimentation basin,
based on size fractons and fall velocities of sediments eroded from the watershed and de-
tention time in the basin, and compute sediment load in the outflow.

An empirical equation 1o estimate the quantity of sediment reaching a reservoir is
{LUSBR 1987)

Q, = 1098 A~*H (3-84)

where @, = sediment vield (m*/km®/yr). To use this equation to verify the estimates based
on USLE or Dendy-Boulton equations, (), should be increased by about 5 to 25% o account
for bed-load transport (USBR 1987; Simons and Senturk 1976) and by the inverse of the
SDR 1o estimate soil loss from the watershed.

Another approximate method to verify the reasonableness of these estimates is to use
available streamflow and sediment load data for other locations on the stream or another
stream with similar flow and sediment ransport characteristics. The observed daily discharge
[mjfﬂ and suspended sediment load (1/day) are plotted on a loglog paper. A straight line
is fitted through the ploted points. Thas straight line or its equation may be used to estimate
the suspended load from known daily discharges at the location of interest. To use this
method to verify the reasonableness of the previous estimates, the estimated suspended load
should be adjusted for bed load (ie., multiplied by 1.05 to 1.25) and divided by the SDR. If
site-specific data are not available, preliminary estimates should be made using several ap-
proximate methods and reasonable values selected by judgment

Elﬂl'l'ml'l' 3-9: The measured daily suspended sediment load and corresponding stream-
flows for a creek are shown in Table 320, The bed load 15 estimated to be 5% of the sus-
pended load, and the SDR is estimated to be 0.18. Estimate sediment yield from the water-
shed during the snowmelt period when the average streamflow is 0,25 m*/s.

Solution: Regression of the loganthms of @, (t/day) and @ (1/s) as dependent and
independent variables, respectively, gives

log (), = —4.182 + 1.783 log ()
or
2, = 00000658 0-™* with r! = 0,72

For = 250 1/s, {, = 1.24 1/day. Adjusting for bed load (i.e., muliplying by 1.05) and
for SDR (i.e., dividing by 0.18) gives approximate average sediment yield of the watershed as
7.2% 1/day. This must be verified by estimates obtained by other methods.

An approximate equation to estimate total sediment transport capacity of a stream is
{ Johnson 1999; Simons et al. 15981

g, = [{3.281)"* 2] a D' V" {3-85)



where

¢ = sediment transport rate in m®/s

Iy = average depth of flow (m)

V = average velocity (m,/s)
a, b, and ¢ are coefficients shown in Table 321

Eq. (385) may be applicable 10 Froude number = 1 w0 4; V= 1.98 1o 7.92 m/s; bed slope =

0,005 to 0,040; and 0,062 mm = dy = 15 mm.

Table 3-20. Suspended sediment load and streamflow data

g, ivd) QI/5) Q,(wdy QOYS) Q,0/d) QOVS) Q@ tYd) QIVS) Q.0/d) QIVS)
0.15 36.81 (11 7161 13 6795 05,9 L1070 440 iz TOLTR
022 45,50 .34 .78 (L2 70.78 2.54 543,60 k4 T0.78
0.07 42.47 1.81 Jo8.07 0.05 65.12 1.54 Hood w02 70.78
.55 45.50 .41 0512 011 12450 LER1) 11042 16 5056
0.44 65.12 .25 5663 054  266.14 0.24 BT.77T 001 53.79
0.53 BI.TT 0.20 65,12 735  H40.TY 0.17 82.11 (.01 548,79
0.08 93.43 .06 67.95 1290  637.04 .05 28 006 TA.61
118 235.00 .14 113.25 517 59740 0.08 R4.94 .20 I 7TH.37
0.31 198.19 .15  150.24 B44 65402 1.0% 263,31 0.41 7078
.68 127.41 399  569.09 762 67950 0.41 23500 0.1 31.14
017 42 47 .58 30658 19.05 104450 0,20 121.74 018 4247
0.12 39.64 0.41 198,19 1542 95980 0.05 .78 022 1158.25
(.06 4247 (.20 133.07 290 GEL 1T .07 B, 46 .32 Thad
(.28 45.50 007 65,12 0.81  266.14 0.91 5,96 1.72 362.40
0.53 O, il .15 73.61 0.05 62.29 .02 m.78 0.37 268,97
016 4. 04 R RZ11 .20 TO.2H LR 563 23 HZ11
LN 135.90 {.E 10476 0.0 TO.TH k.44 42 47 (LA Dbl
0.33 342.58 0.22 25198 0.02 T0.78 0.22 58.46 0.27 36,63
1.45 27465 15.42  317.10 0.05 59.46 (.08 6795 013 50.96
0.31 9345 .31 73.61 0.44 65.12 044 11891 .01 33.98
0.12 .12 18 B4.04 L 104. T .40 5. 4 i3 h3. T
0.20 53.79 0.05 549,46 .54 20385 IR 2n.481 IR 53.79
0.32 458.13 0.21 67.95 .54  314.27 016 36.81 018 3114
0.0 53.79 0.05 62.29 1.18  311.¢4 0.05 39.64 0.15 53.79
.11 50.96 .14 59,46 1.72 3114 (.06 1247 0,46 5663
0.49 87.95 0.06 67.95 998  869.20 0.02 53,79 011 104.76
4.35 51529 0.05 62.29 3.7 92299 (.02 33.08 .25 208,51
1.91 232.16 3.72 537.04 B35 122310 .05 45.1% 3.27 467,16
0.28 48.15 200 54927 16.8%  1530.70 1.54 $19.93 .46 184.08
0.18 36.81 363 31144 152.41 1647.80 481 S, 25 0.27 121.74
0.44 50.96 .15 99.09 195960 1843.20 .51 20851 0.0 65,12
0.30 45.3) il i 56.63 47084 161670 0.15 B 01z 67.95
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Table 3-21. Coefficients in sediment transport capacity equation

= = gradation coeflicient = 0.5 [{dyy/ dyy) + (dsy/ dygh]

gy (mmm) a (] P
=1.0
0.1 3.80 % 10°° (.715 3.50
0,25 1.4% » 10°% {1,495 261
0.5 7.60 % 10°® 0,280 8.8
1.0 562 x 10°% £, (W0 3.9%
2.0 A5G4 x 1070 —0.140 895
3.0 6,52 % 107" —{L240 3.92
4.0 7.10 % 1% = {1, 300 3.89
50 7.78 » 1079 —1),340 87
o= 20
0,25 1.50 x 10~ 0.510 355
0.5 0.80 = 107" 0,350 273
1.0 6.94 % 1078 0,120 .86
2.0 6.32 x 107" = [, (M) 591
20 6.62 x 10°° —i0. 1946 391
4.0 6.04 x 1076 —0.270 .90
G =150
0.5 1.21 % 10~ 0,360 %66
1.0 0,14 x 107" 0. 180 3. 76
2.0 744 x 107° ~L020 3.86
G=4.0
1.0 1.05 x 1070 0.210 5.71

Source: Johnson {1994).

Wind Erosion

Estimates of soil loss due o wind erosion are required to evaluate the potential for exposure of
tailings or solid wastes protecied by soil covers. Soil loss due to wind erosion is expressed in a
functional form (USDA 1982, 1983h):

E=f(LKGLYV) (3-86)
where

E = average annual soil loss wons/ acre /yr {t/ha/yr)}
= a lunction of indicated variables
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I = soil erodibility to wind stress, usually expressed by dividing soils into wind erodibil-
ity groups (WEGs) based on soil types (e.g., sand, toam, silt, clay, clods, and stones)

K = surface roughness factor, usually expressed by an index of 1.0 for smooth surface
and 0.5 for ridged surface

C = climatic factor (expressed as a percentage) developed for each month for differ-
ent locations based on average wind velocity and precipitation-evaporation index

L = unsheltered distance, usually obtained from available charts for different widths of
soil surfaces, distances along prevailing wind direction, and angles of deviation of
prevailing wind

V = vegetative cover, usually expressed in terms of weight of flat small grain residue per
unit arca

Vegetative cover, V_ is estimated from charts that express a given amount of flat grain snubble
of a given crop (e.g.. sorghum, cotton, or comm) in a feld into an equivalent amount of fat
small grain residue (R) from the previous crop. The charts and @ables developed for different
states should be used for specific studies. Technical notes, including these charts and tables for
different states, are available from local offices of the NRCS (USDA). To facilitate wind ero-
sion predictions, the wind erosion equation also has been computerized (e.g., USNRC 1982).

EIII'I’IC 3-10: Estimate annual soil loss rate due o wind erosion for a site in Wyoming
where WEG (reflecting variable fof Eq. (3-86)) = 2; pile surface is unridged (reflecting vari-
able K); C = 30% (for eritical menth at the location of the site in Wyoming): V= 500 Ib/acre
(560.4 kg ha); and L = 2800 ft {853.4 m). Usually, the eritical month would be that in which
the most severe wind erosion is expected,

Solution: Relevant values of E for unridged surface in WEG2 with € = 30% for Wyoming
are included in Table 322. Using Table 322 for Wyoming (USDA 1982), E = 26 1ons/acre
(58.% 1/ ha) per vear.

Sediment Transport Analysis

Sediment transport analysis includes estimates of aggradation, degradaton, and deposition
in rivers and reservoirs and can be performed using computer models such as the HECH
model (USACE 1991d). Input for this model includes the following:

1. Hydrographs of flow in the main channel and tmbutanes

2. Channel cross sections with roughness coefficients and discharges at each, similar to
the HEC-2 and HEC-RAS models (USACE 1991c, 1998)

Grain size distribution of channel bed material at each cross secnon
4. Suspended loads of inflowing water in the main channel and wibutaries and their
grain size distributions

In most field simatons, detailed sitespecific information is not available and input data
have to be assimilated based on limited dat and judgment. In some cases, preliminary esti-



112 WATER RESOURCES ENGINEERING

Table 3-22. 5oil loss in t/acre (t/ha) on unridged surface, WEG = 2, © = 30%, in

Wyoming
Unsheltered distance Flat small grain residue [Ibs/acre (kg/ha)]
across field along
prevailing wind direction 1,000 750 500 250 0
(£t (m)) {1120.8) (840.6) (560.4) (280.2)
10} 33 6.8 11 14.5 19
(30.5) (7.4) (15.2) (24.7) (32.5) (42.6)
M) A5 11 15.7 ) 25.5
(61) (12.3) (22.4) (35.2) (44.8) (57.2)
500 8.5 15 219 27 335
(152.4) {19.1) (33.6) (49.1) (60.5) (75.1)
R LE 10 17 24.5 30 378
(304.8) (22.4) (38.1) (54.9) (67.2) (84.7)
2,000 106 17.7 25.8 32 39.9
(609.6) (23.8) (39.7) (57.8) (71.7) (89.4)
RALLL) 10.9 18 26 2.5 4}
(914.4) (24.4) {40.3) (58.3) (73.5) (BO.T)
4,(HN) 11 18 26 3 4
(1,219 (24.7) (40.3) (58.3) (74.0) (8.7)
5,000 11 18 26 33 40
(1,524) (24.7) {40.3) (58.3) (74.0) (89.7)

Source: Adapied from charis given in USDA (1982).

mates have to be made with luniied data if conmaminated sediments eroded from a site would
reach a specific downsiream location or settle mostly within the siream reach upstream of
that location. (}rmputali{mal steps for such pﬂ:limi:na:!.r analyses include the l"t:lltm'ing:

1. Estimate expected maximum, average, and minimum flow velocities and water
depths in the study reach.

2. Estimate average dyy, dy, and dgy of the sediment likely to be eroded from the site.

Estimate fall velocities for known particle sizes from charts {e.g., USBR 1971} or
using Rubey's equation (Low 1989):

w=[[{2/3) g(G,— 1) 4" + 361" — 6¢]/d (3-87)
where
w = fall velocity (m/s) of particles of size, 4 (m)

» = kinematic viscosity (m®/s)
G, = specific gravity of particles
4. FEstimate minimum, average, and maximum travel distances, L (m), of particle of

size, d (m), using the relationship L = D V/w, where D) = average water dcpf_h {m}
in the study reach and V= flow velocity (m/s).
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Exomple 3-11:  The maximum velocity and depth of flow in a stream flowing by a contami-
nated site are estimated to be 1.52 m/s and 4.6 m, respectively. The average dy, of the con-
taminated sediments is about 0,05 mm. A reservoir is located about & km from the site. Esti-

mate if any significant portion of the contaminated sediments is likely 1o reach the reservoir,
Use G, = 2.65 and » = 0.000001131 m*/s,

Solution:
we= [V[(2/3) X 98] X L.65 x (0.00005)° + 36 % (0. 000001131)%

= 6 X (0.000001131)] /0.00005 = 0.00197 m/s.
I (maximum) = 4.6 X 1.52/(0.00197}) = 3,550 m.

This suggesis that potential is remote for any significant portion of contaminated sediments
reaching the reservoir,

To controd the amount of sediment transported by a stream from reaching downstream
facilities, sedimentation basins are provided. A major portion of the annual sediment load
of steams is transported during storm events. Sedimentation basins for flood peak attenua-
ton and sediment entrapment during storm events can be designed using computer models
such as SEDIMOT-2 (Wilson et al. 1984).

A preliminary estimate of the trap efficiency of a sedimentation basin for sediments of
mean size, d (m), may be obtained using the empirical equaton (USBR 1971; Barfield et al.
1981; Veter 1940)

W/W, =exp (—wlL/g) = exp(—wA/Q) {3-8H)
where
W, = weight of sediment entering basin (kg)
W = weight of sediment leaving basin (kg)
L = length of basin (m)
w = fall velocity (m/s) of particles of size d (m)
g = discharge per meter width of basin (m*/s)
A = surface area of basin (m®)

@ = hasin inflow or outflow {m®*/s)

Sedimentation or setling basins also are required to trap sediments ransported by
the inﬂﬂwi.ng water on a continuous basis (e.g., settling basins are rl:quin:::l to trap seedi-
menits from water used for groundwater recharge systems or water recycling systems of
industrial facilities). Such basins may be sized using the following equation (USBR 1971;
Johnson 19499):

P=[{1 = exp(=X)] (3-89a)
X= (10565 L w)/ (VX D) (3-89h)
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where

F = fraction of sediments of size, d (m), deposited over the length of the basin
V = average flow velocity in the inflowing channel {(m./s)

w = fall velocity (m/s) of particles of size, d (m)

[} = water depth in the basin (m)

Elllwb 3-12:  Estimate the size of a settling basin for a channel carrying 6.5 m”/s with av-
erage flow velocity of 0.15 m/s and average annual sediment load of 20,000 m*/yr, with par-
ticle size distribution given in Table %23, Use G, = 2.65 and » = 0.00000094 m®/s.

Solution: For first trial, assume a basin with [, = 300 m and D = 3 m; then, X = 1.055
(3N w) /(0.45) = 703 w. The computations for trap efficiency of the settling basin are shown
in Table 3-24.

The trap efficiency of the basin is 13,181 /20,000 = (.66

If the basin 1 to accommodate only one year of sediment load with a sediment depth of
0.3 m, then its average width is 13,181 /(300 X 0.5) = 146 m. If this size of basin is not ac-
ceptable, computations should be re]:r:atcd for other values of L.

Open-Channel Dispersion

Near-Field Dispersion

Dispersion and mixing zone analysis is required to evaluare impacts of pollutant dis-
charges in streams through point and nonpoint sources. For single-port discharges, such
analyses can be conducted using models such as CORMIX (USEPA 199Ga). Near-field
dispersion includes dilution resulting from discharges through jets and diffusers, which is
affected by the momentum and buoyancy of the jet discharge and geometry of the outfall.
Computational steps for a preliminary analysis for simple horizontal round jets, similar o a
pipe outlet, are (Fischer et al. 1979} listed below:

*  Estimate the momentum flux of jet {m*/s%):

M=QYV, (3-90)

Table 3-23. Particle sire distribution of annual sediment load

% finer Particle size (mm)
100 0.5

a8 0.25

83 0.125
46 0.062
33 0.051
22 0.016
13 0.008

7 0004
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Table 3-24. Computations of wap efficiency

i 2) (3) ) (5) (6) (7 (8)
Fraction Inflowing
im totml sediment load Deprosition
sediment im® fyr) {m*/yr)

D) load wim/s) X=T703w P=1=¢" Avernge P (col. (2) x 20,000) (col. (6) x col. (7))

0.5 i 18 43,53 1.6k

.02 1.0 S S
025 %05 2.4 1.0

.15 1.0 30048 500K
0125 LER IR T H15 LR

0.%7 {19 7,400 7104
062 LLR 1k 2.53 093¢

.15 iL64 260K 1,794
0031 CERL L TEES a19 .46

01l 1. 506 2,200 GT3
0016 O, (0235 i, 165 0,152

LI (L046G 150K 173
11 HH I, LI 5E LERIS LRI ]

.06 (1,095 1.2040 1]
00 10, (W] 46 i 10% g

0.07 (.05 1,400 7

Togal 1.0 201 00K 15,181

* Esumate the characteristic length:
I, = characteristic length (m) = Q/M"= (591)
s Estimate the maximum jet velocity at distance, x from jet orifice:
wa = 7 ML/ (0 %) (3-92)
*  Estumate:
/G =561/x (3-493)

*  Estimate mean dilution (8,.,,) at distance, x, from jet orifice:

Smenn — (¥Olume flux at distance x)/ {(volume flux at jet orifice) =
p/ Q=025 x/1 (3-94)

where
Q = discharge through jet orifice (m?/s)

V; = jet velocity {m/s)

p = volume flux at distance x (m”/s)
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(.., = maximum concentration at distance x

(5 = initial concentration
For a single round buoyant (Le., density of wastewater is less than the density of the re-
ceiving water) vertical port, it is found that flow becomes similar to a plume within a short
distance from the jet orifice. Computational steps for a preliminary analysis are (Fischer
et al. 1979) as follows:
*  Estimate the momentum flux of jet (m*/s%):
M=QV ( 3-00)
* Estimate the characteristic length:
{. = characteristic length {m) = Q/M"* {391
* Estimate the characteristic length for the buoyant jet:
Iy (m) = M3/4/VB (3-95)
+  Estimate the buovancy fhux:

B=[(p,—0)/pl EQ (3-96)

wheres

g, = density of receiving water

g = density of effluent

For y > L, where y = water depth above the port, flow is similar to a plume, and for y <<
Iy flow is similar to a jet.

*  Estimate the Richardson number, R, for a round jet:
Rs = L/L, = QVB/ M"Y (3-97)
*  Estimate dimensionless depth:
F=0.25 (/1) (Ro/0.557) (3-88)
* 1f y > [, estimate volume flux in a plume at depth y above port:

I-!-.-'ﬂ- l:-“i'-'-‘i"?}

Fl

= If y < [, estimate volume flux in a jet at depth y above port:

A=t (3-100)
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* Estimate mean dilution at depth y.
p/ Q=g (0.557/Ry) (3-101)

Multiport diffusers consist of several closely spaced ports. Wastewater discharges exiting
through these ports tend o merge to form a vertical plume within a short distance from the
locations of the ports. Steps to perform a preliminary analysis for dilution in the plume are
{Fischer et al. 1979} listed below:

o  Estimate discharge, g per unit length of diffuser; inital pollumant concentration, Gy,
abowe that of receiving water; densities of discharge, p,, and receiving water, p (kg/m*);
Ap=p,—prand g’ = glAp/p

* Estimate:

(C— G/ (G — C) = 268 /(g y) (3-102)
where

C = diluted concentration at height y above diffuser ports

. = background concentration in ambient water

For cases where analysis of multiport diffuser is not practicable, the plane vertical
source for far-field dispersion analysis may be assumed to be equal o the length of the dil-
fuser, L, and height equal to 30% of the depth of the diffuser (Chin 1985).

Fardield dispersion includes dilution due to flow wrbulence in the channel away from the
outfall where jet momentum is not significant. Some models for simulation of water quality
of rivers and reservoirs include QUALZE (USEPA 1987a), WOQRRS (USACE 1978), and
WASP4 (USEPA 1988h). For preliminary analysis of dispersion of contaminants released into
a stream, simpler and approximate analydeal or quasi-analvtical equations may be useful.
Generally, regulatory agencies specify an acute or chronic regulatory mixing zone (ARMZ or
CRMYZ) of surface water bodies within which normal water quality standards are not applied.
It is that region of the surface water body downstream of the point of wastewater discharge
where physical mixing occurs in all directions until the constituents in the discharge achieve
uniform concentrations in the receiving water. Complete mixing is assumed to occur at a
stream cross section where concentrations at all points within the cross section are within 5%

of the mean value for that cross section, Most water quality standards specify the use of 7-day,
10y average low flow (7010} w evaluate water-gquality—related impacts on surface water, The

size of the mixing zone should be kept to a minimum and should allow safe passage, pro-
tection, and propagation of aquatic organisms. In addition, contamination in the mixing
zone should not be acutely toxic. For a point source, mixing lengths, I ... may be estimated
by {Fischer et al. 1979)

L (complete mixing) = 0.1 u W/D, {3-103)
if the source is located at center of stream cross section, or by
Loix (complete mixing) = 0.4 u W*/D, {3-104)

if the source is located on the bank of the stream
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where

u = flow velodty
W = width of stream

I}, = coethicient of lateral dispersion

Three analytical models o simulate far-field dispersion in streams are described here.
The ficst of these models uses (Prakash 1977, 1999)

Cixy2/G=[Q/4 (2 — 5) Vixr xuD)]]

T E (lerf (K1) — exf (E2)) lexp (E3)}] (3-105a)
where
El=[:=mD~- (-1)"5]/[Vi$ D, x/'w)] (3-105b)
EB=z-mD-(—11"%]/[v (4D x/u)] (3-105c)
B = —[y— nW—(—1)"%]*/[{4 D, x/u)] {3-1054d)
where

erf (x) = error function of x
Z (first) is from m = —% uo =
X (second) is from n = =20 x
Ci{x ¥ z) = concentration at the point (x, ¥, z)
Ly = S0Urce conceniration

s = rate of discharge of contaminated water

Oy, by, = transverse and vertical dispersion coeflicients, respectively
I} = depth of fow

x, ¥, ¢ = distances in longitudinal, transverse, and vertical directions, respectively,
with origin at the center of the channel

£, & = vertical coordinates of the vertical line source

W = wooordinate of the point where the vertical line source is located

The channel downstream of the source is represented by an equivalent average rectangular
crres sechon. The bed, banks, and water surface of the channel are assumed o be noflus
boundaries. The effects of these boundaries are accounted for by the method of images. For
steady-state transport, the contribution of longimdinal dispersion is neglected. The flow in the
stream 15 assumed to be uniform and steady, and the contmbution of secondary currents is
assumed to be accounted for by the transverse dispersion coefficient.

Eq. {3-105a) is applicable 1o a vertical line source located at x = 0, where xis taken o
be positive in the downstream direction. If the source is a vertical plane with finite length,
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L, parallel 1o the direction of flow (i.e., sdirection}, then it is assumed to consist of a num-
ber of vertical sources of infinitesimal length placed adjacent to each other. The contribu-
tion of these vertical sources is obtained by linear superposition:

C'lanwnl)=ZC(x+ idx y 2) {3-106)
where

Cix, ¥, & L} = concentration at a point (%, y, ) due to a plane vertical source of finite
length, L

C'(x + iAx y, 2) = concentration at (x + i Ax, y, 2) due 1o a vertical line source located
at x = 0, given by Eq. (3-105a) with {J; replaced by (/N

Ax = infinitesimal length of a verveal source = L/N
N = number of vertical sources of infinitesimal length in which the source length, L, is
divided

For continuous point source discharge, the convective-dispersion equation in steady,
uniform flow (advection) in the longitudinal direction (i.e., along the direction of river flow)
becomes

Clx, 3 2/ (G Qo) = [1/14 = xV(D, D)1}
[exp(—A x/w)] X exp[— ly — n B~ (—=1)" wl*/ (4 D, x/w)il] X

expl— {2 — mD— (—1)" %P/ (4 D, x/ w}) [3-107)
where
Ly = concentration in the discharge at oudall
(}x = rate of outfall discharge

Cix, 3, ) = concentration at the point (x, y, z)
Oy = ransverse dispersion coefhcient
u = velocity
D, = vertical dispersion cocthcient
= decay coefficient (")

A

Y = yooordinate of the point source or outfall
#p = zcoordinate of the point source or outfall
X

= distance downstream from the outfall, which 15 located at x = 0
X (first) is from n = —= p =
Z (second) is from m = —x 1o ®

The origin of coordinates is located at the center of the river at mid-depth at x = 0.
For mass conservation in some cases, 100 or more terms of Eq. (3-107) may have 1o be



used in the computations. Therefore, itis advisable to perform the computations using a For-
tran program or spreadsheet. Discharges from several outfalls located at various poinis on
the riverbank may be simulated using the principle of superposition; i.e.,

Clx,y2T)=ZGQ[Clz+ iAx, y 4] (3-108)
where

Clx, y = T) = concentranion at point (x, % 2} due to discharges at T outfalls
subscript ¢ = 1, refers io the most downstream

i = 2, refers to the next upstream outfall, and so on

Ax = distance of outfall number @ from the most downstream ouitfall

Ox + { Ax, ¥, d = value (right-hand side) computed from Eq. (3-107) using [x + i 3]
for x

X is from i = 1 1o total number of oudfalls, T

This model may be used to estimate concentrations at vanious points along the width and
depth of the river at the downstream edge of the mixing zone. This model assumes the
following:

1. There is steady, uniform flow in the river reach. The steadystate assumption implies
continuous discharge from the outfalls. Uniform flow implies a constant river cross sec-
tion in the entire rver reach, A representative average rectangular cross section is esti-
mated for the river reach within the mixing zone. regularities in the river cross section
are likely wo enhance dispersion and dilution. Therefore, the assumption of a uniform
rectangular cross section may be conservative,

2. River flow is one-<dimensional (i.c., along the river course ) with no secondary flows
in other directions. This assumption is also conservative because secondary flows
tend to enhance mixing or increase transverse dispersion.

The second analytical model o simulate far-field dispersion in streams (USEPA 1987hb)
UsEs

Clx 30/ G = [1/V{4 D, 0) [ exp(Ed) dy' + [ exp(f4) dy’ +
Jexp(F4) ay' + [ exp(Et) dy' +...] (3-1049)

where

the limits of the first, second, third, and fourth integrals are from ato b, cto d eto f
and gto & respectively

B4 = =(y=5)"/{4 Dyt)
a=—B/2~-y,
b=8/2-y
c=—B/2+y,
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d=B8B/2+y,

e=—B2-2W—y

f=8/2-2W-—3y,

g= —B/2+2W+y,

h=B/2+2W+y,

t=ax/u

B = length of horizontal line source located across the stream

¥, = distance from center line of source to the stream bank, which is assumed 1o be

located at y = ()

This model simulates only longitudinal advection and mransverse dispersion and internally
computes the tansverse dispersion coefficient using the refationship D, = 0.6 w D, where
u. = shear velocity = ¥{g D 5). It assumes a horizontal line source with a finite width across
the stream and uses the method of images to aceount for the effects of the channel bound-
aries. Each of the integrals in Eq. (3-109) represents the contribution of an image of the

source and the image pattern repeats up to infinity.
The third model (USNRC 1976) simulates a point source and uses

Clx )/ G = (Qo/ Q) [1 + 2 {exp(E5)
cos (awq/() cos (nw g/ (3-110)

where

Z is from 1 to =
ES = —(n' 2 DF D, ux)/Q
Q= okl stream fow

g = stream flow from the bank {assumed to be at y = () 10 a distance y where C(x, ¢)
is computed, such that as y = W, g—

¥, = distance of point source from the bank

g, = stream flow between 3y = 0 and y = ¥,

This maodel also simulates only longitudinal advection and transverse dispersion,

Example 3-13: Contaminated water seeps through a 3. 35-m-deep seepage rone along the
bank of a perennial stream. Estimated rates of seepage through different lengths of the seep-
age zone along the stream are given in Table 325, Average width and depth of the recemving
stream are 244 m and 3.35 m, respectively, and average velocity corresponding to the 7010
flow is 0.62 m/s. Assume I}, = L.16 m*/s and uniform distribotion of concentration along
depth. Estimate the length of complete mixing.

Salution: For uniform distribution of concenrations along l:tcpth. assume a relatively
high value of I, (e.g., 0.16 m*/s), The source may be simulated as a vertical plane extending
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from x = 0 o x = =2,936 m (x being positive in downstream direction}; 5 = — 1675 m;
2 = 1675 m; and % = — 122 m (origin being at the center of channel cross section ). For mass
conservation, a large number of images (ie., 1,000) is used in a Fortran program. Dividing
the seepage zone into 10 smaller segments and using Eqgs. (3-105a) and (3-106), estimated
concentrations at different locations are shown in Table 526,

At x = 320,000 m, concentrations throughout the width of the channel are found to be
0,012 mg/1L. Thus, the theoretical length required for complete mixing may be about 320,000 m.
Using estimated concentrations at additional points along the channel width, mixing zone
with its tail defined by a specified concentration (e.g., 0.012 mg/1} can be sketched, A com-
monly used criterion is to define the limit of complete mixing or mixing 2one at the cross sec-
tion where concentrations at all points are within 5% of the mean value for that cross section
(Fischer et al, 1979), The cross section where maximum deviation from the mean concentra-
tion is within about 5% is about 25,000 m downstream from the source. Theoretically, this
large length may be required because [, is relatively small.

In cerain cases, constituent concentrations in surface waters may be affected by
processes such as biodegradation and volatilization. The conmibution of these processes
may be estimated by introducing a multiplying factor in Eq. (3-105a), such that

C{x. y. 2, A) = Clx, y, z) exp(—A = u) (3111}

where

Clx, v, 2) is given by Eq. (3-105a)

£{x, ¥ z A) = concentration at point {(x, % 2), including the contribution of biodegra-
dation and volatlization

A = .li1|_ + AE
Ay = biodegradation rate constant (t=h

Ay = voladlization rate constant {t™')

Biodegradation rate constants in an aerobic environment for different constituents may be
obtained from the literature {e.g., USEPA 1985). Suggested first-order biodegradation rate
constants for selected constituents for screening level analyses are given in Table 327
(USEPA 1085),

Table 3-25. Rates of seepage of contaminated water

Length of Rate of Concentration
seepage zone (m) seepage (1/s/ m) (mg/T)
-H64 0.0155 250
hd-1,203 (.008 250
1,203-1,961 0.0011 250
1,961-2,701 0. (65 250

2,701-2,936 0.0053 250
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Table 3-26. Concentration dismribulion in stream

Concentration (mg/1)
Distances from Distances along stream width from bank
downstream edge where seepage ocours
of seepage zone,
x (m) 0 (m) 70 (m} 120 (m)
30 0.1% 0.002 URELE Y]
N .11 0.003 AL LU
3,000 0.05 0.014 1,016
15,044} 025 (L.018 0.010
320,000 0.012 0.012 0.012

The volatilization raie constant is a function of Henry's law constant and is inversely
proportional o the depth of water in which the constituent is dissolved. Henry's law con-
stant {Ky) for selected chemicals is given in Table 3-28. For others, Ky may be estimated by

Ky &= [{vapor pressure in mm of Hg) * (molecular weight
in gm/mole} ] /[ {warer solubility in mg/1) x 760] (3-112)

Table 3-27. First-order biodegradation rate constants and Henry's law constants for
selected chemicals

Suggesied
biodegradation rate Henry's law
constant, A, for screening constant
Constituent level analyses I_dqr_l]-' {atm-m®/mole)”

Heptachlor 0 B.19 x 1074
Carbon terachloride =05 (use 0L5) 2% 107"
1, 1dichloroethylene 0.5 {use 0.5) 34 % 107°
1 2-dichloroethylene-cis 0.05 to 0.5 (use 0.05) 7.58 x 107*
1, 2-dichloroethylene-trans (105 to 0.5 (use 0.05) 6.56 % 107
Trichloroethylene 0,05 to 0.5 (use 0.05) 9.10 x 107%
Terachloroothyvlene 5 eor L5 {use (0,053 250 = 1072
Benzene 0.5 (use 0.5) 550 x 107"
Chlorobenzene 0.5 (use 0L5) 3.72 x 10°%
1, 2«lichlorobenzene 005 to 0.5 (use 0.05) 1.9% x 10°%
1,3dichlorobenzene 0.05 1o 0.5 (use 0.05) 8.50 = 10°*
1. 4dichlorobenzene 005 to 0.5 (use 0.05) 989 % 107
Ethylbenzene 0.5 (use 0L5) .45 x 1077
Toluene »0.5 (use 0.5) 6.87 X 107?

“Source: USEPA (1985),
bSource: Maidment (1993).
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Table 3-28. Typical values of volatilization rate constants

Henry's law constant, Ky Volatilization rate constant, A,
{(atm-m® /mole) for mixed water depth of 1 m (day™")
1 4.8
107! 4.8
1072 4.7
107* 4.2
107 1.8

Source: USEPA (1985).

Typical values of volatilization rate constant for a water depth of 1 m are given in Table
328 (USEPA 1985). Values of Ay for water depths other than 1 m may be estimated by
dividing the values in Table 3-28 by the water depth in meters,

m 3=14: Estimate the concentration in Example 313 at a distance of 15,000 m from the
location of seepage and 70 m from the bank along the river width, The constitwent is wichloro-
ethylene (TCE), and contributions of biodegradation and volalimtion are 1o be included.

Solution: Using a Fortran program or spreadsheet to perform the computations of
Eq. (105a) at x = 15,000 m and at a distance of 70 m from river bank, C{x, 3, 2) = 0.018 mg/]
with & = 0.62 m./s and water depth = 3,35 m. Also, the constitoent is uniformly distributed
over depth. From Table 325, for TCE, A, = 0.05 dn].r—L- From Table 328, for TCE with Ky =
9,10 = 1073, Ap = 4.6 da}"] for water depth of 1 m and 4.6/5%.35 = 1.573 -I:IE.'!,'_] for a waler

depth of 3.95 m. So, A = 0.05 + 1,973 = 1438 day™'.

Abso, x/u = 15,000/(0.62 * 86,400) = 0.28 dav. Therefore, Clx, hEA)= 0018 exp( - 1.47% x
0.28) = 0,012 :ITIE.-"'].

Estimation of Dispersion Coefficients
Some equations to estimate longitudinal dispersion coefficient, [, are
DU Dy = 5915 (W/ DY (U LA)Y** (Seo and Cheong 1995) (3-113)
D, = 5.93 LL D (USNRC 1976) (3-114)
where

I} = average water depth
U'. = shear velocity

W = average channel width

Experimental data for some streams are included in Table 329 (Fischer et al. 197%; Graf 1995).
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Table 3-29. Longitudinal dispersion coefficients for selected streams

Longitudinal
Mean dispersion
Depth Width velocity coefTicient,

Stream (m) {(m) (m/s) D, (m*/s)
Sacramento River, California 4.0 .53 15.0
South Platte River, Coloradao 0146 (1.66 16.2
Missoun River 2.7 200 1.55 1,501}
Clinch River, Tennessee (.85 47 0.52 14.0
Clinch River, Virginia .58 36 0.21 .1
Powell River, Tennessee .85 54 15 0.5
Copper Creek, Virginia 0.40 19 (.16 9.9
Colorado River, Lees Ferry to

Nautiloid Canyon 8.2 71.6 0.91 109164

Sowrce: Fischer et al. (1979); Graf {1995).

Some equations to estimate transverse dispersion coefficient, 13, are

D, = 0.23 {L D (USNRC 1976) (3-115)
D, = 0.15 L. D (Fischer et al. 1979) (3116

D, = 0.60 U. Dwith variation of 50% (USEPA 1991¢) (3117)
log (/L. ) = —2.698 + 1.498 log (W/D) (Bansal 1971) (3-118)

Experimental data for some streams are included in Table 3-30 (Fischer et al. 1979).
Some equations w estimate vertical dispersion coefficient, I3, are

D, = 0.067 Lk D (Fischer et al. 1979) {3119)
log (D./¥) = —8.08 + 1.89 log (L% D/») (Bansal 1971) (3-120)

Table 3-30. Transverse dispersion coefficients for selected streams

Transverse
Mean dispersion
Depth Width velocity coefficient,
Stream (m) {m) {m,/s) ﬂ, {m®/s)
Potomac River, Marvland 0.78-1.74 R50 0, M) 58 .01 340058
Missourn River, downstream
of Cooper Nuclear
Station, Mebraska 4 210270 5.4 1.1
Missouri River,
near Blair, Nebraska 2.7 200 1.75 012

Source; Fischer et al, (1979).
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A relatively high I, {(nearly equal 1o [))) may be used to simulate conditions where the
contaminant is well mixed over the depth of the stream and concentration variations in the
vertical direction are not significant.

Dispersion coefficients should be estimated wsing several methods and reasonable val-
ues selected by judgment. Where practical, values should be verified by field measurements.

Dissolved Oxygen Concentrafions in Streams
Wastewater discharges in streams result in increases in their biochemical oxvgen demand
(BOD), which consumes dissolved oxygen (DO), DO concentrations in river waters below

4 to 5 myg/1 are detrimental to aquatic biota. The hydraulics and processes of BOD exertion
and M) consumption in rivers are dependent on the following:

1. Temporal (time<dependent) and spatial variations in streamflows, water depths,
and velocities

2. Spatal vaniations in river geometry (i.e., shapes of stream cross sections and exis-
tence of river bends)

3. Temporal variations in climatic factors (e.g., wind velocity, temperature, atrmos-
pheric pressure, rain, snow, and sunlight)

4. Temporal and spatial variations in ambient DO in the river

5. River conditions {(e.g., areal extent of ice cover, water temperatures below the ice
cover and i icedfree areas)

6. Geometry of the outfalls (e.g., point, line, or nonpoint configuraton ) and velocity of
discharge from the outfalls (i.e., high or low velocities that may affect initial mixing)

7. Extent of photosynthesis, respiration, and sediment oxygen demand in the riverine
environment

Some commonly used models to simulate these processes include QUALZE (USEPA
1987a), WASP4 (USEPA 1988b), and WOQRRS (USACE 1978). For preliminary estimates of
DO concentrations in streams rcs.u]ling from BOD discharges through point sources (e.g.,
outfalls), a relatively simple approach based on the Streeter-Phelps formulation may be
used. For steady, uniform flow conditions, the Streeter-Phelps equation predicis DO deficit
at locations downstream from a point where initial DO deficit and BOD concentrations are
known., DO deficit is defined as

D= C — DGy (3121}
where

D = DO deficit (mg/1)

£, = DO saturation concentration {(mg 1} at the water temperature of the river and
at the alttode of the river at the location of interest

D}, = ambient DO concentration in river water (mg/1)
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The Swreeter-Phelps equation for D at a point downstream from a given location is (USEPA
1985, 1987a; USACE 1978)
D= K Lo/ (K — K )] [exp({— K s/ u)—exp(— K x/u)] +
Dy exp(— K, x/ u) (8-122)

where

K, = re-aeration coefficient (day™")
K; = BOD decay coefficient {day™")

D = DO deficit at x (mg/T)

x = distance downstream (m)

u = flow velocity (m/day})
I} = initial DO deficit at x = 0 (mg/1)
Iy = initial BOD {mg/1} at x = 0

The Streeter-Phelps model assumes that

1. The contributions of photosynthesis, respiration, and sediment oxygen demand are
negligible. Usually, these contributions are small if there is no algal growth in the
river reach of interest.

2. In the rver reach of interest, streamlines are parallel to the direction of flow, and
there is no DO or BOD interchange between two parallel streamlines. This is the ba-
sic assumption of the Streeter-Phelps formulation. Once steady, uniform flow con-
ditions are assumed, this may be the resultant situation. This may be conservative be-
cause it implies no dilution of BOD or DO enhancement due o transverse mixing
{by dispersion) in the entire stream reach.

Using Eq. (3122), the DO deficit or DO concentrations at various locations in the
downstream river reach may be estimated. A plot of DO concentrations (y-axis) against river
distances is called the oxygen sag curve. The critical (lowest) value of DO concentration or
maximum value of DO deficit is given by

Dhn = Iy exp(—= K, ) + (K Lo/ (K = K Hexp(= K &) —exp(—K, )]
= [ Kp Lo/ K] [exp({—K )] {3-123a)

where { = critical ime when I, ocours and is given by
t=[1/(K,— K.} In [(K, /K ) — DBy K, (K, — K}/ (Ly K*)] (3-123h)
The distance where D)., occurs is given by

X=uf (3124)
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D) analysis requires that the initial BOD concentration at x = 0 be known. A widely
used measure of BOD is the S-day BOD (or BOI), which is defined as the BOD that has
been exerted (oxidized] after § = 5 days of exertion/oxidation, i.e,,

BOD, = BOIY [1 — exp(— K, )] (3-125)
where
HOD, = inital BOD (mg/l} att=0
{ =time in days taken to be 5 to esimate B0,

Typical values of K; at 20°C vary from about 0.2 to 0.3 day ™' with a commonly used value of
0.23 day™'. Iis variation with respect to temperature may be estimated by

K; {at T°C) = K; (at 20°C) % (1.185)7% {3-126)

The reaecration coefficient may be estimated by ('Connor's formulatnon (USEPA
1985). Le.,

K, (at 20°C) = 3.932 o™/ ¥4 (3-127)
where
tt = velocity (m/s)
Y = water depth {m}
Values at other temperatures may be estimated by
K, {at T°C) = K, (at 20°C) % (1.024)™= (3-128)

The DO samuration concentration may be taken from tabulated values {e.g., USEPA
1985) or approximated by

€, (at 77C and at 0-m alinde} = 14.65 — 0.41022 T +
0.00791 7* - 0.00007774 T* {3-129)

Values at alamdes, £ other than 0 may be estimated by
L, {at altitude £ m) = £, {at altitude 0 m} * [1 = 0.000]11656 E] {3-130)

The values estimated by Eqgs. (3-127) and (3-128) are for 0% ice cover. A multiplying
factor of 0.05 may be used o estimate values for 100% ice cover (USEPA 1987a). Values for
other percentages of ice cover may be approximated by linear interpolation. Typical values
of C, at atmospheric pressure and T'= 0° to 35°C are given in Table 3-51 (USEPA 1985).

The BOD discharged from an outfall is diluted by advection and dispersion in the river
water. Usually, water quality criteria may not be met within a relatively small mixing zone in
the immediate vicinity of the outfall. According to USEPA (1991c), there may be up to two
types of mixing zones applicable to aquatic life criteria: chronic and acute, In the zone
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Table 3-31. Solubility of oxvgen in water at atmospheric pressure

o C, (mg/1)

0 14.6

5 12.8
10 1.3
15 10.2
20 9.2
25 LE
50 7.6
35 7.1

Source; USEPA [1985).

immediately surrounding the outfall, neither the acute nor the chronic criterion is met
The acute criterion has to be met at the edge of the inner mixing zone. The chronic crite-
rion has to be met at the edge of the second mixing zone, Commonly adopted mixing zones
contain no more than 25% of the crosssectional area and should not extend over more

than 50% of the river width,

El:llllll 3-15%: BOD decay rate coefficienis for a constituent are reported 1o be 0.221 /day
at 2'C and 0.026,/day at 3°C. The re-acration coefficient for the stream is 3.58 /day a1 20°C,
Estimate the values at 2°C with 81% of ice cover in the stream,

Solution: The vanation of BOD decay rate coeflicient with temperature is given by
Eq. {3126):

Ki (at °C) = K; (a1 20°C) (A)* ™™

So, (L026 = 0.221 (A) """, This gives A = 1.154.
S0, BOD decay rate coefficient at 2°C = K (a1 2°C) = 0.221 X (1.154)*® = 0.02298/ day.
The re-acration coefficient at 2°C (Eq. 3-128) = K, (at 2°C) = 5.58 ¥ (1.024)°™™ = 2.30/day.

The recommended multiplying factors 1w adjust K, for 0% and 100% ice cover conditions are
1.8 @l .05, mpnrﬁ\t'ly (USEPA Igﬂ:ru}. |'.'n lrear 'i11l.-|.-r_|:|~|::||.'.|li.-|:||:|. ihe :I'I'lLIItItE'.II:FIlﬂE fiacior for
H1% ice cover is estimated 10 be 0,23, Thus,

K, (at 2°C with B1% ice cover) = 0.23 X 2.30 = 0,58 /day.

Eﬂﬂh 3=16: In a stream, 33.85 mg/1 of BOD is introduced at a point where the initial
DO deficit is 2.0 mg/1. Due to downstream controls, the stream has a relatively slow flow ve-
locity of 2,592 m/dav. Estimate DO deficit at a distance of 1,200 m downstream from the
point where the BOD was introduced. The re-aeration coefficient (K,) and BOD decay co-
efficient (&) are 0.0933 day U and 0.01787 day™', respectively. Also, estimate the critical
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time and critical DO deficit. Assume that the effect of transverse dispersion on BOD dilution
can be neglected,

Solution: Use Eq. (3-122), with K, = 0.0033 day™', K; = 0.01787 day™", Dy = 2.0 mg/1,
w = 2,502 m/day, x = 1,200 m, and L, = 33.85 mg/1:

K, x/u = 0.0088 % 1,200,/2,582 = 0.0432
K, =/u= 001787 % 1,200,/2,502 = 0,00827
DO deficit (at x = 1,200 m) = D= 2.0 X [exp(—0.0432)] + [38.85 x 0.01787/(0.0833 -

001787 Hexp( ~0.00827) — exp(—0.0432)} = 2 x 09577 + B.019 [0.9918 — 0.9577] =
2,19 mg/1

Using Eq. (3-123b), £, = [1/(0.0933 — 0.01787)) In [(0.0933/0.01787) |1 — 2 X (0.0933 -
0.01787)/(0.01787 x 33.85)]] = 13.257 In (3.9189) = 18.1 days,

Using Eq. (312%), D = 20 X exp(—0.0033 X 181) + {3385 X 001787/ (0.0933 -
0.01787) [exp(—0.01787 * 18.1) — exp(—0.0033 = 18.1)] = 0.369 + B8.019 (0.7236 -
0.1846) = 4.69 mg/1.

Pipe Flow

Flow through pipes or tunnels may be pressure flow or openchannel flow. Open-channel
flow may be analyzed using the methods described previously. Pressure flow through pipes
may be laminar if the Reynolds number, B, (using pipe diameter) = 2,000; transitional if
2,000 < Ry < 4,000; and wrbulent if R4 = 4,000. Using pipe diameter,

Reg = Vd/'r (3131)
where d = diameter of pipe. For a pipe flowing full, R = d/4. S0, B; = 4 R,, where R, is the
Reynolds number computed using the hydraulic radius, R, in place of d
Laminar Flow in Pipes
Usually, laminar flow occurs when viscous fluids (e.g., crude oil, glycerin, and certain lubrni-

cating oils) are ransported through pipes at moderately low velocities. Velocity distribution
along the cross section of the pipe for laminar flow is given by the Hagen-Poiseuille equation:

u=[(py = p}/ (4 p L)] [(d*/4) - ¥°] (3132)
where

¥ = distance from center of pipe {m)
u = velocity (m/s) at y

. o = pressure head at the upstream and downstream points (kg/m®)
L = disance between the two points (m)

g = dynamic viscosity I[kg—-i:c,.-"mi]l
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The maximum velocity in the cross section occurs at the center and is given by
Yoax = [y = o) d° /(16 u L) (3-133)
and the average velocity over the cross section 15

V= [ipy — po) d*/(32 s L) (3-134)

e

Exomple 3-17:  Estimate the head and power required to transport crude oil over a distance
of 1 km at the mate of 1,500 1/h through a |0-cm-diameter pipeline, g = 0,12 poise and den-
sity, g = B60 kg..-"m’- The minimum expected temperature in the site vicinity is abou 77,
Also, compurte K.

Solution: 1,500 1/h = 0.0004167 m*/s. V= 1.5 % 4/(3,600 X ¥ ¥ 0.10%) = 0,053 m/s.
g =012 poise = .12 dynes/cm® = 012 gm/cms = 012 X 1020 % 107" gmes/om® = 0.1224 %
102 kg—u-.-"'m: = 0.012 kg/m-s.
v (m*/s) = p (kg/mes)/p (kg/m®) = 0.012/860 = 0.000014 m*/s,

Using Eq. (3-134), py — po = 32 p (kgs/m®) VL/d* = 32 X 0.001224 % 0,053 ¥ 1,000/(0.10°) =
207.6 kg/m®.

Required head = 207.6/860 = (.24 m.
Required power =  (p, = fu) = 0.00041673 X 207.6 = 0.0865 kg-m/s.
Ry = Vdp/p = 0,053 % 0.10 X B60,/0.012 = 380. This is less than 2,000. So, the flow is kiminar,

Turbulent Flow in Pipes
Steady flow of incompressible fluids in pipes is governed by the Bernoulli equation:

by + Wigt u =iy + Wilgt nthy (3-185)
where

= pressure (kg/m®*) at point ]

f = pressure at point 2
Vi, ¥a = velocines (m/s) at points 1 and 2, respectively
£, 5 = elevation at poinis 1 and 2, respectively

hy = head loss due to friction and other minor losses between points 1 and 2
If the pressure in Eq. (3-134) is expressed in height of fluid (m), then

h=(py— p)/y =32 pu VL/(p gd®) = (64/Rea) [L V3/(2 gd)] (3-136)
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Setting 64/R,y = f = roughness factor for the pipe, Eq. (3-136) becomes the Darcy-
Weishach equation for fnction loss through pipes:

k= fL V(2 gd) (3-137)

The values of fmay be obtained from Moody's diagram, which is available in most texts
{e.g., Streeter 1971; Potter and Wiggert 1991; Brater et al. 1996). Alternatively, Manning's,
Chezy's, or Hazen-Williams equations [Eqs. (3-3), (34), and (36)] may be used if the
respective coefficients can be esimated. The roughness factor, f can be estmated without
knowing the pipe diameter if Chezy's, £, is known:

=8 g/t (5-138)

To estimate ffrom n, the pipe diameter must be known; and from €y, both pipe diam-
eter and gradient, 5, must be known:

F= 12458 u*/(d") (3-139)
= 156,06/ (Cy" d™** §°%) (5-140)

Typical values of »n and Cy for commonly used pipes are given in Tables 3-32(a} and
3-32(b) (Brater et al. 1996; ASCE 1976).

As an alternative to the use of Moody's diagram, friction loss, flow rate, or pipe diame-
ter may be estimated explicitly if the pipe wall roughness height, ¢ kinemate viscosity of
fluid, », and the other two of the three parameters are known (Swamee and Jain 1976):

by = [1.07 OF L/ (g D)) [In {{e/(3.700) + 4.62 (» D/ "M 7* (3141)

valid for 107% < /D < 1077 and 3,000 < R, < % % 10%. Note that ¢ and D must be in some
Lrits,

Table 3-32(a). Typical values of Manning's » for pipes

Type of pipe Manning's n
Ashestos-Cement O 1=0L015
Clean uncoated cast iron 00130015
Clean coated cast iron 00120014
Gabanized ron 0.015-0.017
Eurm.gatcd metal 002301029
Corrugated metal, soructural plate 0.050-0.033
Rough formed concrete 0.015-0.017
Steel formed concrete 0.012-0.014
Vitrified clay 0.011-0,017
Clay tiles 0.012-0.014
Unlined rock nmnel 00380041
Enameled steel (L OD9—0,0110
Brass or glass 0.009-0.013
Plastic {smooth) 0.011-0.015
PVC 0.009-0.010

Source: Brater et al. (1996):; ASCE (1976).
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Table 3-32(b). Typical values of Hazen-Williams, Cy

FYL, glass, or enameled steel pipe 130-150
Riveted steel pipe 100-110
Cast iron pipe G5-100
Smooth concrete pipe 120-140
Rough pipe (e.g., rough concrete pipe) G080

Source: Brater et al, (1996); ASCE {1976).

Q= —0.965 (g 0P h /L) In [&/(3.7 D) + (3.17 #* L/ (g D* h)"*) {3-142)
valid for R, = 2,000,
D= 066 [ 2L 0% g by V'™ + » @V L/ (g b)) ™M (%143%)

valid for 107° < &/D < 107* and 5,000 < Ry <3 x 10%,
Equations (3141} to (3-143) are particularly useful for computer applications. Typical
values of eare given in Table 3-33 (Brater er al. 1996; ASCE 1976; Chow 1959; Sueeter 1971).
In addition to friction, there are minor losses in pipes at the entrance, exit, contractions
and expansions, bends, and gates and valves. These losses are expressed as

hy = kV:/2g (3144
where

fh; = loss of head
V = pipe flow velocity at or immediately upstream of the respective features

k = minor loss coeflicient

Table 3-33. Typical values of pipe wall roughness, ¢

Pipe material ¢ (mum)
Drawn tubing 0.0015
Enameled steel 0.005
Wrought iron 0.06-2.4
Galvanized iron 0.15-4.6
Cast iron 0.12-5.0
Corrugated metal . 5060
Fully riveted steel 0.30-9.0
Concrete .50-3.0

Source: Brater et al. (1996); ASCE (1976); Chow (1959); Streeter (1971).
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Toble 3-34. Sawrated vapor pressure of water

Temperature *C Saturated vapor pressure (m)
0 .04
10 0.125
21 0.256
32 0,49
6 2.08
1} 10.33

Source: Streeter (1971).

Values of k for different features may be found in standard texts (e.g., Sireeter 1971; Pouter
and Wiggert 19491; Brater et al. 1996). At pipe enlargements or contractions, V pertains to
the smaller pipe.

Sometimes, low through a contracton is limited by cavitation, which occurs when ab-
solute pressure ai the contraction reaches the saturated vapor pressure of the liquid. Cavitation
also may occur at the high point in a siphon. Saturated vapor pressure for water at selected
temperatures is given in Table 534 (Streeter 1971).

v 50 e E:]

i om
@
- t—im 20 m
. I . R
g_’m_* o4 m

Figure 3-9. Schematic of low-level outlet
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Example 3-18: Estimate critical safe discharge of water at 16°C at which cavitation may be-
gin at the location of the valve in the low-level outlet of a dam shown in Figure 39, Assume
f=0.015; &, = loss coefficient at contraction = L35 k, = loss coethicient at expansion = 0.55:
f. = atmosphenc pressure = (L35 m. Compare safe discharge of the system with the condi-
tion when a (.8-m valve is installed without the contraction-expansion. Assume vapor pressure
of water at 16°C = p/y = (.18 m. Note that both &, and k are reported with respect o the
velocity in the smaller pipe.

Solution: To avoid cavitation, pressure at the contraction where the valve is located
should remain above vapor pressure, Point 1 is located at the reservoir water surface, and
point 2 is at the center of the outlet pipe.

By continuity equation between points 1 and 2,

V. % (x/4) (0.4%) = VX (x/4) (08" and ¥, =4 V
where
V. = velocity through contracted section

V = velocity through regular pipe section
By Bemoulli's equation between points | and 2,

n+pSy=g+pSy+ LV 2pd + 030 Vi 2p + V12

60 + 10,33 = 30 + 0.18 + (0.015 x 30 x V%) /(2= 0.8) + 0.30 x
16 Vi/2g + 16 VE/2g

So, V=6.T9m/sand Q = 6.79 X (x/4) (0.64) = 3411 m"/s or 3,411 I/s.

If there was no contraction-expansion, point 2 may be taken at the pipe outlet. Now
applying Bernoulli’s equation between points 1 and 2,

3ot Py ™t Pyt fLVYIgd+ VEi2g
6+ 10358 =20 + 10.33 + 0015 & 32 'Ii-"",.-f{?g}l: 0.8+ V?,.-"Eg
Or, 40 =1.60 V¥/2g V= 22.15 m/s; and @ = 22.15 % (x/4) X
064 = 1113 m"%s or 11,130 1/s.

Example 3-19: Esimate the sizes of new subdivisions (assuming four persons per house)
that can he supported by the water supply lines shown in Figure 310, The water is to be sup-
plied at heads of 222 and 220 m, respectively. The quantity of available water is 1178.1 1/5
The average water requirement in the area is 650 | per capita per day. Also, estimate the
pumping capacity required at the connection to the water source where the available head,
without pumping, i 200 m. Although some valves will be installed for control of flow o either
subdivision, assume no valves in the system for this preliminary analysis.

Solution: H, = 222m; d, = 06m; [, = 1,200 m; f; =0.018; Hy = 220 m; s = 0B m; Ly =
L5000 m; = 0.015; H= 200 m; d = 1.0 m; L =1,000 m; and f= 0.012. Applying the conti-
nuity equation,

Wix/d) d® + Ve (x/4) dy” = V(n/4) &= Q= 11781 {i}
V= 1L1781/[(»/4) 1.0°] = 1.5 m/s.
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Assume that, with pumping, the head at the connection o the source at O is H,. Applying
Bernoulli’s equation between points @ and | and points O and 2,
Ho=fLVY2gd) + fi Iy Wi2gd) + H (ir}
Ho=fLV/(2gd)+ h L Vi¥/ (2 gd) + Hs {iii)

Equating (ii) and (i},

0.018 x 1200 % W/ (2 g 0.6) + 222 = 0,015 %
1500 x V*/(2 g % 0.8) + 220
Or, 1.B34R6 X V" + 2 = 1 43340 W? (iw)
And (i} gives,

0.2827 V, + 050265 ¥, = 1.1781 {v)

From (v}, ¥} = 41673 = 1.7780 V. Substituting in (iv) gives
1.43349 15! — 2 — 1.83486 [3.161% V,? — 14.8180 ¥, + 17.36630] = 0
Or, 4.3671 1 — 271006 V; + 3386480 = 0

This gives ¥z = 4.50 or 1.7214 m/s. It may be seen from (v) that Vy = 4.50 m/s would resuli
in a negative value for V. So, Vi = L7214 m/s and ¥} = 4.1673 — L7780 x 1.7214 =
1. 1067 m/s.

@y = LIDGT = {w/4) * 0.36 = 03129 m" /s and (}; = 1.7T214 = (w/4) X 0.64 = 0.B652 m* /e
Water supply required per house = 650 % 4 = 2 600 |/day = 0.00003 m*/s.

Max. number of houses in Subdivision 1 = 0.3129/0.00003 = 10,430

Max. number of houses in Subdivision 2 = 0.8652,/0.00003 = 28 840

Required head at connection to source at point 0 = H, = 0.012 x 1,000 x 1.5%/(2 10 +
0018 » 1,200 x (1 1067)%/(2 gX 0.6) + 222 = 1376 + 2247 + 222 = 295623 m

Required pumping head at O = 225623 - 200= 25.623 m.

Required power = 5y Q H = 1,000 x 1.178] * 25.623 = 30,186 kg-m /5. Using an overall system
efficiency of about 0.8, a pumping system with a capacity of 38000 kg-m /s may be required.

For analyzing pipe networks involving several pipes and junctions, it is preferable 1o use
available computer programs (e.g., Streeter 1971; Pouter and Wiggert 1991; Brater et al. 1996;
EYFPIPEZ and KYPIPE3 1992).

Hydraulics of Diffusers

Wastewater 15 sometimes discharged into a receiving body of water through muluport dif-
fusers. The diffuser consists of a pipe that extends nearly perpendicular to the shore and is
connected to another pipe (diffuser) that may be parallel or normal to the curvent. The dif-
fuser pipe has several closely spaced ports (nozzles) attached to it If the receiving body of
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i, H=in

J Lo 0000 m W]
deim He Ml m

Figure 3-10. Schematic of water supply lines

water is uniform {not stratified) and static (e.g., a lake or an ocean), a preliminary estimate of
dilution, S, in deep waters may be obtaimed by (Fischer et al. 1979)

5, = (/C =038 (g)V? y/o*? {3-145)

where

¥y = depth of waler above source
5, and Care centerline dilution and concentration, respectively, at depth, y
(% = initial concentration at diffuser port (i.e., at y = 0)
g = wastcwater discharge per unit length of diffuser {m*/s)
g =gdp/p
g = density of wastewater
Ap =py=p
po = density of receiving water
Eq. (3-145) may not provide conservative estimates because of the blocking effect of the
waste field that may exist near the wp of the rising plume. An appropriate factor of satety
may be used in designs.

An approximate equation to estimate average dilution of a diffuser oriented normal 1o
a deep, uniform current including the effect of blocking is (Fischer et al. 1979)

5.= 5/ + {{ QoS /(u Ly, )1 {3-146)
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where

8, = average dilution in a perpendicular current including effect of blocking
L = length of diffuser pipe

u = velocity of ambient current normal to the diffuser
¥ = maximum height of rising wastewater

o = total wastewater discharge through the diffuser

Average dilution, S, for a diffuser oriented parallel to a deep, uniform current including effect
of blockage may be approximated by (Fischer et al. 1979)

5 =038 () y /" (3-147)

Hydraulic analysis for a diffuser involves the use of the Darcy-Weishach equation (Eq.
(%157)) and the orifice flow cqu.alil;m

Qo= Oy (x d*/4) V(2 g H) (3-148)
where

Ly = onfice discharge coefficient
H = head above the center of the orifice
id = diameter of orifice

The discharge coefficient varies from abowut (.59 to 0.98, depending on the shape of the
entrance.
The steps of computatons are as follows:

I. Determine required dilution, §, or 5, at specified depth, y, and orientation of dif-
fuser with respect to ambient carrent.

2. If the diffuser is oriented normal to the ambient current, assume 5, = 1.2 wl.5 §,
and estimate g using Eq. (3-146). If the diffuser is oriented parallel to the ambient
current, estimate g using Eq. (3-147) with required value of 5.

5. Knowing the wastewater discharge, (J;, estimate the preliminary diffuser length, I =
Qo ¢

4. Knowing u, L, y, 8, and {J,, use Eq. (3-146) to check if the required 5, is achieved.
Otherwise, modify L. This step is not required if the diffuser is onented parallel w
ambient current.

5. By judgment, estimate reasonable port spacings (L, Ly, Ly, . . ., L) beiween 1 1o
10 m, approximately, depending on the wtal length of the diffuser pipe and num-
ber of ports, n

b, Assuming average flow velocity of about 1.25 to LB m/s, esumate diffuser pipe
diameter, D,



10.

11.

15.

14.

15,

16.
17.
18,
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Estimate preliminary port diameters (d;, da, ds, . . ., d,, etc.) between 5 and 24 em,
approximately; the sum of the areas of all ports should be between § and £ of the
crosssectional area of the diffuser pipe.

Number the last port adjacent to the dead end of the diffuser pipe as port No. 1,
and estimate initial values of (., d;, and g for this port.

Use Eq. (3-148} 1o estimate the required head, H,, at this port.

Based on the bathymetry of the receiving water body. estimate the slope at which
the diffuser pipe will be laid, and find the clevation change (Az,, Az, Az, ..., Az)
of the pipe invert from port to port.

Find the velocity in the farthest segment (adjacent to port No. 1} of the diffuser
pipe, Vi = @/ (w ¥/4).

Compute the velocity head V*/2 g

Determine the specific gravity, s, of the receiving water, s, of the wastewater, and
As= g — s

Estimate the head, H., at the second port:
Hy=Hy + fL /(2 g D) + As (Az)/¢
Estimate (. for the second port using
Ca = 0.975 [1 = V,*/(2 g Ha}]™™ for rounded port entrance {3-149)
Car = 063 — [0.58 Vi*/(2 g Hy)] for sharpedged ports {3-150)

Estimate g = Cg (7 d,2/4) V(2 g H.).
Estmate V, = ¥, + [g2/ (7 IF/4)].
Repeat steps (12) through (17) for all ports up to s in succession.

After these preliminary computations, appropriate changes may be made in port dia-
meters, diffuser pipe diameter, and port spacings, etc., to obtain an acceptable diffuser design.

Example 3-20: 11 is desired 1o achieve a dilution factor of 85 at an average depth of about
45 m above the diffuser pipe for wastewater discharged at a rate of 6.5 m"/s through a diffuser
into a receiving water body with Ap/p = As/s = 0,025, and [= 0.012. The diffuser pipe is 1o
be laid at a uniform slope of 0.08 m/m. Assuume that the diffuser is oriented oormal o the
ambient current and u = 0.25 m/s. Estimate prelimmary diffuser dimensions. The wastewater
storage is located 2 m above the water level in the receiving water body and will be connected
to the diffuser pipe with a 1,000-m-long pipe of the same size and type. This pipe has wo
elbows (& = 0.20) and one we (ky = 1.1). Water surface in the receiving water body is 62 m
above the first port (iLe., near the dead end of diffuser pipe). Determine the pumping capacity,

if required.
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Solution: For a preliminary estimate, assume 5, = 1.3 >} § = 1.3 % 85 = [10.5,
From Eq. (3-145), 110.5 = (.38 % (9.81 x 0,025)"2 x 45/4%* or ¢ = 0.030 m*/s.
L= h/q= 6570030 = 216.7 m. Adopt L = 200 m.

Use uniform port spacing of 1.0 m; d for ports | wo 30 = 15 om; d for ports 31 to 60 = 14 cm; d
for ports 61 to 130 = 13 cm; and d for ports 131 1o 200 = 12 cm. Note that the sum of areas of
all ports is about 60% of the crosssectional area of the pipe.

Assume average velocity through diffuser pipe = 1.4 m/s. Then, A = 65/14 =« IF/4.
O, =24 m,

Assume oy = 0,975 and g = 0,030 m*/s. So, from Eq. (3-148), 0.030 = 0975 ¥ (x d,%/4) %
V(2 g Hy). Or, H, = 0.15 m.

Vy= g/(m f?f-i} = [LOSKO/ (7 X 241 /4y = 0.0066% m/s. If this velocity s judged to be oo
bow, then the diffuser pipe diameter near the dead end may be reduced.

Using step (16), He = 0.15 + 0,012 ¥ 1.0 X {0.00663)%/(2 x 9.8] % 2.4) + 0.025 x 0.08 =
0. 152 m.

Assume rounded port entrances. Then, using Eq. (3-149), Cp = 0.975 [1 = [{0.00668)%/(2 =
9.8]1 x 0.152)]]™" = p.975.

g = 0975 % (x d"/4) X V(2 g Hg) = 0975 X (x % 0.15%/4) x V(2 g% 0.152) = 0, 080 m*/s.

The computations up to the 200" port may be carried out using a simple Fortran program
or spreadsheet. Computed port discharges, velocity through diffuser pipe segments upstreamn
of the port, (; tor the port, and head at the port a1 selected ports are shown in Table 3-85.

Computed head (above ambient water level} required for the diffuser = 0.582 m. The
computations may be refined to achieve an acceptable diffuser design.

For (4 = 6.5 m*/s and 2= 2.4 m for the 1,000-m-long pipe connecting the diffuser with
the wastewater source, V= 65/(r ®x 2.4°/4) = 1.44 m/s.

Using Eq. (3-137), head loss through this pipe = (0.012 > 1,000 x (L44)%/(2 x 9.8] x 2.4) +
(22 0.2+ 1.1) % L44%/(2 x 9.81) = 0.528 + 0,158 = 0.686 m.

Total head required 1o force wastewater through diffuser ports = (LG86 + 0,582 = 12068 m.

Available head at wastewater storage point (measured above the farthest port) = (62 + 2)
s = 64 s kg/m* (s = unit weight of effluent).

Depth of ambient water at first port = 62 m; depth of ambient water at last port = 62 = 0L08 X
200 = 46 m.

Average head of ambient water against which wastewater is discharged = {(62 + 46)/2 4, =
5 5 kg m? {5 = unit weight of ambient water).

Total head required o discharge wastewater through the ports = 54 g + 1.268 s kg/m”.
Since As/s = 0,025, 5 = 1.025 5. So, 54 5 + 1.268 5 = 56,618 s kg/m".

Required head is abouwt (56.618/64) X 100 = 83% of available head. So, pumping may not

be required unless pipe corrosion and other factors increase the required head.
—
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Table 3-35. Computed hydraulic parameters at selected diffuser poris

No. of Port discharge Yelocity in Head at port
port (m®/s) diffuser pipe (m/s) C, (m)

1 0.0:30 0.0665 0.975 {.15i
2 0,030 0013 0975 0. 152
] 1030 LLE %] 01.975 0.158
10 0.031 0.067 1,975 0.168
hily 0.033 0355 0,066 0.249
1040 0.033 0, 704 .04 0.352
1540 0032 1.05E% 1928 0462
P L1 (035 1.436 {1,906 {1.582

For shallow streams, vertical mixing is relatively rapid, and initial dilution, 5, within
approximately one diffuser length may be estimated by {Tchobanoglous and Burton 1991
Adams 1982)

S=[uDL/2A] N +vV(1+ {20 Vycos )/ (u® LDy (3-151)
where

= velocity of flow
= rate of wastewater discharge
length of diffuser

inital dilution

= =& e
Il

water depth in river
¥y = wvelocity through diffuser ports

o= H.I'.I.Ell: of inclinavon of port to the horzonal measured in a vertical pl'ﬂ.nr pﬂml—
lel wo the direction of river flow

Sometmes, dilubon at the end of the initial mixing region has to be estimated for
single-port vertical discharges (e.g., discharge through a single pipe discharging vertically
upward) in a lake, an ocean, or a river. In such cases, inital dilution can be estimated by
{ Tchobanoglous and Burton 1991; Muellenholf et al. 1985):

1. For a stagnant receiving water body (e.g., a lake or an ocean with low currenis),
§ =013 (g'/DP/ Q" (3-152)
2. For a flowing receiving water {e.g., a river),

5 = 0.29 (u LF/ Q) (3-159)
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where

& = average dilution at end of initial mixing zone
¢ = buovancy of wastewater = g{p, — p)/p
p, = density of wastewater

g = density of receiving water

Minimum dilution at the centerline of the plume §, = 0. 55 §,

Ell'l'lﬂl 3.21: Estimate preliminary dimensions of a multipont diffuser in a stream 1o
achieve near-field dilution of about 20 for a wastewater discharge of 1.5 m*/s when the 7-day
average 10w low flow is 50 m”/s. The diffuser ports are oriented horizontally and parallel w
the direction of rver flow. The average velocity and depth of flow in the river are 1 m/s and
1.8 m, respectively.

Solution: From practical considerations and for expected initial diluiion, 5 = 20, assume
a portvelocity, ¥y = 3 m/s, Using Eq. (3151}, with u= 1l m/s, = L8 m, (4 = L5 m*/s, and
e = 0, by trial and error, L = 16 m.

Assume port spacing = river water depth (for shallow streams) = 1.8 m. Therefore, the num-
ber of ports = 16/1.8 = 4.

Alsn, assuming average diffuser pipe velocity of 1.4 m/s, average diameter of diffuser pipe for
= 15mYsis D=V [(1L5/1.4) X 4/x] = 1.17 m,

Assuming nearly equal discharge through cach port with ¥, = 3 m/s, diameter of port =
VI11.5/(9 % 33} ¥ 4/%] = 0.266 m.

The dilubon, &, estimated by Fq.e. (8151, (5152, andd (3-158), increases az the p]ume
rises up to the water surface. For preliminary estimates, this increase may be neglected, and
the flow vate, {3, within the plume can be estimated by (Tchobanoglows and Burton 1991 )

=50 {3-154)
The maximum (centerline) concentration in this plume, €, is estimated by
0= /5 (3-155)

The length of the plume may be assumed o be equal to the length of the diffuser, L. Thus,
the height of the plume, &, is given by

b= 0/ (ul) (3-156)
Computation for fardield dispersion can be made using Eqs. (3-105{a)} and (3-106) with

£}, = source discharge, €, = source concentration, I. = length of plane vertical source, and &, =
height of plane vertical source,




Water Hammer

Estimation of water hammer pressure is required to design pipelines where valves or gates
located at the end of the pipeline are gradually or suddenly closed. A commonly encoun-
tered field situation is development of water hammer pressure in a penstock due 1o closure
of turbine gates. A conservative value of water hammer pressure, AH (m), may be obtained
assuming sudden valve or gate closure:

AH=aV/g {3-157)
where
Vo = initial flow velocity in pipe
a = velocity of pressure wave in pipe

If the valve is located at a distance, L, from the reservoir, then sudden valve closure may be
assumed if T= 2 L/a, where T = time of valve closure. The velocity of pressure wave is

given by
a=vY[E/Ay/p {1+ d B/ (£ i) (3-158)
where

E, = modulus of elasticity of water {(kg/m?)

E, = modulus of elasticity of pipe walls {kg/m?)
¢ = thickness of pipe walls (m)
d = inside diameter of pipe (m)

For slow valve or gate closure, it may be preferable to use available computer models (e.g.,
Streeter 1971; Watters 1984: SURGES 1996).

Example 3-22: A reservoir is connected 1o the point of distribution by a 1,000-m-long, 15-cm
steel pipeline. The pipe carried 44 1/s when the valve located at the point of distribution wis
rapidly closed. Estimate water hammer pressure at the valve. After 0.5 s of the valve closure, a
pressure gauge located at the valve exhibited a sudden pressure drop indicating a leak in the
pipeline. Estimate the location of the leak. E, = 21,100 kg/cm®; E, = 2.04 ® 10% kg/cm?; ¢ =
12 mm; and y = 1,000 kg/m".

v/ (1 + dEJ(E, 0)} = (1,000/9.81) [1 + {15 X 21,100/ (2.04 X 10° X 1.2)|] =

115.116

a=v [21,100 x 10°/115.116] = 1856886 m 5.

V= 004/ ({x % 0.15 ¥ (.15/4) = 2.49 m /s,

Water hammer pressure = a Vg = 1353.86 X 2.49/9.8]1 = M%.6 m. The pipe must be
able to withstand this extra pressure.
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It appears the pressure wave reaches the point of leak and the response travels back o

the valve in 0.5 5, 1.6, 2 L' /a = 05, where L' = distance of leak from the valve. This gives L'
= 1.5 ¥ 15353.86,/2 = 338.46 m.

Hydraulic Models

Some puh‘[ic—dumain numerical COmpuler molels cmnmunl].r uwsed for varous types af
hydraulic analyses are listed and described below.

Water Surface Profiles Model, HEC-2 (USACE 1991¢): This model computes water
surface profiles for one-dimensional, gradually varied, steadystate flows in natural or
man-made channels. [t can be used to determine the effects of obstructons or struc-
tures in the channel. Hydraulic computations are made using the standard step
method. Both supercritical and subcritical flows can be modeled. In suberitical flows,
stream cross sections are armanged from downstream 1o upstream. In supercritical
flows, they are arranged from upstream to downstream. The geometry of cross sec-
tions is defined from left o right looking downstream. The model has the capability
to perform hydraulic computations through bridges, culverts, side flow weirs, flood-
plain encroachments, and split flows. [n addition o water surface profiles, the model
computes channel and overbank velocities, flow areas, and discharges and energy
grade elevation, losses, and top width at every cross section, It also can provide veloc-
ity distribution in selected portions of the cross sections.

River Analysis System, HEC-RAS (USACE 1998): This model is a Windows-based
water surface profile program, which replaces the HEC-2 model described previ-
ously. It can use the data developed for the HEC-2 model, or the user can input
data specifically for this model. The user interacts with the model through a graph-
ical user interface for file management, data entry and editing, hydraulic analyses,
graphical displays of input and output, and report preparation. It can perform sub-
critical, supercritical, and mixed flow computations and can simulate foodway
encroachments, bridges and culverts, scour at bridges, and split flows. The inpur
and output can be viewed and printed graphically. Also, the computed resulis can
be exported to GIS and CADD files.

Water Surface Profiles, WSP-2 (USDA 1976): This model simulates flow character-
istics for a given set of stream and foodplain conditdons, It computes water surface
profiles in open channels and estimates head losses al restrictive sections, including
roadways with bridge or culvert openimgs. Generally, the model performs the same
computations as the HEC-2 model (USACE 1991¢).

Dam-Break Model, DAMBRK (Fread 1988): DAMBRK is a relatively complex model
wo simulaic water surface elevations resulting from dam failures. It includes a
breach component to estimate the temporal and geometrical description of the
breach for a given set of parameters. The model computes outflow hydrograph for
the breach, including effects of reservoir storage depletion and reservoir inflows,
and uses a dynamic routing technique to estimate water surface elevations and
times of arrival of the dam-break floed wave at different cross sections downstream
of the dam. It can perform computations for subcritical, supercritical, and mixed
flows and can incorporate the effects of bridge embankments, other dams, debris
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flows, landslidegenerated reservoir waves, and Noodplains, Usually, dam-break
analysis requiring the use of this model is undertaken as a special study,

Scour and Deposition in Rivers and Reservoirs, HEC-6 (USACE 1991d): HEC-Hisa
one-dimensional model that computes the depths of scour or deposition at various
cross sections of a channel or reservoir. Major input data include geometry of cross
sections similar to the HEC-2 model (USACE 1991¢), tables of suspended sediment
loads versus discharges, and gradation of suspended sediment and bed material at
various cross sections. The hydrograph of inflows is input as a step function of time
durations. The model can perform bed load transport computations using one of
the 12 transport functions included in the model. It can simulate deposition and
erasion of clay and fine-sili-sized particles, and it adjusts sediment transport esti-
meates for wash loads.

Culvert Analysis Program (CAFP 2001): This model uses standardized procedures of
the USGS for computing flow through culverts. It can develop stage-discharge rela-
tionships for rectangular, circular, pipe arch, elliptical, and other nonstandard
shaped culverts. The model solves the one-dimensional steady-state energy and con-
tinuity equations for upstream water surface elevation given a discharge and a down-
stream water surface elevation. It can be downloaded from http:/ /www. waterengr,
com/ freeprog. him.

Enhanced Stream Water Quality Models, QUALZE and QUALZE-UNCAS (USEPA
1987a): These are water quality planning tools that can be operated as steady-state
or dynamic models. They are used 1o study the impact of waste loads on instream
water quality or to identify the magnitude and quality charactenistics of nonpaint
waste loads as part of a field sampling program. They also can be used o model the
effects of divrnal variations in meteorological parameters on water quality (prima-
rily dissolved oxygen and temperature) or to examine dinrnal dissolved variations
caused by algal growth and respiration. They have the capability for uncertainty
analysis, an option o input reach-variable climawology for steady-state temperature
simulation, and an option to plot ohserved and predicted dissolved oxygen con-
centrations.

Hydrodynamic Mixing Zone Model and Decision Support System for Pollutant
Discharges into Surface Waters, CORMIX (USEPA 1996a): This model predicis the
dilution and trajectory of submerged single-port discharges, submerged multiport
diffuser discharges, and surface discharges of arbitrary density (positive, neutral, or
negative) into a stratified or uniform density environment with or without cross-flow.
The model checks for dam consistency, assembles and executes the appropriate
hydrodynamic models. and interprets the results in terms of regulatory discharge
criteria. It emphasizes rapid initial mixing and assumes a conservative pollutant dis-
charge, neglecting any reaction or decay process.

Dilution Models for Effluent Discharges, PLUMES (USEPA 1994): This model is
useful for designing outfall diffusers where the ambient flow is unstratified and the
receiving water body is relatively deep. [tincludes two relatively sophisticated initial
dilution models and mwo relatively simple far-field algorithms. The required input
includes port geometry, spacing, and total discharge; plume diameter and depth;
effluent salinity and temperature; ambient conditions in receiving water; and far-
field distance for computations. Compared to the CORMIX (USEPA 1996a) model,

this model is simpler to use,



Water Qruality for River-Reservoir Systems, WOQRRS (USACE 1978): This model con-
sists of three separate modules: reservoir, stream hydrauvlics, and stream quality
maodule. The three modules may be integrated for a complete river basin water
quality analysis. The reservoir and stream hydrauhics modules also can be executed
as independent models. The stream quality module functions in conjunction with
the stream hydraulics module, The reservoir module is applicable o relatively deep
impoundments with long residence times. Shallow impoundments with rapid flow-
through times may be weated as slow-moving streams. The stream hydraulics mod-
ule computes hydraulic parameters for gradually varied flow in steady and unsteady
Row regimes. The stream quality module simulates peak pollutant loads in a steady
or unsteady hydraulic environment. This model is fairly complex, and projects
involving the use of this model should be undertaken as special studies.



CHAPTER

GROUNDWATER

Occurrence of Groundwater and Types of Porous Media

Groundwater occurs in soil pores or rock fractures in the torm of hygroscopic or extractable
water. Hygroscopic water is tightly held by soil particles such that it cannot be extracted ex-
cept by oven drying. Extractable water can be extracted by plants, by gravity drainage, or by
pumping. The rates of extraction depend on permeability of the porous medium and the
quantity of water held in soil pores or rock fraciures. A soil mass or rock that can yield rea-

sonable quantities of water is called an aguifer, From the standpoint of water transmissibil-
ity, agquifers are classified as follows:

1. Confined Aquifer: This wpe of aquifer is bounded by impervious formations at its
top and bottom.

2.  Antesian Aguifer: Artesian aquifer is a confined aquifer in which piezometric head
is higher than the top ol the aguiler. Fiezometric head is the elevation up 1o which
groundwater will rise in a tube screened in the aguifer,

5. Phreatic, Water Table, or Unconfined Aquifer: This tvpe of aquifer has water mble
{at atmospheric pressure) as its upper boundary.

4. Confining Unit: A confined unit includes an aquitard, which is a semi-permeable
formation that retards movement of water through i, and an aquiclude, which is
an impermeable formation that prevents movement of water through i

5  Semi-Confined or Leaky Confined Aquifer: An aquifer that may gain or lose water
through underlving or overlying aquitards,

ti. Leaky Phreatic Aquifer: An aquifer that rests on a semipervious laver through
which it may gain or lose water.

7. Perched Aquifer: A phreatic aquifer where an impervious or semi-pervious layer of
limited areal extent ocours between the water table of a phreatic aguifer and the
ground surface. Groundwater is retained in the pervious medium overlying the im-
pervious or semi-pervious layer.

147
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Properties of Porous Media

Physical properties of porous media and water, which are commounly used in analyzing
groundwater flow and transport, are described in this section.

Unit weight is the weight of material per unit volume. Density is unit weight divided by
gravitational acceleration. Specilic gravity is the ratio of unit weight of the material wo unit
weight of water.

It ¥, = volume occupied by soil grains in a total soil volume ¥ V, = volume occupied
by voids; ¥, = volume occupied by water; W = total weight of soil of volume V. ¥, ory =
unit weight of water; W, = weight of soil grains in volume V: and W, = weight of water in
soil of volume V, then:

Pardcle unit weight or unit weight of soil grains = v, = W,/ ¥
Dy bulk unit weight of soil = v, = W/ W,

Moist unit weight of soil = 3, = (W, + W) /W

Tomal porosity = ¢ = V/W

Void ratio = e= V,/V;

Water content = w =W,/ W,;

Volumetric water content = g = V,/V.;

Volumetric air or gas content in vadose {unsaturated) soil zone = ¢ — g_;
Degree of saturation or saturation = § = V,/V,;

Submerged unit weight of soil grains = y, — v

Total volume of s0il = V= ¥, + V,;: and

Volume occupied by air or gas = Fl =V, — V..

It may be seen that

e=e(l +Adore= @/l - )k
¥a = (1 = @)y: and
7w (saturated soil} = 4, + ¢ v.: and @, = (w0 7,)/7.:

The porosity, particle unit weight, and dry bulk unit weight of selected porous media
are given in Table 4-1 {USEFPA 1985).

Physical properties of pure water at atmospheric pressure are summarized in Table 4-2
(LUSEPA 1985).

Permeability and Hydravlic Conductivity
The water-transmitting property of a porous medium is defined by its permeability or hy-
draulic conductivity. Permeability or intrinsic permeability {(em®), &, is a property of the
porous medium only and is defined as

k= Cd* i4-1)

where

4 = mean grain size of porous medium (cm)

i 1= a coefficient



Table 4-1. Porosity, particle unit weight, and dry bulk unit weight of porous media

Particle Dry bulk

unit weight unit weight

Material Porosity(%) (gm,/cm?) (gm/cm")

Clay 34.2-hi 0 2.51-2.77 1.18-1.72
Silt 33.9-61.1 2.47-2.79 1.01-1.79
Fine samd 26.0-H3.3 254277 1.18-1.99
Medium sand 28.5—-48.9 260297 1.27-1.93
Coarse sand 50.9-46.4 2.52-2.78 1.42-194
Fine gravel 25.1-38.5 2.63-2.76 1.60-1.99
Medium gravel 23, 7=44.1 2.65-2.70 1.47-2.09
Coarse gravel 28 8-86.5 2.64=2.76 1.69-2.08
Loess 44.0-57.2 2.64-2.74 1.25=-1.62
Dune sand 38.9-50.7 2.65-2.70 1.33-1.70
Till, predominantly silt 20 5-40.6 264277 1.61-1.91
Till, predominantly sand 22 1-36.7 2.63-2.78 1.69-2.12
Till, predominantly gravel 22.1-30.3 2.67-2.78 1.72-2.12
Glacial drift, predominantly silt 38.4-59.% 2.70-2.73 1.11-1.66
Glacial drift, predominantly sand 36.2-47.6 2.65-2.75 1.36-1.83
Glacial drift, predominantly g'rawrl 34.6=t1.5 2.65-2.75 1.47=1.78
Sandstone (fine-grained}) 13.7-49.3 2 56-2.72 1.54-2 992
Sandstone (medium-grained) 29.7-45.6 2 64-2.69 1.50-1.86
Siltstone 21.2=-41.0 252289 1.55-2.12
Claystone 41.2-45.2 2.50-2.76 1.87=1.60
Shale 1.4-9.7 2.47-2.8% 2.20-2.72
Limestone 6.6-55.7 2 68-2.88 1.21-2.69
Dolomite 19.1-32.7 2.64-2.72 1.88-2.20
Granite (weathered) 34.3-56.6 2702 84 1.91-1.78
Basalt 3.0-35.0 205-3.15 1.89-32 89
Schist 4.4-49.5 2.70-2. 84 1.42-2.69

Source: USEPA (1985),
Table 4-2, Physical properties of pure water
Unmit Dynamic Kinematic
(*C) {gm,/em®) (gm/cm-s) (em?/s) (cm-s*/gm)

4 1.00000 0.01567 0.0157 4,950 = 107"

10 0.99975 0.01307 0.0131 4. 780 x 1071

15 0.99915% 0.01139 0.0114 4.678 x 10~

20 0.99823 001002 (L01004 4591 »x 107"

25 099708 . DOBS (LRG3 4524 = 1071

Source; USEPA (1985).
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The coetlicient, €, depends on porosity, shape of pores, and tortuosity of the porous path-
ways, The values of C for sand vary from about 107" to 107", Typical values of mean grain
size and k are included in Table 4-3 (USEPA 1985).

Depending on spatial vanation of water-transmitting characteristics, porous media are
classified as homogeneous or heterogeneous. A homogeneous porous medium has the same
permeability at all points. Otherwise, it is classified as inhomogeneous or heterogeneous.
The porous medium is isotropic if its permeability is the same in all directions (L.e., lateral,
vertical, etc.). Otherwise, it is said 1o be anisotropic. A porous medium is anistropic and ho-
mogeneous if hydraulic conductivities in different directions (e.g., K, and K| in x and y di-
rections, respectively) are different from one another but do not change from point to point.
It is isotropic and inhomogeneous if Ky = K, = K, at point 1 and K, = K, = K, at point
2 {ie., bvdraulic conductivities in different directions remain the same but values change
from point to point}. It is anisotropic and inhomogeneous if K,y # K, # K.» # K.

Equivalent hydraulic conductivity, K, for flow perpendicular to » layers of different
thicknesses (M), Hs, Hs, . . ., and H,) and hydraulic conductivities (K;, K, K, . . . . and K))

is given by
E= l:f'_ﬁ +HE‘+H3+ . w + H"]_.-".[{H].u"l.,ﬁ +H:."ilﬁ-2+
Hy Ky + ... + H/K,)}] (4-2)
In some groundwater flow models {e.g., MODFLOW, USEPA 2000}, conductance, C,

for flow through a unit arca of a layer of thickness, i, and hydraulic conductivity, K, 18
defined as

C=KH (4-3)

Table 4-3. Typical values of permeability (k) and hydraulic conductivity {K)

Material {mim) k (em®) K {em,/s)
Unweathered marine clay 0.001-0.009 10 aqp 10-"-1077
Silt, loess (0, (NFa-0,074 [ 1 107 7°-10%
Silty sand 0.074=0.297 16~ "-105 107 *=10""
Clean sand 0.297-4.76 10-"-10"* 0*-1.0
Clean gravel 4,76-76.2 10751072 0.10-100
Sandstone — 10-"“-10"* 10-%-10~*
Limestone —— e [ 10-7-10"1
Karst limestone —_— 107107 10741
Shale — 10~ eoyp-ie 10~ V107
Fractred igneous and

metamorphic rocks _— 1107 1075-107%
Peat® — — 1.2 =% 107

2.8 % 1077

Source: USEPA (19R5).
* Source: Bradlev and Gilvear {2000).
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Thus, in Eq. (4-2), C = K/(H, + Hy + Hy + ... + H,), and
(/0 =[1/C +1/G+1/G+ ...+ 1/C) (4-4)

Equ.li!.ralent hydraulic conductivity for flow |:|a.r.=|lll:1 to n layers of different thicknesses
and hydraulic conductivities is given by

K= (KH+KH+KH+. . +KH)/H+H+ .. +H)]  (45)

Example 4-1: In a groundwater flow model, layer 1 is 16 m and layer 2 is 23.5 m thick. The

vertical hydraulic conductivities of laver 1 and 2 are 2.0 and 5.0 m/day, respectively. Determine
conductance between these two layers.

Solution:
th = Ky/Hy = 20/16.0 = 0.125 day ™", and G = K/ Hy = 5.0/258.5 = 0.2128 day ™",

8o, 1/C= 1/G + 1/0 or C= (£ GG + G) = (0.195 % 0.2198),/(0.125 + 0.2128) =
0.0787 day~".

One-Dimensional Steady-State Groundwater Flow
Darcian Flow
Groundwater flow is governed by Darcy’s law:
V= K if R, = Reynolds number = Vd/¢ < about 1 to 10 (4-6)

where

V' = velocity of flow per unit area of s0il mass including area of soil pores
K = hydraulic conductivity
i = hvdraulic gradient represented by sine of the slope angle of the hydraulic grade

line
d = mean grain size of porous medium

¥ = kinematic viscosity of water

Hydraulic conductivity depends on permeability of the porous medium and kinematic vis-
cosity of water and is defined as

K=kg'v (4-7)
Typical values of K are given in Table 4-3. The velocity, v, through voids of the porous media
at which contaminants dissolved in water may travel is known as seepage velocity, linear

velocity, or pore velocity and is given by

v= Vi (4-8)
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where ¢ = porosity. Steady groundwater flow from a reservoir to a stream per unit width
{perpendicular to flow) of a confined aquifer is given by

g=Kid=K[(H — Hy}/L] (B X 1.0) (4-0)
where

g = flow (m*/s)

i = hydraulic gradient = [{H, — H) /L]

A = area of porous medium normal to the direction of the hydraulic gradient
H, = head in the reservair above an arbitrary datum
H, = head in the stream above the same datum

[. = distance from reservoir to stréeam

B = thickness of confined aguifer

If the aquifer is unconfined, then it is assumed that the slope of the water table & relatvely
small and is given by tan § instead of sin #, where # = angle of slope of hydraulic grade line
and the groundwater flow is assumed to be uniform and horizontal. These are known as
Dupuit’s assumptions {Todd 1980}, With these assumptions,

g= —K(hX 10) dh/dx = —(K/2) di*/dx (4-10)

where A = head above datum at a distance x from the reservoir. The minus sign indicates
that head decreases in the positive x-direction (i.e., as x increases).

Integrating Eq. (4-10} with heads H, and H, in the reservoir and stream, respectively,
gives

g= (K/2 L) [H® - H}) (4-11)

Once g is estimated, head, &, at any distance, x, and shape of the phreatic surface can be
estimated by

g= (K/2 x) [H® - 1 (4-12)

Eqgs. (4-11) and (4-12) do not include the seepage face that forms along the slope of the
stream bank above the water surface in the river. Because of this, and because of Dupuit’s as-
sumptions, the phreatic surface computed by these equations is not accurate. However, for rel-
atively fat slopes and away from the stream bank, the predicted and actual phreatic surfaces
are reasonably close, Eq. (4-10) may be used for preliminary estimates of tile drain spacing in
agricultural areas where continuous infiltration from nrigated fields may be assumed at a con-
stant rate. For situatons where infiliradon changes with irmigation season, a more complex
approach may be used (see the section in this chapter entitled “Flow toward Drains and Drain
Spacing”).

Figure 4-1 is a vertical cross secton of the aquifer, showing two parallel drains located
at a spacing, L, between them. It may be seen that @, = fx = flow passing through a cross
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Figure 4-1. Schematic of tile drains

section of unit length parallel to the drain located at distance, x from the midpoint between
the two drains, where f = infiltration rate. Also, from Eq. (4-10), @, = = (K/2) dh*/dx,
Equating the two values of ), and integrating gives ' = — 5%/ K+ C At x = 0, h = H, and
atx= L/2 h = Hy 50,

H® - H = fI*/4K, or L=2V[(H~ H") K/f] {4-13)

Ellll'ﬂh 4=2: Inan irrigated area, infiltration may be assumed to be uniform at an average
rate of .98 m/yr. An impervious formation is located 9 m below the field level. Tile drains
are 1o be located at a depth of 2.3 m below the field level, The drainage system is to be de-
signed so that the water @able below the fields is maintained at least 1.08 m below the field
level. Estimate preliminary drain spacing. The hydraulic conductivity of soils below the fields
is estimated 1o be 5,05 m/day.

Solution: H, =90 - 1.08 = 792 m: H, = 90 - 23 = 6.7 m; and f= 0.98/365 =
0.002685 m/day. So, L = 2[(7.92* - 6.7%) x 3.05/0.002685] = 285 m.

Non-Darcian Flow

Darcy’s law is not valid for flows with R, 23 10 where R, = Reynolds number = gd/», g = spe-
cific discharge or Darcy velocity, d = representative pore diameter (mean or 4y}, and » =
kinematic viscosity of groundwater. This may occur for flows through coarse porous media,

such as rockiill, riprap, and coarse gravel or boulders. The following is an equation for flow
through mono-sized (uniformly sized) rocks with a specific gravity of 2.87 (Leps 1978):

Vi = W 0 {4-14)
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Table 4-4. Typical values of Wi’

Grion size
{cm) ™ (em™) W™ {em/'s)
1.940 0.48 25.40
5.08 .78 40,64
15.24 1.38 71.12
20.32 1.56 B1.28
0 96 281 147.32
12192 4.04 213.36

Source: Leps (1973),

where
Vi = average velocity in voids of the coarse porous media (cm/s)
W = empirical constant for given material
m = hydraulic mean radius {cm)
i = hydraulic gradient
Typical values for the term { Wan™™) are shown in Table 4-4.

An empirical equation based on experimens for flow through riprap with dy, ranging
from 15 oo 97 mm is as follows (Abt et al. 1991 ):

¥=0.79 (g X dyy X ™™ (4-15)
where

¥y = velocity through voids (m/s)
g =981 m/ s
tha = grain size (m}) than which 10% of the grains are finer

Example 4-3: A mountain rivalet has a bed slope of 0.025 and a 1-m-thick boulder bed un-
derlain by bedrock. During low flow periods, a water depth of about 10 cm is observed o flow
ahove the boulders. Estimate the total quantity of flow this rivulet contributes to the low flows
of the stream into which it discharges. Average bed width of the rivalet is 5 m. For the boul-

der bed, average porosity = 0.30; average stone size is 60 cm; and 4, = 25 cm.

Solution: From Eq. (4-14) and Table 4-4, Vi, = 147 x {0.025)*™ = 20 cm/s, Alerna-
tively, using Eq. (4-15), V. = 0.79v(9.81 % 0.25 X 0.025) = 0.196 m/s, which is nearly the
same as obtained from Eq. (4-14).

Using a kinematic viscosity of 0.13 X 107" m*/s for water, R, = Vd/» = 0.20 X 0.60 X 107/0.13 =
9.23 % 104, Le., flow through the boulder bed is far beyond the range of validity of Darcy’s law,
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The area of flow through boulders = 5.0 X 1.0 ® 0.30 = 1.5 me,
Q{I.hruugh boulder bed) = 1.5 ® 0.20 = 0,30 m®/s,

Open channel flow above the boulders may be esnmated vsing Manning's equation (Eq. 3-3).
Manning's n for boulder bed = (L05; water depth = 5 = 0.10 m = R, (hydraulic radius); and area
of flow = 4 = 50 X 0.10 = 0,50 m®.

 (above boulder bed) = (1/8) B (VHA = (1/0.05) (01077 (v0.025) (0.50) = 0.54 m”/s
Total flow = 0.30 + 0.34 = 0.64 m®/s.

Steady-State Radial Flow
Flow to a Single Well

The head, A, at a radial distance, r, from a well pumping at a constant rate, (}, in a confined
aquifer is given by the following (Bear 1979%; Todd 1980):

b= b= [Q/(2xK B)] In{r/r,) (4-16)
where

h, = head above the base of the confined aquifer at the well face
1. = radius of well
K = hydraulic conductivity
B = aquifer thickness
Farther from the well, the influence of pumping gradually vanishes, This occurs at a dis-

tance, R (called radius of influence), from the well. The drawdown at the well face, 5, is the
difference between the head, by, at Rand b, at the well face:

5 = [Q/ (2w KEB)] In {R/7) (4-17)
Also, drawdown at distance, r, from the well:
5= hy— h=[Q/ (2K B}) In (R/7) (4-18)
The specific capacity, S, of the well is given by
3 =0/ 5) = (ZzK B)/In (R/n,) (4-19)

Hydraulic conductivity of a confined aquifer can be estimated if heads at two observa-
tion wells are known; for example,

K= [Q/2xB(hy — &)1] In(m/'n) (4-20)

where hy and ks are heads in observation wells located at distances n and rp from the
extraction well,
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Using Dupuit's assumptions, radial flow in an unconfined aquifer is given by
W= hE=(Q/xK) In (v/r,) {4-21)
and
ho' = hy' = (Q/%K) In (R/1.) (4-22)
Seming by + &, = 2H, drawdown in an unconfined aquifer may be approximated by
5 = (Q/(2xK H}] In (R/r.) (4-23)

With this approximation, confined Aow equations may be used for preliminary analysis
of flow in unconfined aquifers as well.

Groundwater Mound

Infiltration from a recharge basin, surface impoundment, or open landfll results in ground-
water mounding. To estmate the extent of groundwater mounding in such cases, the
recharge area may be approximated by an equivalent circular area of radius, R Using
Dupuit's assumptions, the groundwater table within the mound can be approximated by
two parabolic curves. The first curve extends from the center to the perimeter of the
recharge area. The second curve extends from the perimeter o the constant water table in
the region, which is relatively far from the recharge area and is not appreciably affected by
mounding (Bouwer et al. 1999). The equation to the first curve is

HE— K =ir/(2K),0s r= R (4-24)
whers

H, = groundwater elevation at the center of the recharge area above the impervious hase
h = groundwater elevation at radial distance, r
i = recharge rate (L/T)

K = hvdraulic conductivity
The equation of the second curve is
B = HEP=(iR/K)In (R/N, RS r= R, (4-25)
where

A = groundwater elevation at radial distance, r, from the center of the recharge area
Hy = elevadon of constant water table in the area above impemvious base

R, = radial distance of constant water table from center of recharge area
The radial distance, R, up to which groundwater mounding extends can be estimated by

H* - Hy" = (iR/2K) [1+2In(R,/R] (4-26)
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Example 4-4: The rate of infiltration from a 500 m ¥ 480 m lagoon at an industral site is
estimated to be 0.0015 m /day. Average water depth in the lagoon is 3 m. The bottom of the
lagoon is at EL 180 m and the average water table elevation in the area is 179 m. Bedrock is
encountered at El. 160 m. The hyvdraulic conductivity of the aquifer is 2 m/day, Estimate the

extent of groundwater mounding and the shape of the altered water table around the lagoon.

Solution:
Equivalent radius of lagoon = R = V{(500 x 480) /x| = 276 m.
Hydraulic head at the center of the lagoon above bedrock = H, =180 + 5 — 160 = 23 m.
Hydraulic head at constant water tahle above bedrock = He = 179 — 160 = 19 m.

From Eq. (4-26), R, = Rexp [|(H® — Hy") K/(iff)} — 0.5] = 276 * exp[{(28° — 1%} X
2.0/(0.0015 x 276"} — 0.5] = 3,168 m.

From Eq. (4-24), shape of mound from r= 0 1o r= K= 276 m is given by (2% — ¥¥) = 0.0015 x
A/(2 %X 2) or ¥ = 529 — 0.0003754,

From Eq. {4-25), shape of mound from r= R = 276 mto r = K, = 3,168 m is given by ¥ =
361 + (0.0015 X 276 % 276/2) In (3,168/n = 361 + 57.152 In (3,168, .

Height of mound above bedrock at the perimeter of the lagoon (ie, at r= B = 276 m) =
V529 — (0000375 ¥ 276 X 276)] = ¥500.43 = 2287 m.

Elevation of mound at the perimeter of the lagoon = 160 + 22,37 = 182,37 m.

Capture Zone

Capture zone is the area from which groundwater is extracted by a pumping well, If there 1s
no ambient groundwater flow and no river or impermeable boundary within the cone of in-
fluence of the well, the capture rone may be defined by the radius of influence. Usually, there
is ambient groundwater flow in aquifers where extraction or recharge wells are installed, and
capiure zoncs have o be estimated for specified rates of pumping to estimate the area from
which groundwater and dissolved substances in groundwater can be exmracted by a system of
wells. For multiple aquifer systems and variable rates of extraction or injection, through mul-
tiple wells, numerical models (e.g., USGS 2(d0b) must be used. For multiple wells in an
isotropic and homogeneous aquifer, relatively simpler models may be used (e.g., Bair et al.
1992}. For one, two, or three wells pumping at the same constant rate in an sotropic and
homogeneous aquifer with uniform groundwater flow, the capture sone may be estimated
using analytical equations { Javandel and Tsang 1986; Prakash 1995). For a single well located
at the ongin, with uniform groundwater flow velocity, o, in the negative x-direction,

x, = —0/27uv B (4-27)
yx= % tan (27 vBy/Q (4-28)

where

%, = location of stagnation point on the x-axis

0} = well discharge
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B = aquifer thickness

x and y are coordinates of the line defining the capture zone
Stagnation point gives the location along the x-axis up to which the capture zone extends
downgradient from the well, and Eq. (4-28) gives the equation of the capture zone. The
right-hand side of Eq. (4-28) is given a positive sign to plot capture zone on the positive side
of the y-axis and a negative sign for capture zone on the negative side of the yaxis, For two
wells located along the x-axis at (0, & and (0, —#), the corresponding equations are

x, = [—a*Via® — 4+ ) /(2 o) {4-29)
and
e /(= 3+ ) = —man (27 v By/Q) (4-30)
where

a=0/rh), a = 2vh

For a < 2uvh, cach well would have a separate caprure zone, On the yaxis, as x — =, the cap-
rure zone approaches asympuotically the lines y = = (/208

Example 4-5: An exiraction well discharging at a constant rate of 6,68 /5 penetrates a 30-m-
thick confined aquifer where normal groundwater flow velocity is 0.20 m/day. Estimawe the
capture zone of the well. Also, estimate the capiigre rone iF two wells, each discharging st a rage
of 6.68 1/5, are located ar 20 m from each other.

Solation: For a single well, x, = =/ (2wull) = —{0D.00668 X 865,400}/ (2x X 0.20 x 30) =
=153 m.

The capture zone is estimated vsing Eq. (4-2B). Selected coordinates of the capture zone
boundary are shown in Table 4-5(a). For two wells,

a= Q/{xB) = (0.00668 % B6,400)/(x x 30) = 6.124 m*/day

and
Qb= 2 3 0,20 X 10 = 4.0,

Since a = 2ob, 2, = [—a = V]a' = 47°5)]/(2v) = [—6.124 = V[6.124* - 16.0]] /(2 x 0.20) =
=26.90 or =3.7 m. The capture zone for two wells has to be larger than a single well, so select
2 = =690 m.

The capture zone is estimated using Eq. (4-30). Selected coordinates of the capture zone
boundary are shown in Table 4-5(b). Since there are two values of x for each y. the correct
vilue has 1o be selected based on judgment so as 1o obtain a smooth capture zone.
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Table 4-5{a). Coordinates of capture zone for a single well in uniform flow

¥ (m) x (m)

-15.3
~-13.1
-10.1
~5.4
12.2
3.3
b8.2
217.5

GEZREBGSa

Table 4-5(b). Coordinates of capmure zone for two wells in uniform flow

¥ {m) x (m)
0 - 26.9
5 -26.7

10 —-26.1
15 =251
25 -91.4
35 =149
45 —-4.4
48 =04
5l FA!
il 259
0 AUy
80 155.8

Partially Penetrating Well
If a well does not penetrate the entire depth of a confined aquifer, then drawdown, 5. at
the well face due to a partially penetrating well may be estimated by the following (Bear
1979):

Sup = S/ [(L/BI1 + 7 cos (x L/2 BWV(r/2L)]) (4-31)

where

35, = (Q/2xKB) In(R/r,)
L = length of well screen of partially penetrating well

For the same drawdown, 5.

RyQ= (L/B)[1 + 7 cos {x L/ (2 BYW(r,/2L}] (4-32)
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where

(}, = discharge of partially penetrating well
{} = discharge of fully penetrating well

An approximate equation for discharge of a well partially penetrating an unconfined
aguifer is as follows (USACE 1971b):

Q,= [r K{(H~ 5% = )/In (R/r,)1[1 + 10.30 + (10r,/H)isin (1.8 5/H)]  (4-3%)
where

s = height of well bottom above impervious laver
H = height of initial phreatic surface above impermeable base at r= R

t = depth of water in well, such that (s + ) = A

An alternative equation to estimate drawdown in a partially penetrating well is as follows
(Bear 1979):

5= [/ x KB - p)/p] In {(12 = pL/(Br)] + (27 K B) In (R/r,) (4-34)
where

p=L/B
g = 1 if well screen starts from the wp or bottom of the confined aquifer

= 2 if the screen is located in the middle of the confined aquiﬁ:r
Eq. (4-534) i1s vahid for 10r, = L < 0.BR.
Radivs of Influence

Some semi-empirical and empirical equations to estimate radius of influence, K {m), are as
follows (Bear 1979):

R=19to 245 V(H Ki/5) (4-85)
R= 3,000 s VK (4-8%6)
R= 575 s, V{HK) (4-37)

where
H = mitial satorated thickness for unconfined aquiﬁ:rnf thickness of confined aquiﬁ:r {m}
K = hydraulic conductivity {m/'s)
& = speahic yield for unconfined aquifer or storativity for confined aquifer
= tme (5)

5, = drawdown at well face {m)
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Generally, Ris larger for coarser materials than for finer soils and greater for confined than
for unconfined aquifers.

Well Interference

The effect of interference between closely spaced wells discharging at a given rate may be
approximated by comparing the discharge, @, of a single well with drawdown, s, at its well
face with the discharge of two, three, and four wells with the same drawdown at their well
faces (Todd 1980); that is,

1. For owo wells with a distance, b, between them,

Q,/Q = In (B/r,)/ [In {E/(r,B)]] {4-38)
2. For three wells located on the vertices of an equilateral wiangle of side &,
Q/Q = In (R/n)/[In {R/(r, )] (4-39)
3. For four wells located on the vertices of a square of side b,
Q/Q = In (R/r,)/ [In AR/ (¥(2) r, )] (4-40)
where (}; = discharge of each well in the group of two, three, or four wells. These equations

assume a confined aquifer with R 2 & They also may provide approximate results for
unconfined aguifers with relatively small drawdown.

-
Eﬂqh 4-8: Four wells are located in a confined aquifer on the four comers of a 1524 m

® 152.4 m square, with a fifth well at the center of the square. If the wells are pumped so as
tor create the same drawdown at the well faces, estimate the reduction in discharge due to in-
terference. Assume K = 3048 m and =, = 0,075 m.

Solation: If the wells were located Far apart so that there was no interference, then,
from Eq. (4-17),

=(2x K Bs)/In(K/r) (i)
It will be seen later that, if drawdown at the faces of the five wells has 1o be the same, then () #
{).. where (J, = discharge of cach corner well and (), = discharge of the central well. Let the
sidle of the square be b
From Eq. (4-18), drawdown at the outer wells, 5, is given by

S = [/ (2eKB)] [In (R/r) + 2In (KRB + In (R/W(2VH)] +
[0,/ (2eKB)] [In (RY(2) /8] (i)

Drawdown at the central well, 5. is given by

S = [/ (20KB) | [4 In V(2)R/H + [Q./(2xKB) ) [In (R/r)] {iii)
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Equating (i) and (iii),
@y In [B/(4(2)r] = Q. In [&/'W(2)rl] ()
Also, substitating (iv) in (iii),

Sa = 5 =[(4/(2xKB)] [In (4RY/F) +
In (R/7) * In (/14 (2)rd}/In (B IVI2)nd)] (v}

From (i} and (v}, for s = 5. = 5,

2/ Q= (R/v,) - In [B/W(2)n ]/ [n (48]« In (bW (2in)) +
In (R/r,) - In {(&/[4(2)r.0)]

Q./ Q=M (R/r) - In [5/14(2) )]/ 10n (4R 8] - In (B/W(2)r]) +
In (R/7)  In (B2 e )]

Using the given data,

0,/ Q= [In (304.8/0.075)] In [152.4/{0.075¥(2))]/
[In {4 x 304.8'/152.4Y - In {152.4/0.075/(2)) +
In {304.8/0.075) - In [152.4/(4 % 0.075/(2))1] =
[18.31 = 7.270)/[(4.159 % 7.270) + (B.8]1 x 5.884)] = 0.76

Q./ Q= [18.31 X 5.884]/[{4.150 X 7.270) + (831 X 5884)] = 0.62,

Well interference reduces the discharge of the corner wells to 76% and that of the cen-
tral well to 62% of that which would be available if the wells were located far apart,

Induced Recharge

Induced recharge from a nearby perennial stream to a pumping well located in a confined
aquifer with uniform groundwater flow toward the siream may be estimated by the follow-
ing (Bear 1979):

Q./Q={(2/%) [tan V{(Q/xdvB) - 1] -
(x dvB/Q)VI(Q/x duv B) — 1}] (4-41)

where
0 = total well discharge

v = yelocity of uniform groundwater fow
(, = discharge induced from the stream

d = distance between the well and stream
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If Q= wdvB, there is no contribution from the siream. Eq. (4-41) also may provide ap-
proximate resulis for unconfined aquifers with relatively small drawdowns where the aver-
age saturated thickness can be used for B

Eﬂll‘ﬂh 4-7: A fully penetrating well is located 60 m away from a stream in a 25-methick
confined al:luiﬁ:r where normal ground flow velocity toward the stream is (.15 m/day. The
well is pumped at 26 1/s. Estimate the portion of the total discharge that is extracted from the
stream.

Solution: H=25m; d= m; v=0.15m,/dav; and {} = 26 X 56,400,/ 1,000 = 2 246.4 m>/

day; {2/ wdull = 3.1780; and wduB/Q = 0.31466.

Using Eq. (4-41), Q./Q = (2/m)[tan~" V(31780 — 1) — 0.31466 V(3.1780 — 1)] = (2/x)
[0.97527 - 0.46438] = 0.325. Note that tan~'(2.1780) has to be expressed in radians.

Approximately 32.5% of the well discharge is induced from the siream,

Recharge by Precipitation

For many field situations, recharge to an aquifer due 1o precipitation has to be estimated
without adequate sitespecific data. Often, a reasonable value s sssumed and a modified
value is obtained by using recharge as a calibration parameter in groundwater [low models,
A reasonable practice is o estimate recharge by several alternative methods and select a plau-
sible value by judgment. Some approximate methods inchide the following:

1.

Precipitation recharge may be estimated based on available data for annual or sea-
sonal recharge in the region or in regions of similar climatic and hydrogeologic
conditions.

The 501l Conservation Service (SCS) Curve Number (CN) method may be used to
estimate runoff, and groundwater recharge may be assumed to be nearly equal to
the difference between precipitation and computed runoff (see "Soil Losses™ in
Chapter 2). Estimated CN for a storm may be higher than that for annual precipi-
tation and may result in lower annual groundwater recharge. On the other hand,
the difference in precipitation and computed runoff may include infilration plus
evaporation and mterception losses, resulting in higher annual recharge. The pos-
itive and negative contributions of these factors may have to be accounted for by
Judgment. The following are equations used in this method:

5. = (2,540/CN) — 254 (2-6)
QR=(P- 02 5P+ D8 S) {2-40)
where

R = runoff {cm)

P = precipitation (cm)
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3. Preliminary estimates of recharge may be made based on empirical ratios {Maxey-
Eakin coefficients) shown in Table 4-6. These coefficients were developed for the
arid climate in the state of Nevada (Avon and Durbin 1994).

The following is an alternative regression equation for arid watersheds (20 em < P <
51 em) {Donovan and Katzer 2000):

r= 415 x 10~9 I[P,'I""” {4-42)
where

r = annual recharge (cm)
F = annual precipitation (cm)

For P< 20 cm, r = 0, and for P> 51 em, r = 0.25F.

Seawater Intrusion

Under steady-state conditions, seawater and freshwater interface in a coastal aquifer can be
approximated using the Ghyben-Herzberg relation (Figure 4-2):

b, = Log' (o, — B ) iy (4-43)
where
i, = elevation of interface below seawater surface elevation

.iif = glevatton of water table above seawater surface elevation

B By = density of freshwater and seawater, J'l:ﬁ|:|.l:v|;l','l'|.r|:|3.r

If p, = 1.025 gm,-’cm’ and p; = 1.0 gm.-’cm!‘. h, = 40 ke Thus, if the water table elevation at
a certain distance from the shoreline is 0.25 m above the seawater surface elevation, the
saltwater—freshwater interface at that location may be about 10 m below the seawater surface
elevation. Using Eq. (4-43), upconing, 5, under a well pumping above the mterface can be
approximated by

by = [pj'-';'[ﬂ: - F_.I'Hsu (4-44)

Table 4-6. Maxey-Fakin coefficients

Annual precipitation (cm) Recharge / precipitation
=51 0.25
38-51 015
30.5-51 0.07
20-30.5 0.3
<20 0.0

Soatree: Avon and Durbin | 1904,
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Figure 4-2. Schematic of saltwater interface and upconing

It must be recognized that seawater is miscible with freshwater and a sharp interface
may not exist. Eqgs. (4-43) and (4-44) provide preliminary estimates, which must be refined
based on more sophisticated analysis and field data.

Example 4-8: In a coastal aquifer, saltwater concentrations were observed up to a distance of
%00 m from the shoreline and a depth of 30 m below seawater surface elevation, which is also the
elevation of the impervious layer at the bottom of the aguifer. Observed water table elevations
are shown in Table 4-7(a).

K = 30 m/day, p,=1.0 g/em® and p, = 1.025 0 g/em”. Estimate the location of the salt-
water=freshwater interface. To be conservative, neglect seepage face at the intemsection of the
water table with the shoreline. Also, estimate freshwater flow per unit width of the shoreline.

Solution: Using Eq. (4-43), h, = [1.0/(L.025 — 1.0}k, = 40k, The approximate posi-
tion of the interface is shown in Table 4-7(h).

Table 4-7{a). Water table elevations near shoreline

Distance from Water table elevation above
shoreline (m) seawater elevation (m)
300 0.75
275 0.70
200 (.60
150 0,440
104 .30
50 .15

0 0
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Table 4-7(b). Posinon of saltwaier—freshwater interface

% (m) Ry (m) h, (m)
S0 .75 M
275 0.9 28
200 0.6 24
150 0.4 16
104} 0.3 12

5} 15 i1
{l i 0

x = distance from shoreline
&y = elevation of water table above seawater elevation

&, = elevation of interfice below seawater elevation

Example 4-9: A 15-cm-diamerer well is locaed at a distance of 275 m from the shoreline of
Example 4-8. To avoid withdrawal of saline water, the minimum required vertical distance be-
tween the saliwater interface and the water table is 5 m. Estimate safe well discharge. Assume
H =2 m and k = 30 m/dav.

Solution: From Example 4-8, the vertical distance between the water table and interface
at x = 275 m is 28 + 0.70 = 28.70. The lowest water table will be at the well face. So, 28.70 -

5 = &, = b Also, from Eq. (4-44), £, = [1.0/(1.025 = 1.0} ])s, = 40 5, So, 5, = (2870 — 5) /4] =
4578 m.

For freshwater withdrawal, average saturated thickness may be assumed to be /7 = 30.75/
2 = 15576 m. Thus, @ = 22KHs,/ In (/) = 2% X 30 x 15375 x 0.578/ In (250,/0.075) =
207 m"/day or 2.4 1/5,

Because of variations in the saturated thickness and partial penetration of the well in the
freshwater aquifer, this should be treated as a preliminary estimate. A more sophisticated
analysis may be required for refined estimates.

Effect of Barometric Pressure Flucluations

An approximate relatonship between fluctuations of atmosphernic pressure and water levels
in a well in a confined aquifer is given by the following (Rouse 1950; Todd 1980):

dh/ (dp/y) = =1/[1 + {{a,/(8 B)1] (4-43)

where

dh = change in water level in well
df, = change in barometric pressure
a, = vertical compressibility of aquifer material
# = aguifer porosity
8 = compressibility of water
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The negative sign in Eq. (4-45) indicates that water level in an observation well falls when
barometric pressure increases, and vice versa.

For an unconfined aguifer, compressibility of aquifer material and water i= relatively
less significant compared to changes in water volume that result from water table fluctua-
tions. The changes in atmospheric pressure are transmitted directly and simultancously o
the water table and observation well. Therefore, there is little or no effect of barometric
pressure fluctuations on water levels observed in the well. The change in water level in the
well is almost the same as in the unconfined aquifer. It has been observed that fluctuations

in barometric pressure may result in small fluctuations in the water table in unconfined
aquifers.

EI-'I'I* 4-10: Estimate the change in water level in & well fully penetrating a confined

aquifer when barometric pressure changes by 7.72 em of mercury. Assume o, = 11.8 ¥ 10-*
em?/kg; ¢ = 0.35; and § = 47 % 107 em¥/ kg,

Solution: (dp,/y) = 0.0772 x 13.6 = 1.05 m of water. Using Eq. (4-45), dh/(dp./v) =
dh/(1.05) = =1/[1 + [11.8/{0.35 X 47)}] = —0.582. The negative sign indicates that increase
in barometric pressure results in depressing the water level in the well. Thus, dh = <1.05 %
0.582 = —0.61 m.

Subsidence
The stress cansed by toal wc*ight of soil and water above a point in an aquiﬁ:r is balanced

by effective (compressive) stress on the aquifer matenal and fluid (hydrostatic) pressure
(Delleur 194949);

pr=o+p, (4-46)
where

fr = total pressure due o weight of soil and water
fu = fluid (hvdrostatic) pressure

o = eflective or compressive stress on agquifer material

The hydrostatic pressure can be measured by a piezometer. An increase in the com-
pressive stress on the agquifer material causes reduction in its volume (or in its thickness in
one-dimensional compression), which may result in subsidence. Excessive groundwater ex-
traction may result in some reduction in the ol pressure, but it could result in relatively
greater reduction in the hydrostatic pressure in the aquifer. This may result in an increase
in the compressive stress on the aguifer material and cause land subsidence. Groundwater
pumping has to be controlled to minimize potential for subsidence. Computational steps for
preliminary estimates of subsidence due to lowening of groundwater levels in an aquifer are
listed below.

1. Estimate totl load (pressure) at the position of lowered groundwater level before
pumping due o the weight of overlying soils and water held in pores.



Estimate hydrostatic pressure at that level due to head of groundwater above that
beveel,

Estimate compressive stress on aquifer material at that level as the difference of
steps (1) and (2) before pumping.

Following the same procedure, estimate compressive stress at the same level after
lowering of the groundwater level.

Find the difference, Ag, in the initial and final compressive stresses at that level [(4) -
(3]

The change in compressive siress at the level of the initial groundwater level is zero.
Thus, the average change in compressive stress in the aquifer column between
these two levels is Ag/2.

Estimate subsidence, &, in this aguifer column between the inital and lowered
groundwater levels,

§ = o (Aa/2) A {4-47a)
where

o, = compressibility of aguifer material

Ak = change in groundwater levels

Change in compressive siress in aquifer material below the lowered groundwater
level will be Ae.

If there are two or more layers of soils below the lowered groundwater level, esti-
mate subsidence in each:

& = ey (Ao) Ly, and Bs = ae{Ac)ls, ete, (4-47h)
where

8§y, 8 = subsidence in layers 1 and 2
@, ceg = compressibility of layers | and 2
Ly, Ly = thickness of layers 1 and 2, respectively

10. Estimate total subsidence at the bottom of layer 2 = § + §; + 5,

Ell-ph 4-11:  Extensive groundwater pumping in an area is expected to lower ground-
water levels by 25 m. Initial water level is 10 m below the ground surface. The aquifer mate-
rial is sand up to a depth of 50 m below the ground surface. Below the sand is a 30-m-thick
silty clay layer overlying the bedrock. Estimate potential subsidence in the soils above the
bedrock. Assume degree of saturation in the unsaturated soil zone above groundwater level
o be 0.10, unit weight of sand grains = 2,600 kg/m" unit weight of water = 1,000 kg/m®,
porosity of sand = 0.3%; compressibility of sand = 12 % 107® m*/kg; and compressibility of
silty clay = 100 % 107% m®/kg.
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the aquifer head loss o the woial head loss. The wotal head loss (or wml drawdown an the
well face) mcludes aquifer (e, theoretical) drawdown and well drawdown. Aquifer draw-
down varies linearly with discharge and can be estimated by steady-state or non-steady-state
equatons for drawdown at the well face (e.g., Egs. (4-17) and (4-81)). Well loss includes a
linear component and a nonlinear component. The linear component includes drawdown
in the gravel pack and screen entrance, and the nonlinear component includes losses due
to turbulent flow in the well. A simple method o estimate well efficiency is as follows:

*  Plot drawdown, 5, on the yaxis on the natural scale, and plot the distance from the
well, r, on the logarithmic scale on the x-axis.

¢ Diraw the h::t—fllting !-T.I".:I.'i.El"II: line Ihrnugh these p-uinu I:r?' vi:ualjud.gml:m-

*  Extend the straight line to r = r, (well radius) and read the theoretical drawdown,
%, at this location.

s  Estimate well efficiency = 5/ 5, where 5 is the actual drawdown measured in the well.

In the case of an unconfined aquifer, well operaton may cause considerable reduction
in the saturated thickness of the aguifer. As a result, extra drawdown is observed. This exira
drawdown does not represent inefliciency in the well. If the reduction in saturated thickness
is more than 20%, then the drawdown, g, may be corrected before well efficiency is com-
puted {see the section in this chapter entitled "Unsteady Radial Flow to a Well Fully Pene-
rating an Unconfined Aquifer™):

% (corrected) = 5 — {%°/(2H)] (4-48)

where H = mitial svrurated thickness of the aqu.ifcr. The corrected drawdown should be
used in preparing the aforementioned plot. A well efficiency of about 70 to B0% 18 accept-
able for a welldesigned well.

Transient (Unsteady) Groundwater Flow
Unsteady One-Dimensional Flow

Continuity equation for unsteady one-dimensional groundwater flow in a confined aquifer
of thickness, B, and hydraulic conductivity, K, is

3 h/o & = 5/Ta hidt (4-49)
where
§ = dimensionless storage coefficient or storativity

T = transmissivity or transmissibility of the aquifer

8, = 8/ B = gpecific storage, defined as the volume of water that is released by a unit vol-
ume of the aguifer per unit decline in hydraulic head:

S§=pgla,+0BB (4-50)
T=KB (4-51)
Typical values of specific storage, S, are given in Table 4-8 (USEPA 1985).
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Flow toward Drains and Drain Spacing

An approximate method for spacing of tile drains in agricultural arcas was given in a previ-
ous section enttled “Darcian Flow.” If an initial elevated water table is to be lowered o a
certamn level within a specified penod, then drain spacing has to be estimated wsing the tran-
sicnt flow equation {Eq. (4-49}). Relevant analytical equations for this case are listed below
{Carslaw and Jaeger 1984; Glover 1985):

1. hix 6 = (4H/7) Z{1/(2 n + 1)} [expl—(In + 1})° & £/ L%}]

sin ({2n+ 1 ex/f},n=0,1,2,...,= {4-58)
2. hi{x=L/2) = (4H/7) Z11/(2 n + 1)} [expi—(2n + ¥ v a ¢/ L%]]

sin{(Zn+ 1) w/2l,n=0,1,2,...,x (4-59)
3. gle=0,8 = (4 KDH/L) Zlexpl—(2n + 1 70 ¢/ L3],

n=0,12..., (4-60)
4, p= (8/7%) Elexpl—(2n + 1)* v o t/L7}]/(2n + 1)%,

n=012 ..., = (4-61)

where

H = height of imitial water table above drains
D) = height of drains above impervious layer
L = drain spacing
k (x, 1) = height of water table at distance, », and time, {, above drains
x = distance from drain
¢ = time since groundwater starts 1o drain from inital water table elevation
q (x =0, #) = flow to drain from one side per unit length of drain

fr = fraction of drainable volume of water that remains to be drained at tme, ¢

It is assumed that H <5< 1) Otherwise, D may be taken to be the average saturated thickness
of the aquifer. The minimum lowering of the water table will occur at the center of two par-
allel drains, ie., at x = L/2 Thus, Eq. (4-59) can be used to estimate drain spacing for a
minimum water table lowering to & at x = L/2 above the drains, The infinite series of Eqs.
{4-58) to (4-61) converge fairly rapidly for {eet/ 12 =2 0,01, For such cases, the second term
is <<2% of the first, and the remaining terms are even smaller. Thus, these equanons may
b approximated by

L hix = (4H/%)[exp (== a ¢/ L*]] sinlz =/ L] (4-62)
2 hix= L/2) = (4H/x)[exp |- a /L] {4-63)
5 gilx=00=(4KDH/ L{expl—="a t/L%] (4-64)
4. p= (B 2 expl-7 a ¢/ Y] {4-65)
From Eq. (4-63), for (a /L% 23 0,01, L= o[« ¢/ In {4 H/{(zh)l] {4-66)

For other cases where (at/L%) = 0.01, n =10, 1, 2, and 5 may have to be used in Eqgs. (4-
58) to (4-61}). Usually, terms in'l.rnhring n = % may be too small to consider.
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Example 4-13: 1Inan irrigated area, the impervious soil layer is about 12 m below the field
level. Tile drains are to be installed about % m below the field level. During the first irrigation
season, the water table rises to within 0.75 m below the field level. The next irrigation period
is 30 days after the first. Before the second irrigation, the water table has to be lowered toa
minimum of 1.5 m below the field level. Estimate drain spacing for this situation, Use K =

3.05 m/day and 5, = (.18,

Solution:  Height of maximum water table above drains = H = 3.0 = 0,75 = 2.25 m.
Height of maximum water table above impervious layer = 12 — (.75 = 1].25 m.
Height of drains above impervious layer = 12 -~ 3 =0m, and d{x=[/2) =5 - L5 = L5im.

Average saturated thickness = D = (11.25 + 9)/2 = 10125 m, and & = KD/§, = 3.05 %
10.125/0.18 = 171.56 m®/day.

Using Eq. (4-66), L = xV[(17156 % 30)/ In |(4 ¥ 2.25)/(x X 15)}] = 280.2 m,

Check the validity of Eq. (4-66), ct/[* = 171.56 X 30/(280.2)7 = 0.066. So, the approxima-
tion of Eq. (4-66) is valid.

The following is an approximate equation to estimate steady-stale groundwater How toward
a single circular drain or tunnel (Freeze and Cherry 1979):

gr=2x KH/In (2 H/n {4-67)
where

gr = flow into the drain or unnel per unit length
H = head above tunnel centerline

¢ = radius of drain or tunnel
An approximate equation for the transient case is as follows (Freeze and Cherry 1979):
gr () = V(CKH® 5 1) (4-68)
where

grlt) = How into the drain or tunnel per unit length at tme, ¢ after the breakdown of steady
flow

{5 a constant

The values of C may vary from 4/8 to 2. Eqs. (467) and (4-68) may be useful for preliminary
analyses. Numernical models must be used for more refined analvses,

At some industrial sites, renches or underground drains are provided w collect or
intercept contaminated groundwater from the site area, which may be pumped out through
sumps located at suitable locations on the wench or drain. The pumps and trenches are
designed for groundwater flows that may be expected during high groundwater table con-
ditions following storm events. If, initially, the water table is approximately horizonal, the
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initial water table is given by the straight line A{x) = H - (H = &)x/L
ierfc(U7) = integral of erfe(U7) (from u = 0w %) = (1/¥x) exp(—=U*) = Uerfc(l')
erfc{x) = 1 — erf(x)

Eq. (4-75) converges rapidly when [at/ (412} 3> 0.01 and Eq. (4-76) when fat/ (413} < 0.01.

Response of Groundwater Levels to River Stage Fluctluations

If groundwater monitoring wells are located in an isotropic and homogeneous agquifer,
which is in hydraulic communication with a river, water levels in the wells fluctuate with
changes in river stages. If initially the water table is approximately horizontal at the same
level as the initial river stage, then response of groundwater levels in a well to river stage
fluctuations may be approximated by the following (Pinder et al. 1969; Prakash 1997):

hix =Ze(mefcl(w)/Vin—m+1},m=1,23....n (4-77)
where

= [x/(2v{cdn)}]

hix, 1) = height of groundwater level above inital steady-state stage in the river at dis-
tance, x, and time, {

x = distance from river
{ = time since the start of rise or fall in river stage = ndr

n = number of equal time intervals selected 1o divide rise or fall in river stages
into different, smaller depth increments

At = tme interval during which river stage changes by #(1), #(2}, or #3), eic.
e(m) = rise or fall in river stage in the w™ time increment
Division of the time, { into several time steps is required if the rate of changes in river stages
is not uniform (i.e., differs from one time interval, Af, to another). Eq. (4-77) may be used

to estimate aquifer diffusivity, a, if groundwater level and river stage fluctuations are known
from feld observations. If the rise or fall in river stages lasts for a finite time, §, then,

Mx b i) = hix B — hix t— i) {4-78)

wheore hix & ) = change in groundwater level at distance, x, and ame, ¢ due 1o river stage
rise or fall occurring during time period &,

For uniformly nsing river stages and approximately horizontal water table at the begin-
ning of river stage fluctuations, changes in groundwater levels may be approximated by the
following (Carslaw and Jaeger 1984):

hix ) = ctll(1 + 2 U?) erfe (L)) = {(2Hx) U exp{—=U*] {4-79)

where

e = rize or fall in river stages per unit ime

U= x/v(4at)
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Table 4-10. Computations of water level fluctuations

(1) (2) (3) (4) (5)
h (=, 0 lagged by h i & &)

Time (h) 5.5303/v1 hix 6 (m) i, =48 h (m)
24 1.083 0.051 0 0.051
48 0.765 0.801 0 0.301
72 (.625 {1.698 0.051 0647
96 {1541 1.198 00.501 0.892
120 {.484 1.757 (1.698 1.05%9
144 0,442 2.973 1.195 1.180
168 {1409 5.080 1.757 1.27%
192 {.383% 5.722 2.373 1.349
216 {.361 4.441 3.050 1.411
240 0.842 5.184 3.722 1.462

Elll'ﬂ'l. 4-14: Estimate groundwater levels in an observation well located 45 m from a river
when river stage rises a1 0.05 m/h for 48 h and thereafter stays at that level for a sufficiently
long time. Use o = 18 m*/h.

Solution: L/'= x/v{det) = 5.303/Vt. Computations using Eqs, (4-79) and (4-78) are shown
in Table 4-10.

Computations in Eq. (4-78) are perfformed by lagging &(=6 by & (column (4)) and sub-
tracting column (4) from (3). The results are included in column (5).

Unsteady Radial Flow fo a Well Fully Peneirating a Confined Aquifer

The differential equaton governing unsteady radial flow wo a fully penetrating well in a con-
fined homogeneous and isotropic aquifer of infinite extent is

& h/ar® + L/r ah/ar = (S/T) ah/at {4-80)
The boundary conditions for Eq. {4-80) are listed below:

1. Limitr= r,— 0, (@h/dr) = (Q/2xT), t > 0 (indicating constant well discharge)
2. Air,0) = H, r, = r= = (indicating no drawdown before pumping)
3. Ai=, 0 = H t =0 (indicating no drawdown at infinity)

With these boundary conditions, the solution of Eq. (4-80) is,
H=hirnt) =sirn. ) = —({Q/4xT) Ei (—u) = (/42T Wu) (4-81)
where

H = initial hydraulic head in the aguifer
Air, I} = head at distance, r, from the well at ame, {
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Table 4-11.

Well function W{u) for confined aquifers

] H=n u=mnx 10! u=nx 10" u=nx 107 w=nxl0"* u=nx10"" w=nx 107" w=nx 1077
1.0 0.2194 1.8229 4.08749 63515 B.6332 10.9357 132383 15,5400
1.5 0, 10 1.4645 1.6874 5.9266 82278 10.53035 128328 15.1354
2.0 b, b RO 1.2227 1.3547 56304 79402 10.2426 12.545] 14.8477
2.5 002491 1043 3.1365 54167 7.7172 0.0 94 123220 14.6246
3.0 0.01305 0.9057 2.959] 5.2349 TH34R8 08371 12.1397 14 4423
8.5 .06 0. 7942 2800949 H.0813 T80T 0.6850 119855 142881
4.0 5,779 % 10°* {1.7024 2.6815% 40482 7.2472 4.5495 11.8520 14.1546
4.5 2073 x 1078 L6253 2 hGE4 48510 712495 94317 11.7842 14.0368
5.0 1,148 x 194 {1.55498 2 4679 4. T26] 70249 0.3265 11.6280 139314
5.5 6,400 »x 101 0.5034 2 8775 46513 G.9280 0.2%10 11.5350 13,8361
.0 2.601 x 107" 04544 2 2953 4 4R 68420 0. 1440 11.4465 13.7441
6.5 2084 x 1074 0.4115 2.2201 4.4652 6, 7620 9.0640 11.3665 13.6691
7.0 1.155 x 1074 0.3738 2. 1508 4.9916 66879 B.984949 11.2924 15.5950
7.5 6.580 x 10°® 0. 3403 2.0867 4.3281 G619 B.O204 11.2234 13,5260
8.0 R].760 x 107° 13106 2.02659 42591 65545 H.B56% 11.1589 15,4614
8.5 @160 > 1077 (2840 1.9711 41990 05,4939 B.7957 110982 13 40008
0.1 1.240 x 107 0. 2602 1.9187 4.142% 64368 B.7586 11.0411 13.3437
0.5 0.71 x 107° 0. 2987 1.86495 4.0887 63828 H.6845 10,9870 15,2896
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Table 4-11.

Well function Wiu) for confined aquifers { Continued)

" u=nX10" w=ax10"? w=ax10" y=pxW0™" w=pXx10™ w=axl0" g=ax10"" u=nx10-"*
1.0 17.8485 20,1460 22 4486 24.7512 270538 29,3564 316590 13,9616
1.5 17.4580 19.7406 22 (82 24.3458 26,6485 28,9500 31.2535 45.5661
20 17.1503 19,4520 21.7h556 24.0581 26.3607 2H.66H32 30.9658 13,2684
2.5 16,9272 19,2248 21.5823 23.8340 26.1375 28,4401 30.7427 33,0453
3.0 16. 7440 19.0474 21.3500 23.6626 25,9552 2R.2578 30,5604 12 BRZD
35 16.5907 188033 21. 19549 23.4985 258010 28,1036 304062 32,7088
4.0 164572 18.75498 21.0625 23.3649 25.6675 27.9701 30.2727 325753
4.5 16,3504 18.6420 20,9445 23,2471 255497 27.8528 30.1549 32,4575
5.0 16.2540 18,5366 20,8392 23.1418 25 4444 27.7470 20,0495 3213521
5.5 16,1587 18,4413 20,7439 230465 25.3491 27.6516 290547 322568
6.0 16.0517 18.3543 20,6569 22,9595 25,2620 27.5646 209 _R672 22,1698
0.5 159717 18.2742 20.5768 22.8794 25,1820 274846 20,7872 32,0898
7.0 158976 18. M1 20.5027 22 8053 25.1079 274105 29.7151 32,0156
7.5 15.8280 18.1311 20,4587 22 7363 25 0589 27.3415 20,6441 31.9467
8.0 15.7640 1 5.0666 20.5692 226718 249744 27,2760 20,5705 41.8821
H.5 15.7054 18,0060 20,3086 22.6112 24 9157 27.2163 20.5189 51.8215
0.0 15,6468 17,9488 20,2514 22 5540 24 B566 27.1592 20 4618 51.7643
0.5 155922 178948 20.1973 22 4999 24,8025 27.1051 20.4077 51.7105

Source: Bear (1979); Freeze and Cherry (1979); Wenzel (1942},
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For five wells, 0/0); = 1/[1 + [Wlagh/ Wing )] + ... 4 [Wiag)/ Wiw 1]

h = 000066 X (0.0762)%/(4 % 1,207.6 % 180} = 4.4 x 107"
W) = 255706

g = (LD0DE6 X (914.6)%/(4 x 1,207.6 > 180) = 0.000635
Wiug) = 6.7850

= 0.00066 x (1,219.14)%/(4 x 1,207.6 x 180) = 0.0011282
W) = 62110

g = 0.00066 X (1,528.93)%/(4 % 1,207.6 % 180) = 0.001763
W) = 5.7654

w2 = 0.00066 % (3,047.85)%/(4 % 1,207.6 X 180) = 0.007051
Wiu) = 4.3844

Therefore, Qs/(Q, = 1/[1 + 6.7859/25.5706] = (.79,

Qy/Qy = 1/[1 + ((6.7859 + 6.2110)/25.5706}) = 0.663,

Similarly, @,/ (4 = 0.577, and s/, = 0,525,

Since values of w, ws, u, w, and wy are less than 0.01, the approximation of Eq. (4-83}

is also valid. Thus,

sln ) = (Qy/ (4T In (25T (Sr.2) = [Qu/ (25T In {22571/ (Sr, )]

and

Qo/ 0y = In [225TH/ (S,)1/[2 - In (2,26 T/ (Sr.m)]] = In [2.25 % 1,207.6 % 180/(0.00066
(0.0762)41/(2 % In [2.25 % 1,207.6 x 1B0/10.00066 x 0.0762 x 914.36])) = 255723/
[2 % 16.1797] = 0.79,

The values of s/ 0y, Q4 Qy, and @/} may be esumated in the same way,

Unsteady Rodial Flow to a Well Fully Penetrating an Unconfined Aquifer
The differential equation governing unsteady radial flow to a fully penetrating well in an
unconfined homogeneous and isotropic aguifer of infinite extent is

1/r i/ drir b dh/dn) = (S,/K) dh/dt (4-90)

where .'5,= specific yield of the aquifer. There are several ways 1o linearize and solve Eq. (4-90):

1. Assume % (in the brackeis on the lefti-hand side) = H;, = average saturated thick-
ness and KH, = T; = average aquifer transmissivity, then Eq. (4-90) becomes

1/rafar (rah/an = (8,/Ty) dh/it (4-91)



184 WATER RESOURCES ENGINEERING

As For Eq. (4-80), the solution of Eq. (481} is
sin ) = (Q/4xT,) Wiu) (4-92)
where u = Sr%/ (4Ty0).

2. Set s = 5~ (s¥/2H) where H = initial saturated thickness (see Eq. (4-48)), then
Eq. (4-90) becomes

1/rafor (ros'/dn = (§,/T) a5 /oi (4-93%)

where 5, = §[H/(H = 5)] and T = KH. As for Eq. (4-80), the solution of {Eq. {4-
93 is

gin ) = (Q/4nT)Wu") (4.94)

where o' = S'Irt,-" {477}, This approximation is reasonable as long as 5 <50 H. Since s
is not known a priori, an initial estimate of 5] is required, which may be modified
after computing 5. The inital value of 5 may be taken to be slightly greater than
the known value of specific yield, 5, for the aquifer. The computations may then be
refined with the modified value of 5,

Estimation of Aquifer Parameters

Aquifer parameters (eg., Tand §) are estimated using ime<drawdown data from pumping
tests on wells in the aquifer. Eq. (4-83) 15 useful in analyzing pumping test data to determine
Sand Tlor confined, leaky confined, and unconfined aquifers. This is because there is a lin-
ear (straight line) relationship between s (natural scale) on the y-axis and ¢ (logarithmic
scale) on the x-axis, The slope of the straight line with the x-axis is 2.3 (/4= T. Knowing (), T
can be calculated. Usually, linear regression analysis using various measured values of s and ¢
and computation of Tand Sis accomplished through computer programs (e.g., AQTESOLYV,
Duffield and Rumbaugh 198%). These computer programs can process a large number of
data values using Eq. (483} or modified equations for unconfined aquifers and leaky con-
fined aquifers and wsing data from partially penetrating wells. Other methods o analyze
pumping test data for different types of aquifers also are included in computer programs such
as AQTESOLVY. These include the Theis method (using the well function, Wiu) ), the Cooper-
Jacob method (using Eq. (4-83}), and the Hantush method for leaky aguifers {Bear [979),

If the maximum expected yvield of a well cannot be estimated from the yields of other
wells in the vicinity or from other hydrogeologic information, then it may sometimes be ad-
visable to conduct a step-drawdown test to estimate the optimum pumping rate. This test
alzo may be useful to assess the performance of wells where significant mrbulent flow is ex-
pected (Driscoll T984).

A step-drawdown test may include five to eight pumping steps, each lasting for 1 to 2 h.
The pumping rate is increased in a stepwise manner during successive periods of tme. In
cach time step, the well s pumped at a constant rate until the water level stabilizes. Then
the pumping rate is increased to the next higher level. A constant pumping rate should be
maintained within any one pumping step, but the rate should be different from one step o
another. The duration of the entire test may be about 5 to 16 h. Smee both laminar and tar-
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bulent flow may ocour during pumping, the drawdown may be expressed as follows
(Driscoll 1989; Bear 1979):

s = BO + CQF {4-95)

where Band C are dimensional constants. With five 1o eight sets of sand 2 values obtained
from the step-drawdown test, a polynomial regression mav be used to obtain the values of B
and C. An approximate and simpler method may be to estimate the values of Band Cusing
linear regression or a graphical straight line fit between values of 5/ and  to obtain val-
ues of Band C These values of Band Cand maximum permissible value of 5 for the aguifer
may then be used to estimate the optumum value of ()

If a step-drawdown test has been conducied, the constant-rate-pumping test may be
started after the water level has recovered o pre-pumping static levels. The constant-rate—
pumping test should be conducted with a constant discharge at least equal to 10% (but may
be up to 100%) of the maximum anticipated yvield of the well.

The duration of the constant-rate—pumping test may be about 24 h for a confined
aquifer and 72 h for an unconfined agquifer. Time-drawdown daa should be collected dur-
ing both the pumping and recovery periods. Usually, data loggers are used for recording
these data. It is advisable 10 record barometric pressure, rainfall, and water levels in surface
water bodies within the anticipated cone of depression of the test well during the period of
the test. It may be noted that a barometric pressure increase of 1 cm of mercury may result
in a fall of about 8 cm in the water level in the observation well in a confined aguifer (see
the section in this chapter entitled “Effect of Barometric Pressure Fluctnations™).

The test well should be screened at least through one-third of the thickness of the
aquiler except for thin aguifers where up o 75% of the entire thickness may be screened.
The diameter of the test well may be sufficient 1o accommodate the pumping equipment.
Typical well diameters are in the range of 10 to 30 cm and may be as large as 60 cm for
larger wells. A preliminary estimate of the diameter of the well casing for a given well dis-
charge may be made using a velocity of less than 1.5 m/s through the casing. Thus, a well
discharge of 100 1/s may require a casing diameter of about 30 cm. This size may have to be
modified o accommaodate the required pump. A preliminary estimate of the open area of
the well screen may be made using a velocity of about (L03 m/s through the well sereen.
Thus, the open arca of the screen required for a well discharge of 100 1/5 is about 3.5 m®.
The required screen length can be calculated if open area per unit length of the screen for
different sizes of screens 15 known from the manubacturer.

Due to pump operation, there is turbulence in the test well. As a result, tme-drawdown
data for the test well may not be accurate, Therefore, at least one observation well should
be used o record time-drawdown data in addition to the test well. The diameter of the
ohscmation well may be as small as practicable o permil accurate measurement of water
levels and assess aquifer response. Typical diameters are in the range of 8 to 12 cm, The
screen depth of the test well may be about 1 to 2 m and should correspond to the central
portion of the screen depth of the test well. Depending on available right-of-way and aquifer
transmissivity, the location of the observation well may be about 50 10 200 m from the test
well in confined aquifers, and about 30 to 100 m for unconfined aquifers where the cone of
depression develops at a relatively slower rate. Generally, smaller distances should be used
for pervious aquifers,

Time-drawdown data should be recorded during both the pumpmg and recovery peri-
ods, The recovery period begins immediately after the pump s shut down, IF an.a.lwes. of
pumping test data are based on Eq. {(4-83), then it may be advisable to record time-drawdown
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clata so that there are a number of ohsenations within each log cvele of time {ie., 1 to 10 min,
11 to 1040 min, 101 to 1,008 min, etc., after the start of pumping or recovery). Typical time
intervals for recording drawdown during a constant-rate—pumping test are shown in Tahble
4-13 (Driscoll 1989; Delleur 1999). The same time intervals may be used for recording wa-
ter level rise during the recovery period.

In some cases, particularly for large-diameter wells, early time-drawdown data may not
fit a straight line on the s versus log ¢ plot because these data may reflect removal of water
from the well casing. Also, early ime-drawdown data (less than about 5 min or so) for the
ohservation well may not fit a straight line because u may be greater than (.10 and Eq. (4-83)
may not be applicable. Therefore, these data may have to be ignored. This may exclude data
for the first 10 min or so. Time-draowdown da for much laer omes may be atfected by recharge
or by impervious boundaries located farther from but within the cone of depression of the
well. Presence of a recharge boundary is indicated if the s versus log ¢ plot flattens after a
certain point. Conversely, an impervious boundary is indicated if the plot steepens after a
certain dme. In such cases, data for the earlier periods should be used o estimate aquifer
parameLers.

Designing a pumping test program involves the following steps:

1. Site selection and installabon of the extraction (test) and observabon wells with
equipment for pumping, water level recording, and data logging,

2. Monitoring of ambient groundwater levels within the anticipated cone of depression
of the test well, identification of aquifer boundaries (e.g., rivers, lakes, recharge
rones, uniform groundwater flow, and groundwater divides or impervious bound-
aries), and extraction or injection wells with their rates of discharge or recharge.

Installation of barometric pressure gauge and rain gauge in the vicinity,

g 38

Conduct of pump test, including step-drawdown (if required) and constant rate tests.

(1]

Drata analysis using the appropriate method for the aguifer (i.e., confined, uncon-
fined, or leaky aquifer).

6. Report preparation.

Table 4-13. Time intervals to record time-drawdown data

Pumping well Observation well
Time Time Time Time
since start interval between since start interval between
of test (min) measurements (min) of test (min) measurements (min)
=3 L5 010 1
4=1h 1 11-120 i)
| -6 5 121240 10
61=360 30 241-360 30
3611 440 6il) 361-1,440 60
After 1,440 480 After 1,440 480

Sorrce: Diriscoll {1989 Delleur { 1999).



Hidden page



188 WATER RESOURCES ENGINEERING

Table 4-14. Time-drawdown data for observation well (r = 60 m)

(1} (2} (3) (4) i5) (6) {7} (8) (9)
t{min) lJogi(Hh  s(m) ¢ (min) log (f) s{m) ¢t {min} log () 5 {m})
0 — 0 11 1.041 0.644 60 1.778 0.966
1 1] 0.221 12 1.079 {1,660 o 1.954 1.033
1.5 0.176 {0.292 1% 1.114 i.GE] 120 2.079 1.01
F 3 0.301 00.552 I4 1.146 0.697 154} 2176 1.147
2.5 0. 3498 0.372 15 1.176 0.731 210 s 1.210
5 0.477 0,400 20 1.301 ). 764 240 2.380 1.230
4 0602 {456 25 1.598 0.801 270 2.431 1.251
5 0.699 {1499 = 1.477 (L.E35 L1 2477 1.271
[§] 0.778 1,583 a5 1.544 0.862 260 2.556 1.904
r 0.845 .56 41 1.602 ). 888 420 2625 1.338
8 0.905% {1.687 45 1.655 0.912 4810 2.681 1.875
) 0.954 0607 &l 1.699 0,952
1] | fr.624 ah 1.740 (.949

Slug Tests

In some field situations, the hydraulic conductivity of the porous mediim may be too small
or the diameter, depth, or yield of the well may be too small {(e.g., in the range of 5 to
200 m"/day) to conduct a pumping test, or the scope of the investigations may not warrant
a pumping test. In such cases, a shug test may be useful as a relatively quick and cost-effective
method to estimate aquifer hydraulic conductivity. This test is applicable to completely or
partially penetrating wells in unconfined aguifers and fully penetrating wells in confined
aquifers (Bouwer and Rice 1976; Bouwer 1989; Cooper et al. 1967). The test consists of
quickly lowering or raising the water level in the well from is equilibrium positon and
measuring subsequent rise or fall with time,

Referring o Figure 4-3, Eq. (4-17) gives

Q=2x KL y/{ln (R/rl] (4-96)
where

{J = discharge entering the well {if water level in the well is instantaneously lowered)
or leaving the well (if water level in the well is instantaneously raised)

K = hydraulic conductivity of the aguifer within a radius of R, around the well and
depth slightly greater than L,

L, = length of screened, perforated, or otherwise open section of the well

¥ = rise or fall in water level in the well

r, = radial distance of undisturbed portion of aquifer from well centerline
R, = effective radial distance over which yis dissipated



Thus,

il

Figure 4-3,

Schematic of slug west well

The rate of rise of water level in the well after the water level has been quickly lowered is

dy/dt = —Q/xr? (4-47)
where
r. = radius of well
xr, = crosssectional area of the well where the water level is rising
= trme

dy/dt = =12 .K'L,jl,-"[rf In {R./r.)]
Ify=mwatt=0, and y = y, at time, £ then

{4-08)
K= [IrF In (R/r )1/ (2LII0OL/E) In (3 9)]

(4-99)

log (y/3) = [0.8686KL, /1 In (R/r)|]t

(4-100)
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For L, < H,
In (R/7) = [IL.1/In (L /v )} + [A+ BIn (H— L)/ v}/ (L/r)]™" (4-101)
For L, = H,
In (R/r) = [(1.1/In (L/vJ} + {GA{L/r )] (4-102)
where

L, = depth of well penetration below water table
H = height of water table above impermeable base (Figure 4-3)

A, B, and C are dimenstonless coeflicients

Approximate values of these coefficients are given in Table 4-15.

Slhug tests can be used for production wells, observation wells, or monitoring wells. The
test can be carmed out by immersing a section of pipe filled with sand or ballast and closed
with caps on both ends or other similar object in the borehole, The water level in the bore-
hole is allowed to return to equilibnium, and then the submerged object is quickly removed.
The subsequent rise in water level in the well is recorded with time. Usually, a data logger
is used to record and store the data for analysis. A plot of the data may be prepared with y
(logarithmoic scale) on the yaxis and ¢ (natural scale) on the x-axis. The slope, 8 (with the
xaxis), of the straight line fitted to the data points on this plot s given by

tan # = 0.8686 K L/[r2n (R/r.)] (4-108)
Knowing tan #, L. r, K, and r,, K can be estimated from Eq. {4-103). Usually, the plotting

and computations are performed using a computer program (e.g., AQTESOLY, Duffield
and Rumbaugh 1989).

Table 4-15. Approximate values of dimensionless coefficiens A, # and €

L/r. A B o
4 1.7 0.3 0.8
b 1.8 0.3 0.9
10 1.9 0.3 1.2
25 23 0.4 1.8
50 3.0 0.5 2.7
100 4.2 0.8 4.2
250 6.5 1.4 7.8
500 8.0 22 10.5
750 8.6 25 11.6
1000 9.1 28 12.3
2,000 9.6 3.3 13.0

Source: Bouwer and Rice {1976); Bouwer (1989); Cooper et al. (1967).



GROUMDWATER 191

In some cases, data may fit two straight lines, the one at smaller values of ¢ being steeper
than that at larger values of ¢ In such cases, the first (steeper) straight line may reflect
drainage from the gravel pack. The second straight line may be representative of the hy-
draulic conductivity of the undisturbed aquifer. If the gravel pack is surrounded by a less
permeable zone, the data may fit three straight lines, one at very small values of {, the sec-
ond at intermediate values of f, and the third at larger values of L Again, the last siraight
line may be representative of the hydraulic conductivity of the undisturbed aguifer.

In slug tests, the head difference between the static water table and water level in the well
is dissipated mostly in the vicinity of the well around the screened or perforated section,
Therefore, if the top of the sereened or perforated section is sufficiently below the botom
of an upper confining layer, the test may provide reasonable values of the hyvdraulic conduc-
tivity even for confined aguifers. Slug tests may not be useful in estimating hydraulic con-
ductivity of larger aquifers (i.e., deep or larger in areal extent). Comparison of hydraulic con-
ductivities estimated by slug tests with values estimated by pumping tests indicate thar the
slug test results are generally low.

Example 4-18: Siug test data (water level rise with time) for a well with radius of casing =
2,54 em, radius of gravel pack = 12.7 cm, and screen length = 152.4 em are given in Table 4-16.
The saturated thickness of the shallow aguifer is 1758 cm, and the well penetrates the full
depth of the aguifer. Initially, the water level in the well was lowered by 37,19 cm. Estimate the
hydraulic conductivity of the aguifer.

Solotion: The shug test data can be analyzed using a computer model like AQTESOLY
{Duffield and Rumbangh 1989). When access to such computer models is not readily avail-
able, a simpler and approximate analysis ean be done using linear regression using a spread-
sheet based on Eq. (4-100),

In this case, , = 37.19cm; r, = 254 cmiy v, = 127 ey [, = 1524 om; H = L, = 1753 cm;
and L/r, = 12. For L, = Hand L/r, = 12, € =128 from Table 4-15. Computed values of
%/ y and log (%/y) are shown in columns (3), (4), (7), and (8}.

Data for the first 0.6 = may be ignored because of the elfect of gravel pack, and those afier
73.8 s may be ignored because the straight line drawn through the later points deviates sig-
nificantly from the one through the points between 0.6 and 73.8 s.

Linear regression between the remaining 30 data points gives,

log (w/w) = 00176 i + 0156, with a correlation cocfficient (r) of 0.99.
From Eg, {4-100), log (/5 = [0.8686 KL A (R 3108
Therefore, [0.8686 KI/|v" In (K r 1] = 0.0176.

From Eq. (4-102), ln (R/r,) = [{1.1/In {175.3/12.7)] + {128/ (1524/12.71] 7" = [0.41906 +
0.10667]°" = 1.90213.

So, K= [0,0176 » {2.54%) » 1.902138] /(08686 = 152 4) = 0.00163 em /5. The value estimated
using the AQTESOLVY model is 0.0016 cm /5.

It may be seen that linear regression with all the 50 daw points (excluding the initial value
¥ = 37.19 cm) with non-zero intercept gives

log (3%} = 0.57 + 0.0038 ¢, with a relatively low correlation coefficient (1) of 0L57.
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Table 4-16. Slug test data

(1) {2) i3) (4) (5) (6) (7 (8)
tis)  ylem) Yo/ ¥ log (¥a/¥) t(s) y (em) My log (n/y)
0 §7.19 - 0 98,4 4 88 7.6200 0).BR20
0.2 33.53 110482 0.045 43.8 3.96 9.3914 (0.9727
0.4 53,29 1.1195 0.049 48.8 3.45 11.1015 1.0454
0.6 32,00 1.1622 00653 53.8 274 13.573 1.1827
0.8 51.09 1.1962 0.0778 58.8 2,44 15.2418 1.1830
1.8 27.4% 1.3558 0.1529 (4.8 215 17.4601 1.2420
a8 24,99 1.4882 0.1727 B8 1.8% 20,3224 1.308
3.8 23.1A 1.6058 0. 2057 738 1.52 24 4671 1.5886
4.8 21,64 1.7186 {1.2%59 78.8 1.59 94 4671 1 .3886
h8 20,42 1.8213 0. 2604 838 1.22 30,4836 1.4841
6.4 19.51 1.9062 0. 2802 HE 8 1.22 30,4896 1.4841
7.8 18.89 1.9677 0,294 93.8 1.29 30,4896 1.4841
8.8 17.958 2 (684 0.3156 98.8 1.22 30,4836 1.4841
0.8 17.37 2.1410 0.3%06 10%.8 1.22 30,4836 1.4841
10,8 16,76 2.219 . 5462 108.8 1.22 50,4886 1.4841
11.8 16.15 2 3098 0.362% 113.8 1.29 30,4836 1.4841
12.8 15.54 2.3932 0.379 118.8 1.22 30,4856 1.45841
15.8 14.63 2.5420 {).4052 148.8 0.91 40,8681 1.6114
14.8 14.02 2 (526 0.4237 178.8 (.61 60,0672 1.7851
158 15.41 o778y {4445 L .61 G0 O6RT2 1.7851
16.8 12,8} 29055 {14632 23R.8 .61 60,9672 1.7851
17.8 11.89 3.1278 014952 268.8 0.61 60,9672 1.7851
18.8 11.58 32116 05067 3888 a6l 60,9672 1.7851
238 9.14 40689 {1.60495 508.8 .61 60,9672 1.7851

288 7.32 5.0806 0.7059 HUB.B 0.30 123.9667 2.0933
354 5.79 6.4231 0.8O77

Contaminant Transport in Saturated Zone

Contaminants found in groundwater may be miscible (soluble} or immiscible in water. The
property of contaminants that governs their miscibility in water 15 solubility. It 1s the max-
mum mass of a chemical that can dissolve in a specific amount of solvent (e.g., water) at a
specific temperature and is expressed as mass of the chemical per unit volume of the sol-
vent. Chemicals that have very low aqueous solubility (i.e., less than about 20,000 mg/1) can
exist as a separate liguid phase in an aquifer. These chemicals are called nonagqueous phase
liquids (NAPLs). If the density of an NAPL is less than water, it is called light nonagueous
phase liquid (LNAPL}. Examples of LNAPLs include gasoline, fuel oil, benzene, toluene,
ethyl benzene, and xylene (BTEX). If the density is greater than water, it is called dense
nonagqueous phase liquid (DNAPL). Examples of DNAFPLs include tetrachlorocthylene
{PCE), wichloroethylene (TCE), and chloroform. An organic Hquid can exist as a stable sep-
arate phase in equilibrium with water only after its dissolved concentration in water has
reached its saturation limit {Pankow and Cherry 1996). Different values of solubility, organic
carbon partition coefficient (K, ), decay coefficient (A}, density, and kinematic viscosity (v}
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Table 4-17. Typical values of solubility, K, A, density, and »

Solubility K, Density  » (cm®/s)
Chemical (mg/T)  (ml/gm) A (day') (gm/ml) at 25°C
LNAPL
Benzene 1.750 AE.9 (IRLL1S) .58 0.0061
Toluene H26 182 0011 0.87 0.(M56
Ethylbenzene 169 363 0.003 0.87 0.0068
Xylene 186 2640 {,(H119 0.88 0.0076
(oexylene) (o-xylene)
Vinyl chloride 2,760 18.6: 57 0.00024 0.92 -
DMNAPL
Tetrachloroethylene {Perc, PCE) 200 155; 364  0.00096 1.63 D.0054
Trichloroethylene {TCE) 1,100 126; 166 000042 1.46 000359
Chloroform 7920 30.8: 47 000030 1.49 0.0058
Cis-1. 2dichloroethylene 3,500 35.5: 49  0.00024 1.28 00058
Trans-1 2dichloroethylene 6,300 525,59 0.00024 1.26 0.0052
Chlorobenzene 472 219 380 0.0023 1.11 0.0072

Source: Weast (1987); Maidment (1993); Pankow and Cherry (1996); [PCB (2001).

for the same organic compound are reported in the literanure (Weast 1987; Maidment 1993,
Pankow and Cherry 1996; IPCB 2001). Typical values are given in Table 4-17.

Miscible contaminants may include natrally ocowrring minerals in rock formations,
domestic pollutants contributed by leakage from sepiic systems or sewer lines, various types
of industrial chemicals, and pollutants carried by water infiltrating from agricultural areas.
Industrial chemicals may include volatile or nonvolatle soluble organic compounds (VOCs
or non-VOCs) or soluble inorganic compounds. The ransport of soluble substances in ground-
water involves advection, mechanical dispersion, molecular diffusion, adsorption/desorption,
and decay or biodegradation. The mass conservation equation for the transport of soluble
contaminants in groundwater is

R ad Clat= [}, RO/ a8 + IJ‘J, &1{?,-"6')"’ + [}, e — waClax — A R, C {4-104)
where

I}, = g, u = longinudinal dispersion coefficient (x-direction)
D, = @.u = lateral dispersion coefficient {(y-direcnon)
D, = au = vertical dispersion coefficient (z-direction)

&, &,, &, = longitudinal, lateral, and vertical dispersivities, respectively, of the porous
medim

u = average uniform pore velocity in xdirection = wu,/y
iy = Darcy velocity in x-direction

¢ = porosity
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. = concentration of dissolved substance
I = time
x, ¥ = = Cartesian coordinates, such that the average uniform pore velocity is in x-
direction
R; = retardation factor

A =decay or degradation coeflicient of the chemical

Eq. {4-104) is called the advective-dispersion, convective<dispersion, or hydrodynamic dis-
persion equation and is valid only if v = @ = 0, where v and ware pore velocities in the y-
and rdirections, respectively. Theoretically, for the case with v = w = 0, o, = a, (Bear
19749}, However, in most practical cases, different values of e, and e, are used. Dispersivity
has the dimension of length. The retardation factor is dimensionless and is defined as

Ry=1+{{1 - el/elp,Ki=1+p,Kile {4-105)

where

p, = density of soil grains
gy = dry bulk density of porous medium

K; = distribution coefficient of the chemical

The distribution coefficient is usually defined by the linear equilibrium isotherm, although
other nonlinear isotherms also may be applicable in some cases:

S§=KC (4-106)
where § = mass of the constituent adsorbed per unit mass of soil grains. Typical values of K
for selected inorganic substances (metals) are given in Table 4-18 (Rai and Zachara 1984; Dra-
gun 1988, Significantly different values of K, are reported for the same substances in differ-

ent types of soils and different types of environments. Reported values of K in streams with
suspended solids concentrations of 1,000 mg/1 are also shown in Table 4-18 (USEPA 1985).

Table 4-18. Values of K, for selected inorganic substances {metals)
Ky(ml/gm) in streams with

Substance Kyiml/gm) in saturated soils solids concentrations of 1,000 mg/1
Arsenic 1.9-18({mean 6.7) 3,000

Cadmium 1.2-25(river sediments) 2,000

Copper 2. 243 (kaclinite) &, ()

Lead 4.5-7.640{mean 99.5) S0,000

Selenium 1.2-8.6 (mean 2.7) _—

Mercury 30,000 -224 000 bentonite ) 1,000

Source: Bal and Zachara (1984); USEPA (1985).
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For organic chemicals,
K= fu Ko (4-107)

where

f.. = fraction of organic carbon in soil by weight

K, = organic carbon partiion coefficient of the organic constituent

Typical values of [, in different soils are given in Table 4-19 (Maidment 1993; Pankow
and Cherry 1996). Suggested default values of £, are 0.006 for surface soils and 0.002 (or
subsurface soils (IPCR 2001). However, where possible, field measured values of [, should
be used,

The decay or biodegradation process is defined by

C=Cye™ (4-108)
where
u = concentration at ume, = 0
. = concentration at ume, {
IfC= G2
A=In (2}t (4-109)

where i; = half-life of the constituent.

Organic chemicals are also classified as VOCs and semivolatile organic chemicals
(SVOCs). Chemicals with vapor pressures of less than 1077 mm of mercury volatilize to a
negligible degree in air, while chemicals with vapor pressure of greater than 107 mm of
mercury will volatilize and be present in the atmosphere or soil air {Dragun 1988}, Organic
chemicals with relatively high diffusivity in air (e.g.. greater than abont 0.059 cm®/s) and
high vapor pressure are called volatile organic compounds. Volatile organic chemicals with

Table 4-19. Typical values of organic carbon content in soils

Type of soil S
Silty clay 0,01-0.16
Sandy loam 0,10
Silty loam 0,01 =002
Unstratified silis, sands, gravels 0.001-0.006
Medium wo fine sand 0. (W2
Sand 0.0008-0.1
Sand and gravel 0. (OB 00 75
Coarse gravel 0.1

Source: Maidment (1993); Pankow and Cherry {19046).
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bower cliffusivity and vapor pressure are called semivolatile compounds. Examples of VOUCs
include chloroform, TCE, PCE, trans-1,2dichloreethvlene, cis-1,2dichloroethylene, vinyl
chloride, benzene, toluene, ethyl benzene, and xylene, Examples of SVOCs include ph:n{:l,

hexachloroethane, hexachlorobenzene, and naphthalene.
For steady-state conditions, a commonly used solution of Eq. (4-104) for centerline
{i.e., at ¥ = 0, z = 0) concentrations is

G Cy = exp[ix/ (2 el — V(1 + 44" e/ uw)l] -
erf[ S./14 Vi, x)}] - erf[Sy/14 Ve, x)1] (4-11tka)

where

'y = concentration at the source

{ = centerline concentraton at xat y = z = ()
A= AR,

5. = width of source in y-direction

8¢ = depth of source in z-direction

For Ry, = 1 {i.e., no adsorption), Eq. (4-110a) reduces to the Domenico equation
{(Domenico 1987; ASTM 1995; [PCB 2001). The corresponding non-steady-state solution
for centerline concentrations at time, §, is

G G = (1/2) explix/ (2a )l — vV(1 + 4N a/ w)l] -
erfcfix — un/(1 + 4A e/ )1/ 12V (@ uf))] -
erf S,/ 14V (a,x1)) - erf[ S/ [4Via, 2] {4-110b)

The steady-state concentration at any point (x, y, z) is given by

C/ G = (1/4) exp[lx/ (2a 301 — V(1 + 4X'a,/u))] -
lerfl{y + S./2)/12v(e,x))] — erf[{y — S./2)/ 12V (a2)]]] -
ferfl{z + S/ 2) /12 (a.x)1] — erf[(z — S/2)/12¥ (e, x) 11} (4-110¢)

Finally, the non—steady-state concentration at any point (x, y, z) at time, £, is given by

C/Cy = (1/8) exp[le/ (2a )0l = ¥(1 + 4X'a/u)}] - erfel{x -
w1+ 4 N o/ W)/ (ot )] - lerfl (3 + 5./2)/12V (e, x))] ~
erf[{y ~ S./2)/12V(aa)]] - ferfl(z + 85/2) /D {e.x)]] -
erf{(z = §/2)/12V{a.x)}1) (4-110d)

If the upper surface of the contaminant plume coincides with the water table so that the
plume spreads only in the downward direction, the quantities 5,72 in Eqgs. (4-110a) through
{4-110d) are replaced by §; (Domenico and Robbins 1985). For instance, the solution for
steadystate centerline concentrations becomes

C/ Gy = explix/(2 a1 — V(1 + 44" ay/w)]] * erf[ S/ 14 ¥ (e, 2)1] -
erf[8,/12 Vi, x))] (4-111)
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Commaonly used empirical equations to estimate the longitudinal, lateral, and vertical dis-
persivities are as follows (USEPA 1985):

a, = 01 Lo, = a3 and &, = o, 20 {4-112)

where L = length of flow path.

Computations using Eqs. (4-110a), (4-110b), (4-110c), (4-110d), and (4-111) may be
performed using a spreadsheet or a Fortran program. Approximate analvtical solutions for
steady-state ransports, accounting for no flux across the water able or upper confining
layer and through the bottom confining layer, may be obtained using the method of images
and recognizing that the contnbution of D, in steady-state transport is negligible (Prakash
1982). Similar equations may be used for non—steadystate transports (Prakash 1984}, Com-
putations using these equations require use of a computer program {(e.g., a spreadsheet or

a Fortran program).
Percolation of contaminated water from a source into the underbving saturated porous

medium results in the development of a mixing sone below the source. The source depth, 5,

in Eq. (4-110) is the vertical depth of this mixing zone. If 5, 15 not known from field meas
urements, it can be estimated as the sum of transport distance due to vertical dispersion and

advection (USEPA 1996h):
5= V2 &, L}] + H[1 — expl— (L, 1)/ (u e H) (4-115)
where

L, = length of source in the direction of groundwater flow in the saturated zone (m)
H = saturated thickness of agquifer {m)
I = rate of vertical leakage from the source {m/yr)
¢ = total porosity
u = seepage (pore) velocity of groundwater flow in horizontal direction {m,/yr})
e, = vertical dispersivity of aquifer (m)
Because of mixing with ambient groundwater flow, there is dilution of contaminated warer

leaking from the source within the mixing zone under the source length, L. The dilution
factor, DF, under the source is given by

DF=1+ [{uy HY/(L )] (4-114)

Example 4-19: A leaking underground storage tank {LUST) has a length of 3 m along the
direction of ambient groundwater flow in a shallow aguifer with saturated thickness of 5 m.
The rate of leakage is estimated to be 26 cm/yr. The hydraulic conductivity, groundwater gra-
dient, and porosity of the aquifer are 120 m/yr, 0,005, and 0.30, respectively. Estimate the
thickness of the mixing zone at the downgradient edge ol the LUST and the initial dilution
factor under it Assume o, = 00056 [, (m).
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Solution: For steadystate conditions, using Eq. (4-115), @4/ Qs = 10 2 L0055,/ (1.0 X
0.011) = 5.55. S0, () = 20/3.55 = 5.6 1/5. Allowing a safety factor of 2.0, assume that the sys-
temn may withdraw about 2.5 1/s of TCE.

For non—steady-state conditions, T; = 0,001 X 10 = (.01 me /s o= 0,01 % (0L06)° 7 (4 %
0.01 X 180 x 24 x 3.600) = 5,787 » 107" 75 = 0,001 x 0.011 % 1.0/0.0039 = 0.00282 m*/s;
e = 0,01 % (0.06)2 / (4 % 0.00282 ¥ 180 X 24 x 3.600) = 20518 x 107" W) = 23.0; and
Wu) = 21.7. Therefore, using Eq. (4-116), /(s = (0.01/0.00282). (21.7/23.0) = 3.346,
and = 20,/3.5346 = 5.98 1/s. Allowing a safety factor of 2.0, assume that the system may with-
draw about 3 1/s of TCE.

The thickness of immiscible LNAPLs (ie., free products) measured in a well is greater
than the actual Prm:lul:t thickness in the aquifer. The following 15 a smple, approximate
equation to estimate actual free product thickness (Hampton 1990);

Hylbhy = G (1 = (5) (4-117)
where

Hy = apparent thickness of free product measured in the monitoring well
hr = actual thickness of free product in aquifer

G = specific gravity of free product

Flow and Contaminant Transport through Fraclured Rock

There are several methods to analyze transport of miscible contaminants through fractured
rocks. A relatively complex and sophisticated method is the dual-porosity approach, in
which diflerent hydraulic properties are assigned to the fractures and rock matrix and foot-
prints of the actual or simulated fracture patterns are used (e.g.. Valliappan and Naghadeh
1991; Sudicky and Theren 1999; Sudicky 1988). The second approach uses porous media
equivalents of discontinuous fractures, particularly where density of fractures is high and
distribution of fracture orientations is highly nonuniform (Freeze and Cherry 1979), In this
case, an effective pnrnsity {in the mange of 10°% o lﬂ'!'}l and effective h}rdrdulic conductiv-
ity are assigned to the fractured rock mass and the transport is analyzed using methods
applicable to granular porous media. The third approach estimates one-dimensional flow,
dispersion, and retardason through individual fractures (apertures) and cumulates the re-
sults based on known or assumed fracture density. If there are nfractures (apertures) per unit
width of the rock perpendicular to the direction of flow, then

¢=mna {4-118)
K=pa'g/(12¢) =na®g/(12¥) (4-119)

where a = width of a single aperture and n has the dimension 1/L Although quite un-
commaon, if the fractures can be approximated by # circular apertures of diameter, d, per
unit area of the rock perpendicular wo the direction of flow, then

e=xd n'd (4-120)
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K=gd g/(82w (4-121)

Enowing n, a, or d, ¢ and K can be estimated. Typical values of 4 or 4 are in the range
of 0.00] o 0.005 cm, although smaller or larger values may be found at specific sites.

Example 4-21: Scanning of rock cores at a site indicated that the average fracture width is
approximately 0.0035 cm and there are about two fractures per centimeter width of the rock
perpendicular to the direction of flow. Estimate the equivalent porosity and hydraulic con-
ductivity of the fracured rock. Use » = 0.0131 cm®/s for groundwater.

Solation: Using Eqs. (4-118) and (4-119), ¢ = na = 2 X 0.0035 = 0.007, and K= |2 x
{0.0035)% = 981)/(12 = (.0151) = 535 % 107" cm/s.

Contaminant Transport through Unsaturated (Vadose) and
Saturated Soil Zones

A field situation of interest is to analyze the transport of contaminants from a nearsurface
source to the water ble through the vadose rone, followed by ransport through the satu-
rated zone to a potental receptor. The source may consist of soils of finite depth contami-
nated by leakage from storage tanks for liquid chemicals, seepage from waste management
impoundmenis, or spills of liquid chemicals. The fate and transport of such chemicals is
simulated using numerical groundwater flow and transport models, Often, screening level
analyses are required for site remediation, evaluation of risk-based corrective actions, iden-
tification of potentally responsible partics, and apportiionment of environmental liabilities.

The primary mode of transport of miscible contaminants through the vadose zone is in
the dissolved form with infiltrating minwater. Qther modes of tanspont include diffusion,
volatilization, and degradation. For screening-level analysis of the mansport in dissolved
form, infiltration is gcm%ml]}' appmximatrd by an average annual rate and it is assumed that
advection is predominantly in the vertical direction, contribution of lateral (horizontal) dis-
persivities is negligible, the vadose rone is isotropic and homogeneous, and adsorption is
hinear and at equilibrium level (USEPA 1996L; USEPA 1985; IPCB 2001 ). The contaminant
adsorbed o the soil grains at the source leaches (by desorption) with the infiltrating rain-
water and may also undergo biodegradation with time. As a result, the mass of contaminant
adsorbed 1o the soil grains decreases with time. The contaminant dissolved in the infiltrat-
ing rainwater travels nearly verncally through the partially saturated soil zone up o the water
table. Upon arrival at the water table, it mixes with the ambient groundwater and travels along
the dominant direction of groundwater flow.

With the aforementioned approximations and assumptions, contaminant transport
with advection, dispersion, adsorption, and biodegradation can be described by the follow-
ing (Bear 1979):

R;,aC/ =D C/a* —uwdCioz— A R, C (4-122)
whera

0 = concenration

e

..
Il
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where

Clz ) = concentration at z, at ume, {

A= VA + «*/(4D,R) — v]

B= (z/2)V(Ry/D)
Eq. (4-128) involves products of exponentials and complementary error functions of argu-
ments, which may be real or complex. If the argumenis are complex, the values may be
obtained as described in (Prakash 2000a) or by table look-up of error functions of complex
arguments {Abramowitz and Stegun 1972).

For a finite-time release of contaminants from the source, linear superposition may be
used. Thus,

Cle ) =Pt} 0=st= {4-120)
Ciz & ty) = Plz &) — Pz, 1 — to) exp(—vig), == iy (4-190)

where

& = time at which the source is remediated

Pz, {) is the same as Clz, §) given by Eq. (4-128)

Egs. (4-128), (4-129), and (4-130) give pollutographs of contaminant concentrations
reaching the water mable, as shown in Figure 4-4. These pollutographs constitute the source
for contaminant transport through the saturated zome. For computational convenience,

- )

& = Cortrand BoueTE
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Figure 4-4. Pollutograph reaching water table
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these pollutographs are approximated by successive rectangular pulses of constant concen-
trations and finite duration, At (Figure 4-4).

After entry into the saturated zone, transport of miscible contaminanis to the receptor is
governed by advection, dispersion, adsorption, degradation, and recharge of relatively fresh
rainwater along the transport path. In a majority of field situations, dominant groundwater
gradient is toward the receptor and adveciion can be ireated as one<dimensional. For these
cases, contaminant transport can be analyzed using the MULTIMED model (USEPA 1996b)

or other similar models. For more complex groundwater flow conditions, simulaton of
three-dimensional flow and tansport may be necessay. The MULTIMED model is used to

generate a pollotegraph of contaminant concentrations reaching the receptor due to a fi-
nite-duration {4# and unitconcentration pulse. Using this pollutograph as the kernel func-
tion, C(L, AL §), and the constant concentration pulses as the input function, VAL ), the
pollutographs of contaminant concentrations reaching the receptor due to continuous
or finite-time releases from the source are computed by convolution. Here, L = honzontal
distance of the receptor from the source. The following is a computationally convenient

discretized form of the convolution process (Prakash 2000k ):
QL. =X C[L At t = (i = 1) Ad]. V{A¢, iAn {4-131)

where

Zisfromi=lwn=j

(ML, ) = ordinate of pollutograph reaching the recepor lecatedd al a distance, [ from
the source at ime, f

J linteger) = /4t
i {integer) = Bp/At
A = gelecied nite<time daration for rr{;tangular I'.Il.ll.!'il,'.!'i- and for conmvolution

By = time base of the pollmograph reaching the water table (Figure 4-4)

Gas Phase Transport

The gas phase transport of VOUs from the source o the water table through the vadose zone
may be analyzed assuming that gaseous diffusion is predominantly vertical. If the source is
located from 2 = —a o x = 4, with its center at a distance, a,, below the ground surface (which
is paved and impervious to gascous diffusion} and at &, above the water table {Figure 4-05],
then, using the method of images (Camslaw and Jaeger 1984),

Cx t) = (G/2) [erfi(a— x)/V{4 D 0)] + erfi{a + x)/V(4D, )} +
erfl{a — (x = 2 ay)) V{4 Dy )] + erflia + (x = 2 a))/V{4D, 1)} +
erfl{a —(x + 2 &))/V(4 D, )] + erfl{a + (x+ 2 b)) V(4 D, 0))] (4-132)

where [); = effective gas phase diffusion coefficient of the VOO in the vadose zone. The
effective gas phase diffusion coefficient can be estimated by

Di=1Ihe, T, (4-133)
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CHAPTER

HyprauLiC DESIGNS

Introduction

Water resources engineers are required o develop concepiual and preliminary designs of
hydraulic structures. These designs form the basis for the preparation of detailed designs,
construction plans, drawings, specifications, and cost estimates. Detailed designs may involve
structural designs and geotechnical analysis of various components of the hydraulic struc-
tures. This chapter presents methods to prepare hydraulic designs of structures, which are
commaonly dealt with by a water resources engineer. Such hydraulic structures inchude chan-
nel ransitions, flood and erosion protection measures, drop structures, dams and reservoirs,
5|::i1hva}r5, and h}rdmuliq: COmMponenis of a hj.'-rlmpn-wcr plant.

Channel Transitions

Channel transitions are required to provide contractions or expansions of flow sections
when the channel has to pass through constricted areas (e.g., reaches bounded by flood-
walls or levees, bridge openings, etc.). General rules for the design of channel transitions
for subcritical flow are listed below (USDA 1977):

1. The water surface should be smoothly transitioned 1o meet hydraulic conditions at
the beginning and end of the transition,

2. The edge of the water surface on any one side of the bank should not converge at
an angle greater than 14 degrees with the direction of flow or diverge at an angle
greater than 12.5 degrees. This means the wial channel section should not con-
verge at an angle greater than 28 degrees or diverge at an angle greater than

25 degrees.

3.  Losses through the transition should be minimized. Excluding friction losses, tran-
sition losses should not exceed 0.10 &, through contraction and 0.20 A&, through
expansion, where &, is the velocity head based on average velocity through the
transition,

4.  Asfar as practicable, the bed slopes and side slopes should meet the end conditions
angentially.
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Neglecting Iriction losses, conservation of energy through the tansition gives

ntu+ 0l =nt+tn+ut/(20+ A (5-1a)

o
WS + v’/ (2g) = W8 + u'/ (2 + &, {51b)
where

¥ Yo = water depths
21, 1z = bed elevations
w, ™ = velocites

W5, WS = water surface elevation at the upstream and downstream end of
the transition

g = acceleration due to gravity

ky = losses through transition due to change in streamline patterns

In relatively short transitions, friction losses, which are usually small compared to

losses due to contraction and expansion, can be neglected.
Thus,

WS — W8 = AWS = (w® — o)/ (2g + Iy (5-2a)

Also, by = Clw® — 1))/ (2g) for contraction and & = Clu" — %) /(2g) for ex-

pansion, where C, = 0,15 and C, = .25, For contraction, 1 < v and AWS is posi-
tive or WS, = W5, For expansion, v > o and AWSis neganve or W5, < WS, So,

WS — WS = AWS = 1.15 (® — an!},-"'{Eg} for contraction (5-2h)

WS — U5 = AWS = —0.75 {v" — w") /(2@ for expansion (5-2c¢)

The above-mentioned energy equations alse are applicable o the design of Humed

sections for concrete-lined channels except that sharper transitions may be used.

The angle of convergence on any one side of the lined channel bank should not
exceed 3 degrees, and that of divergence should not exceed 22.5 degrees.

Example 5-1: Design a contraction transition between two channel segments. The upstream
channel is an carthen channel with » = (LOZ5, bed slope of 0.002, side slopes of 2H:1V, and
bottom width of 10 m. The downstream channel is riprap-protecied with n = (L0538, side slopes
of 2H:1V, bed slope of 0.01, and bottom width of 6 m. The design discharge is 12.25 m®/s.

Solution: For the upstream channel, Manning's equuation gives 12.25 = (1/0.025) ({10 y +

2 % 21/10 + 2 (V5) 3|17 (10 y + 2 5¥) V(0.002).
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By trial and error, y = 0.777 m; A, = BU77 m® o= 19476 m: R, = 0.666 m: and V, =
1.3645 m /s,

For the downstream channel, 12,25 = (1,/0.038) [(6 % + 2 97)/06 + 2065) wi]* (6w + 2w
‘l'f(ﬂ.ﬂ'l}. By trial and error, 3 = 0.8165 m; A, = 62323 m*; Py = 9.6515 m; Ry, = 0.6457 m; and
¥ = 1966 m/ s

Thus, AWS = 1.15 [{1.996° — 1.3645%) /(2 x 9.81}] = 0.1244 m. The required change in bed
elevation from section | w section 2 is given by AWS = (3 + ) = (O + %) or (5 — 5) = AWHS
{w = ¥ = 01244 = (0.777 — 0.8]165) = 0.1639 m.

The channel bed at section ? needs o be 0.164 m lower than at section 1.
Top width (upstream) = T; = 10 + 2 X 0.777 = 11.554 m.
Top width (downstream) = Ty = 6 + 2 x 0.8165 = 7.633 m.

Using a convergence of 4:1 or a convergence angle of 14 degrees on one side. the length of
transition = [(11.554 = 7.633) /2] cot 14 degrees = 7.84 m.

A slightdy different method for the design of channel transitions is illustrated in Example 5-2,

—

El!ll”ll 3=2: A trapezoidal channel is to be contracted to a rectangular concrete section to
pass over a creek. The length of the rectangular section is 150 m. Thereafier, the channel has
1o be expanded back to the same trapezoidal section. The design discharge of the channel is
30 m®/s. Channel bed elevation on the downstream side of the transition is 1,000 m, Other
relevant dimensions are as follows: For the trapezoidal channel, B, = 22 m and side slopes are
21V and for the Humed rectangular channel, & = 11 m; contracton transidon is 2.5:1
{contraction angle = 21.8°); and expansion transition is 3:1 {expansion angle = 18.4%). De-
sign the flume so that water depth through the ransition is maintained at 1.7 m. Assume con-
traction and expansion loss coeflicients of (L2 and (1.3, respectively, and Manning's coeflicient
of 0.015 for the concrete channel.

Solution: Referring to Figure 5-1:
Top width atsection 1 = T}, = 22 + 1 ® 1.7 = 254 m = Top width at section 4 = T,
Top width at section 2 = T, = Top width at section 3 = Ty = 11 m.

¥
e - .|-.-J i =

IE

Figure 5-1. Channel contraction and expansion
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Length of contraction from trapezoidal (section 1) to recangular (section 2) = [{25.4 -
11}/2} X 25 = I8 m (Figure 5-1).

Length of expansion transition from rectangular (section 3) to rapezoidal (secuon 4) =
{{25.4 — 11)/2} ¥ 3 = 21.6 m. Neglecting friction loss, balance total energy in the expansion
transition on the downstream side between section dand 3 V, = 30/(22 X 1.7+ 2 x 1L.7%) =
0.695 m/s 5% = 1.7 m and V5 = 30/(11 % 1.7) = L.604 m/5; » = 1.7 m.

b gt W2z + 03 {(ViT = V.0 /2 = 5y + 9 + W1/2

LO0O + 1.7 + 0.605%/(2 x 9.81) + 0.3 {{1.604° - 0.6057) /{2 X 081} = = + L7+ 1.604%/(2
0.81). So, 2, = 909 92544 m.

For the flumed rectangular section, y = y, e = f, and ¥; = V. Using Manning's equation,
estimate [riction loss in the reciangular concrete channel with L = 150 m and Ry, = 11 X
L7/(11 + 2 X L.7) = 1.2986 m.

Friction loss = V! o L/RYY = 1,604 % 0.015% % 150,/(1,2986)%* = 0.06129 m, and friction
slope = 5 = 0.06129,/150 = 0.0{4086, Flow through the rectangular section being uniform,
8 = %= bed slope.

Bed elevation at section 2 = 2, = 99992544 + 006120 = 9949 98673 m.

Balancing energy through the conuaction transition from section 2 1o 1 (neglecting friction
loss within the transition}, & + % + /2 + 0.2 (W = V) gl = 5 + 5 + W/ 2

Dimensions at trapezoidal sections 4 and | are the same. So, 39998673 + 1.7 + 1.604% (2 x
0.81) + 0.2 [(1.604% — 0.695%) /(2 % 981)] = 5 + 1.7 + 0.6055/(2 x 9.81).

5o, 3y = LOGDL 1454 m.

The ransition may start at a bed elevation of 1,000.11 at the upstream end of the expansion
transition, sloping to %99.99 m at the upstream and 999,93 m at the downsueam edge of the
rectangular section, and rising 1o 1,000 m at the downstream end of the contraction.

Flood Control

Commonly used flood control methods include structural and nonstructural measures, Ex-
amples of structural measures of flood control include levees, groins, cutoffs, flood bypasses,
flood proofing, and detention basins. Nonstructural measures include establishment of regu-
latory floodplains, Hood zones, watershed management plans, and flood emergency planning.

Structural Measures
Leves

Lievees are earth embankments constructed m:a:l:.r FanlJII:I tor the course of a stream LW
prevent inundation of large areas on the landward side of stream banks, Principal design
considerations for levees include the follow ng:

*=  Location: Usually distance between levees on the two sides of a river or the distance
of the levee from the centerline of the river depends on the availability of Tand.
If land is available or can be acquired without significant environmenital, socio-
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Floodway analysis may be performed using the channel encroachment methods avail-
able in steady-state water surface profile models (e.g.,, HEG-2; HEC-RAS). Normally, the
width of the floodway is determined wing equal loss of channel conveyance on opposite
sides of the stream. If equal loss of conveyance is not practical or unusual flow patterns exist
(e.g., interbasin flow, divided tlow, etc.), unequal conveyances may be used subject to
acceptance by the community, state and federal agencies, and insuring agency.

Cerins

Groins are dikes extending from the bank of the river to a specified distance, which may
usually be up to the normal waterline. They are constructed to protect the bank against ero-
sion or to control channel meanders. Gromns are more etfective when constructed in series.
They may be oniented perpendicular to the bank or at angles inclined slightly upstream
or downstream. Groins oniented perpendicular to the bank or inclined upstream tend two
deflect the main current away from the bank. Those inclined downstream cause scour closer
to the bank and tend to maintain the deep curent close to the bank. Groins inclined up-
stream are called deflecting or repelling, and those inclined downstream are called attract-
ing groins. Depending on specific site conditions, the angles of inclination to the bank may
vary from 10 to 30 degrees, Solid groins are constructed of earth with riprap protection and
do not permit appreciable flow through them. Permeable groins, constructed of timber
frames filled with brush and tree branches or rock, permit resmicted flow through them.
Tgroms have a cross dike constructed at the riverside ¢end of a normal groin. Usually, a
greater length of the eross dike projects upstream and a smaller portion projects down-
stream of the main groin.

The configurations and designs of groins must be determined with the help of physical
{hydraulic) models,

The length and spacing of groins depend on specific site conditions and objectives of
the river training project. If the river is wide and the course of a major portion of the river
Row is to be repelled toward the opposite bank, the repelling groin has to be fairly long. If
the river bank has a curvature, groins in series may have varving lengths. Commonly used
spacing berween groins 15 2 to 2.5 umes the groin length for convex banks and is equal 1o
the length of groins for concave banks (USAERDC 2003). Groins are usually spaced farther
apart in a wide river than in a narrow one, if the two have nearly the same design discharge.
Also, permeable groins may be spaced farther apar than solid groins.

Usual side slopes of groins are 21 Vio 351 V. Steeper slopes may be used for materials
with higher angle of repose and flatter slopes for materials with smaller angle of repose. The
nose of a straight, attracting or repelling groin may be approximately semicircular in plan.
The section of the groin where the attack ol the current is expected to be strongest must be
well protected. In particular, the head or nose and toe must be armored with rock, concrete
or soil cement blocks, or other erosion protection measures. In the case of repelling groins
in series, the one at the upstream end of the protected river reach may require maximum
protection. In the case of an atracting groin, the upsiream side slope and toe may require
maximum protection. Erosion protection on the side slope and toe may be designed using
the methods described in “Erosion Protection.” The design of a typical groin is illustrated
in Figure 5-2.

ﬁurrﬂ;

When the river meander develops into a horseshoe, there is potential for sudden for-
mation of a straight channel or oxbow lake during high Aoods, This may result in channel
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* Concrete Bulkheads: These are vertical or sloping concrete retaining walls con-
structed to retain soils in steep hanks. In some cases, vertical walls may be provided
near the bank we with sloping concrete, riprap, or vegetatve protection above it

*  OGrade Control: This includes construction of several grade control structures in
series across the channel o reduce energy slope and flow velocities in the channel

reach upstream of each grade control structure.

* Channelization: This includes measures to reduce erosive flow velocities by channel
widening and increasing waterways of bridges.

The type of erosion protection for any particular channel reach should be determined
after economic, h}dl‘:mlit, gromorphologic, and environmental impact analyses (USAERDC
20003) . Care must be taken o ensure that erosion protection in the study reach does not cre-
ate unacceptable adverse flooding or erosion conditions in the upstream or downstream
reaches. Measures such as grade control or those resulting in increased channel roughness
may cause higher flood elevations upstream. Measures that may result in increasing chan-
nel capacity (e.g., channehzation) could cause erosive veloaities and higher flood elevations
in the downstream reach.

Design of Riprap Protection

Design of flexible armors for channel beds and banks and embankment slopes requires
determination of the minimum size of rock to withstand expected erosive forces. In prac-
tice, rock sizes are estimated using several different methods and the design value is selecied

by judgment, within the range of estiimated values. Commonly used methods for riprap
sizing include the following:

1. Maynord's Method (Maynord et al. 1989): In this method. the equation used 1o

cslimale nprap size s

da/ D = SF+ 0.30 [{y/ (3, — v)1™* - Vivig D)2 (5-4)
where
iy = riprap size than which 30% of the riprap material is finer by weight
D = average water depth in channel
5F = factor of safety suggested for this method 1o be 1.2
V = local depth-averaged velocity
g = accelerauon due to gravity
v = unit weight of water

¥, = unit weight of stone taken to be 2,644 kg/m”

For v, = 2,563 and 2,483 kg/m", the computed dy, should be multiplied by 1.06 and
1.14, respectively. The equation is valid for side slopes of 2H:1Vor flatwer. For side
slopes of 1L5H:1V, a multdplying factor of 1.3 for dy, should be used.
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2. U5 Army Corps of Engineers Method | (USACE 1994): In this method, the equa-

tion o estimate dy, of the riprap size is
dy/D, = §F- C,- G, G [ly/ (v, = ** - V(g D, K)** (5-5)
where

= side slope correction factor = [1 — (sin® 8/sin” ) ]"°

= angle of side slope to horizontal

angle of repose for stone
vaurying from 1.1 wl.5
local depth of flow

O S B s =
i

|

stability coefficient = 0.530 for angular stones and 0.375 for rounded
StOnes

£
[

vertical velocity distribution coefficient = 1.0 for straight channels and
up to 1.283 inside channel bends

€y = thickness coeflicient = 1.0 for riprap thickness equal (o dyg,

Four riprap protection on channel bed, K = 1, since & = 0.

UL5. Army Corps of Engineers Method 2 (USACE 1970): This method involves trial
and error to estimate the value of ds; (m), using the equation

0.0122 (v, — 7) dio K = SFy V¥/[92.6 logyp (12.2 D/ dso) ]* (5-6)

in which §F = safery factor, taken to be about 1.5, to account for nonuniformity of
i,

Simons and Sentrk Method (Barfield et al. 1981; Nelson et al. 1986; Simons and
Senturk 1976): This method computes 5F corresponding to a wial value of dy,

using Eqs. (5-7) to (5-11). If the computed 5Fis not acceptable, then the tnal value
of dyy is modified until an acceptable 5Fis obtained.

Toas = Maximum shear stress = 0.76y D 8 (5-7)

1 = 21 T/ [ (3, = ) daal (5-8)

B = arc tan [cos A/1(2 sin 8/9 tan ) + sin A}] (5-4)
p' =g [l +sin (A + §)1/2 {510

SF = cos @ tan ¢/ 7" tan ¢ + sin # cos §] (5-11)

where

5 = channel bed slope

A = angle of sireamlines to horizontal = angle of bed to horizontal
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ASCE Equation (Vanoni 1977):
dey = [6 W/ (x4, )]"*5 (5-12)

Wha = 0.0232 G, VE(G, = 1)* cos® 8] (5-13)

whets

W = weight of stone (kg) of diameter, ds; (m)
{7, = specific gravity of stone

California Department of Transportation Equation (West Consulants 1996):

Wi = 0.0113 G, V5/[(G, — 1) sin® {p — §)] (5-14)
dyy = [6 Wae/ (x 4™ (5-15)
where

W5y = weight of stone (kg) of diameter, dy (m)

V. = 4/3 V, for impinging flow and 2/3 ¥, for tangential flow
V, = average channel velocity (m/s)
g = 70 for randomly placed rubble stone

Several empirical equations for riprap sizing are hased on average channel velocity only
and do not specifically account for side slopes of channel banks. A few commonly used
equations are presented here.

1.

LLS. Bureau of Reclamation Equation {Peterka 1958):
o, = 0.043 V> {5-16)
U.S. Geological Survey Equation (West Consultants 1996):
deg = 0,055 V14 {5-17)
[shash Equation (Maynord et al. 1989; West Consultants 1996):
deg = V'/[2g C° (G, — 1)] (5-18)

in which C = 0.86 for high- and 1.20 for low-turbulence zones.

HEC-11 Method (West Consultants 1996):

iy = duy C; G, (5-19)

din = 0.005943 V'/[K** VD] (5-20)
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Table 5-1. Riprap gradation

Percentage of total weight
Size of stone smaller than given size

2 dy 100

1.7 dsy 85

1.0 dyy )

(.42 dsy 15

.10 dy 0

Source: Barfield e ol (1981).

C= [8F/1.2)'° (5-21)
G = 2.12/[G,—1]'® (5-22)

From considerations of stability, stones of different sizes should be included in the
riprap layer so that smaller picces of siones may occupy voids between relatively larger
p'IEE'-E!. of rock. Different nprap p;l‘aclatim:ls are recommended by different a,Ern::iﬁ for dif-
ferent classes of riprap sizes. An acceptable gradation may include the sizes of stones shown
in Table 51 (Barfield et al. 1981).

The thickness of riprap layer, T, is usually taken to be equal 1o 2 dy; or equal 1o the
largest size of stone in the riprap layer.

Ellll'wh 5-3: Estimate riprap sizes for bank protection of two sandbed channels, A and B.
Relevant hydraulic parameters for the two streams are shown in Table 5-2, Use a factor of
safety of 1.5, where applicable, and assume dy = 1.5 ds,

Solution: The riprap sizes estimated using Eqgs. (5-4) to (5-22) with D, = [, € = 0.86,
and V, = 4/3 V., are shown in Table 53,

The adopted values of riprap sizes for the two streams are selected to be within the range of
values estimated by Egs. (54) to (5-22),

Table 5-2. Hydraulic parameters of channels

Value

Parameter Stream A Stream B
D im) 2075 05
Vim/s) 3.96 3.3

¥, (m/s) 3.05 2.5

8 (degrees) 1.8 1.8

¢ (degrees) L) 40

b {kg..-‘ m"} 2 404 2 404
(s, t4 2.4

5 0000486 0.0 ] 54
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Table 5-3. Estmated riprap sizes

Estimated riprap size, dy, (m)

Method Stream A Stream B
1. Maynord 0.30 0.23
2. U.S. Army Corps of Engineers Method 1 .48 0.37
3. U.S. Army Corps of Engineers Method 2 0.15 0.1%
4. Simons and Senmrk 038" .
5. ASCE .45 (.50
6. USBR .43 0.28
7. USGS .84 0.51
8. Ishash 0,46 0.51
9. Cal, Dept. of Transportation 0. 66 0,44
10. HEC-11 (FRLY 0.074
Adopted value . 4h (.58

*5F = 1.5 for bank slopes for Stream A and 1.3 for Stream B

——
Eunpl. 5«4 Design riprap protection for a groin whose nose is located in a channel seg-
ment where Hoodwater depth is 5 m and current velocity is 2 m /s (Figure 5-2). The side slopes
of the groin are 2.5 H1V. Use g, = 2,400 kg/m?, and angle of repose for riprap = 407,

Solution: Use Eq. (5-5) for riprap sising. Angle of side slope = # = tan™' (1/25) =
218 So, K= [1 - (sin® 21.8/sin* 40)]"* = 0.8162. D, = local depth of flow = 5 m.

Assume a safety factor of 1.5 for flow concentration, Use a stability coefficient of 0.375 for
angular stones; a vertical velocity distribution coeflicient of 1.25 for How near the nose of the
groin; and a thickness coefficient of 1.0, assuming riprap thickness to be equal (o d,,,. Also,
to account for swirling and nonuniform velocity distribution at the nose of the groin, assume
a velocity correction factor of L5, Then, V(max) = 150 % 2.0 = 3 m/s, and dy/ D, = 1.50 x
0.375 % L0 x 1.25 [{1,000/(2,400 — 10000 /" {3.0/v(9.8] = 5.0 x 0.8162)1]*".

S0, dyg = 0.557 m and dsy = 0.357/70.70 = 0.51 m. Use i, = 1.02 m. Design a filter blanket
for the riprap (see the section of this chapter entitled “Design of Filters™), and provide a hor-
izontal apron along the toe of the dike as described in the section of this chapter entitled
“Protection Against Scour at Bank Toe.”

Riprap Sizing for Steep Slopes

In the case of flow along steep slopes (e.g., flow through mountainous channels, min-
ing drainage channels, or ditches along embankments with slopes ranging from 2 1o 207,
How per unit width of the channel and depth of flow s generally low and Aow velocity is
relatively high. An acceptable equation for riprap sizing for such cases is as follows (USACE
1994):

dyy = 1.95 K FO58 4278 18 (5-2%)
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5. Competent Velocity Method {USBR 1984):
d, = O [{V/V) — 1) (5-28)

where V. = competent velocity (m,s) varying from 0.6 to 1.8 m/s for I} = 1.5 m,
065t 20msfor D=30m,0.7to 23 m/s for = 6.0 m, and 0.8 1o 2.6 m/s for
£} = 15 m. Lower values of V. perain to easily erodible bed material and higher
values to erosion-resistant bed material.

fi.  Field Measurements of Scour Method (USBR 1984):

d, = 1.32 (g)"* (5-29)

Example 5-5: Estimate scour depths for streams A and B of Example 5-3. Relevant hvdraulic
parameters are shown in Table 5-4.

Solation: Here, (= 176 V(DLED = 0.56; n = 0.67 for sandbed streams; F, = 0,14 for
sy = (L10 mm; and V. = 0.8 m/s for easily erodible streambeds. Estimated scour depths us-
ing Eqgs. (3-24) 1o {5-29} are shown in Table 5-5.

The adopted values of scour depths for the two streams are selected to be within the range of
values estimated by Eqgs. (5-24) 1o (5-29).

Launching Apron

To protect against sliding of bank riprap into scour holes near the toe, a launching
apron of riprap is laid over the channel bed, extending from the toe of the sloping riprap
toward the center of the channel. The length of the launching apron along the width of the
channel is taken 1o be § X d, where = a muluplying factor varying from 1.5 to 2.0,

As a seour hole develops near the toe of the bank, stones from the launching apron
slide along the side slope of the scour hole, armor the side slope of the scour hole against
erosion, and minimize or prevent further scour. If the side slope of the scour hole is z:]
{horizontal:vertical) and riprap thickness required to armor the side slope of the scour hole
i5 1, then the volume of stone, VS, required per unit length of the protected bank is

We=d- T-ViZ+1) (5-30)

Table 5-4. Parameters for estimation of scowr depths

Value
Parameter Stream A Stream B
0 (m’/s) 35,300 770
d.. (mm) 0.10 0.10
4 (m) 12.0 1.1
gy (m*/s) 82,1 1%.6

g (m*/s) 45.9 0.4
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Table 5-5. Fstimated scour rlrpﬂ'l.-i.

Estimated scour depth below bed (m)

Method Stream A Stream B
1. R::Eim: Seour D:pth 28-17.0 -1.2
2. Neill's Equation 9.1-12.8 2.6-8.7
3. USBR's Modificanon of Lacey's Equation 4,7-23.6 1.5-6.6
4. USBR's Modification of Blench Equation 20_45 8 6.6-1%.8
5. Competent Velocity Method 58.3 19.8
b, Field Measuremenis of Scour Method 38 2.5
Adopted value 18 5

This volume of stone should be available within the launching apron. Thus, the thickness
of stone in the launching apron, T, is given by

To= (TP - + 1) (5-31)

Usmally, z = 2, p= 15 and T, = 1.24 T, where T = nprap thickness along bank slope.
Therefore, T,= 1,85 T.

E’Hﬂh S-b: Using the scour depths for sireams A and B estimated in Example 55 ancd
riprap sizes selected in Example 53, estimate the dimension of launching apron for each case.

Solution: The thickness of riprap along the banks of each siream is taken to be wice
the estimated riprap size and p = 1.5. Thus, for stream A, T= 2 ¥ dyy = 2 X 0.46 = 0.92 m,
and 7= 2 x (.38 = .76 m for stream B.

The dimensions of launching apron estimated using Eqs. (5-30) and (3-31) are shown in

Table 56,

Conceptual Measures to Repel Main Current Away from Bank

In some cases, bank erosion may result due o the tendency of the main current to shift
toward the riverbank, and a component of bank protection measures may be to repel the

Table 5-6. Design parameters for launching apron

Value (m)
Parameter Stream A Stream B
T (.42 (.76
T 1.7 1.4

Length of launching apron 27 7.5
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flow velocities in their vicinity and allow development of vegetation behind them, Al
ter some time, the logs may biodegrade, leaving vegetation protection at the bank toe.

2. Lunkers: A hollow wooden box structure placed at the stream bank toe below the
low water line, with the stream side of the box open for access by aquatic organisms.
The top of the Lunker provides a bench for placement of riprap or fabriform to
hold the Lunker in place. To provide further stability, steel reinforcing bars are
driven through the Lunkers into the underlying soils, and stringers are buried into
the sloping bank on the back side of the Lunker.

3. Root Wad Revetmenis: Grubbed sections of tree trunks and roots placed ar the
bank toe for erosion protection. The rough texture of the root wad retards fow
velocites in the vicinity of the bank we, promotes sedimentation, and allows devel-

opment of vegetation at the oe,

Additional details of specific biotechnical methods of bank and toe protection may be
obtained from individual manufacturers and vendors.

Drop Structures

Drops or grade control structures are provided to negotiate changes in the bed slope of
a channel, w reduce existing channel bed slope, and as control points to limit retrogression
due to potential scour in the downstream reach. There are several types of grade control
structures suitable for different site conditions, as described in the following paragraphs.

Straight Vertical Drop

This drop is designed as a vertical wall with a broad crest and vertical downstream face.
It may be suitable for small canals or drainages with relatively small drops (e.g., 1 to L5 m).
The crest of the drop structure may be treated as a broad-crested weir if the length of the

horizontal portion of the crest (parallel to the direction of flow) is greater than 2.5 H, where
H is the head above crest. Thus,

g= 1.70 H'* (5-32)

Empirical equations to estimate relevant dimensions for straight vertical rlmp.-i are given
below (Chow 1959):

D = drop number = ¢*/g i* (5-33a)
Ly/'h = 4.30 p"¥ (5-33h)

w/ k= 0.54 D {5-58¢)

w/h = 166 DM (5-35d)

Fo= gVigwn” (5-35¢)

where

A = drop between upstream and downstream bed elevations
¥ = water depth at the toe of the falling nappe or beginning of the hvdraulic jump
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¥ = tailwater depth sequent 1o y,

L; = distance from the toe of the drop to the location of y,

The length of the jump on the horizontal floor downstream of the drop may be taken to be
about 6 ¥ or estimated from Table 3-15. Thus,

approximate length of the downstream floor = [, + 6 5 (B-531)

The downstream floor may be located at an elevaton such that the design milwater depth
s greater than y. This may require the floor to be lower than the downstream channel bed.
The thickness and length of the downsiream floor must be checked to be safe against uplift
and exit gradient, [t is good practice to provide cutoff at the end of the horizontal floor that
i about 075 o 1.0 m deep and 0.25 m thick. The depth of cutoff may be increased, if
required, to protect against potential scour or critical exit gradient, as described in the
following section of this chapter, “Drop with Sloping Apron.”

A depressed stilling pool on the downstiream side of the drop siructure has been found
effective for energy dissipation for small vertical drops. Preliminary design dimensions for
such a stilling pool may be estimated by

L,=5Y(H- Hp) (5-33¢)
X=025(H- H)*? {5-33h)
where

= head abaove crest
H; = drop between upstream and downstream water surface elevations

L, = length of depressed floor

X = depth of depressed floor below downstream channe! bed

Sometimes, from environmental considerations, it may be desirable to locate the top of
the crest above the upstream channel bed to create a shallow pool on the upstream side.
For flood control channels, a raised crest may cause high flood clevations on the upsiream
side and may not be desirable,

Doy with Sloping Apron

This drop may be suitable for drops of 1 to 3 m. Commonly used apron slopes vary from
2H:1 Vo 4FE1 V. The structure may be constructed with concrete or rock, In the case of rock
structures, the sizes of stones may be determined using the methods described in the pre-
vious section entitled “Erosion Protection.” The crest may be a broad crest for rock struc-
mires and a broad or sharp crest for concrete structures. For a broad crest, the length of the
horizontal porton of the crest should be greater than 2.5 times the head, ff, above it Fora
sharp crest, the crest length should be less than 2/3 H. The cross section at the crest may
be rectangular or rapezoidal. If necessary, the width of the drop may be smaller than the
width of the channel. However, any contraction in the flow section may result in higher
water surface elevations on the upsiream side. The downstream face is in the form of a slop-
ing apron.
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Compumtional steps to estimate design dimensions for a drop with a trapezoidal sec-
tion and sloping apron are as follows:

Determine design discharge, (J, bed width, 8 and side slopes, z, and estimate crifi-
cal depth, y, at the crest by trial and ervor:

Q= (Vg (By, + 351"/ [B + 2 £3)** (341}

Assume that y, is nearly equal to the average water depth over the sloping apron,
and estimate flow per unit width of crest:

g (average) = Q/[B + 23] {5-84a)
Estimate y at the toe of the slope by trial and error using
H+ Z=y+¢'/(2gn® + (§° #* L)/ () (5-34b)
where

H = head above crest, including velocity of approach head

Z = hetght of crest above toe of slope

n = Manning's coefficient

L = length of slope
If required, further refinements may be made using (y. + %)/2 in place of y, in
Eq. (534b) to compute a modified value of y,.
Estimate V) = Q/[By + 2 »*] and K, = Vi/Vign)l.

Assume the jump is located on the horizontal floor downsiream of the toe of the
slope, and estimate sequent depth % from

»iy = (1/2) V(1 + BE% - 1) (352h)

Set the horizontal floor {(commencing from the toe of the sloping apron) at a depth
greater than y below design tailwater elevation such that the wop of the floor is
below the downstream channel bed.

Obain length of jump on a horizontal floor from Table 515 and adopt the length
of horizontal floor equal to the length of jump. Usually, chute or Door blocks are
not required for small drops of 1 to 2 m. For larger drops, St. Anthony Falls (SAF)
type stilling basins may be used (see the section of this chapter entitled “Stilling
Basins and Energy Dissipation Devices™).

Provide a vertical cutofl at the downstream end of the horizontal floor. Depth of
cutoff below the tailwater elevation, K. may be estimated by

R = 1.95 X 1.887 (g%/f)"* (5-34¢)

For concrete structures founded on pervious soils, check for exit gradient and
uplift pressures on the horizontal floor.
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With known depth of cutoff, d (required for scour protection}, H, and required exit
gradient, Gy, the required foor length, L, can be estimated using Eqgs. (5-35a) to (5-35c). If
the length of the sloping apron plus floor length estimated for energy dissipation is less
than [, the balance may be provided on the upstream side of the crest. Note that there may
be no uplift (see next paragraph) on the Boor length located upstream of the crest requir-
ing anly a nominal floor thickness. Therefore, it may be desirable to provide as much of the
floor length on the upstream side as practicable, provided sufficient impervious Hoor length
is available on the downstream side for energy dissipation.

Water seeping under the structure floor exerts uplift at the bouwom of the impervious
floor equal o the residual hydraulic head at any location. Uplift pressure at any location
may be estimated using Lane's weighted creep approach. A more refined estimate may be
made using Khosla’s design charts (Davis and Sorensen 1970; Zipparro and Hansen 1993).
Lane’s weighted creep length, L, is estimated as the sum of the depth of all vertical faces
(steeper than 45 degrees) along the path of seepage and 1/3 of all horizomal lengths (fla-
ter than 45 degrees) of the impervious floor, The average hydraulic gradient below the
structure floor is estimated by

i=H/L, (5-37)
The weighted creep length for the structure shown in Figure 5-%(a) is given by
L=y +dy+dy+dytdy+dy+ 173 [Ly+ Ly + Ly + Lo+ Ly + L] {5-38)

The residual hydraulic head above the bottom of floor at a point A, located at a distance x
from the downstream end of the floor, is

k= H (x/3 + sum of vertical creep lengths downstream of point A} /L, {539)

Thickness of concrete, d, required o withstand the uplift pressure at this location may be
estimated by

wh=v.d or h= 0 d ar h—=d=0G.d- d or
d=k/G={(h=d)/ (G - 1) (5-40)

where (. = specific weight of concrete, taken 1o be about 2.4, The last expression in Eq. (5
40) may be convenient because the ordinate between the hydraulic gradient line and the
top of the floor (h = d) can be easily estimated. Suggested values of 110 check the adeguacy
of total weighted creep length are 1/3 o0 1/4 for a mixture of sand, gravel, and boulder;
1/5 for coarse sands; and 1/6 w 1/8.5 for medium to fine sands.
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Figure 5-3(a). Weighted creep length
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Figure 5-3(b). Line diagram of drop structure floor

Example 5-7: Design a drop structure with a sloping apron to negotiate a drop of 2 m
between the upstream and downstream bed elevations of a stream that carries a design flood
of 175 m?/s. The channel has a trapezoidal section with a bottom width of 55 m, side slopes
of ZH:1V, and water depth of 2 m. The upstream and downstream bed elevations are 202 and
200 m, respectively. The channel bed material consists of fine sand with duy = 0,50 mm. At the
drop structure, the channel is to be contracted to a bed width of 42 m and side slopes of
ZH:1 V. Assume the apron slope o be 2FE1 V (Figure 5-3(b}).

Solution: Assume there is a broad-crested weir at the contracted section; then, using
Eq. (3-41), 1756 = V(9.81) [42 y, + 2 4*]"* /[42 + 4 3]"% By wrial and error, 3, = 1.19 m. So,
A=42x 119+ 2 L19 % 1.19 = 5281 m®. V, = 175/52.81 = 3.31 m/s; ¢ = 175/(42 +
2 1.19) = 3.94 m*/s. Length of sloping apron = L = 2 v(2? 4+ 1) = 4.472 m. H (above
crest) = 110 + 3.81%/(2 x Q81) = 1.748 m. Crest elevation = 202 4+ 2.0 = 1.748 = 202.252 m or
0.252 m above the upstream channe] bed. Length of broad erest along direction of flow = 2.5 %
L1748 = 437 m.

The botom of the crest wall may be aken o EL 200 m or up 1o the bed of the downstream
channel. Thus, height of crest wall = 202,252 — 2.0 = 2,252 m.

Meglect head loss through channel contraction.

Equating energies upstream and downstream of the crest (with » = 0.014 and y, = water
depth at toe of sloping apron) measured above downstream channel bed, 1.748 + 2352 = g +
3.94°/(2 X 981 %) + (394 % 0.014)7 X 4.472/(L.19*, Or, 4.0 = y + 0.791/(nY +
0.0076. S0, y = 0.474 m: V), = 175/[42 X 0.474 + 2.0 x 0.474%] = 86 m/s; and F, = 8.6/
VIBRL X 0.474) = 4.0,

So, yo/h = (1/2) [V(1 + B X 4.0 — 1] = 5.18 and 5, = 2.45 m.

Set the wp of the horizontal floor at EL 199,30 m [202 {downstream water surface or tailwater
elevation]) — 2.70 (a litlle greater than y)]. This will ensure that adequate tailwater depth is
available for the formation of the jump near the toe of the sloping apron.

Length of jump (assuming it to form on the hordzontal Boor, Table 315} = 5.8 X 245 = 4.2 m.
Provide a 15-m-long horizontal floor.

Lacey’s silt factor = 1.76 vI0.30 = 0.96. S0, B = 1.25 % 1.337 (3.94%/0.96)"* = 422 m. Set bot-
tom elevagon of downstream cutoff ai 202 (talwvater elevason) — 4.22 = 197.78 m or 1.52 m
below the top of horizontal foor.

Depth of cutoff below top of horizontal floor = 4 = 199.30 — 197.78 = 1.52 m. Using (5 =
1/6 in Eq. (5-35a), 1/6 = (2/1.52) [1/lx VAL orA = 631 = [1 ++{l + o’}]/2and a = 116 =
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L/ d. This gives a desimble floor length of 11.6 % 1.52 = 17.6 m. The ntal floor length pro-
vided for the horizonfal jump is greater, so no medification is necessary, As a first estimaie,
assume the thickness of the horizontal floor w be (L8 m so that the depth of cutoff below the
batvom of the horizontal Qoor is 1.52 = 0.80 = 0.72 m.

Horizontal length of seepage path (Figure 5-3(b)) = 437 + 5904 + 7 + 8 = 20.274 m.

Vertical length of secpage path (Figure 5-3(b)) = 1 + (1 — 0.7) + 1552 + (15 - O.8) +
(152 = 0.8) + 1.52 = 5792 m.

Lane's creep length = 5792 + 252743 = 14.2 m. Total head differential = 2 m,

Average hydraulic gradient = 2/14.2 = 0.14. This is acceptable for bed materials consisting
of fine o medium sand.

Residual uplift at 8 m upstream from downsiream end of concrete floor = (8,3 + 1.52 +
0.72) x 0.14 = 0.69 m.

Required concrete thickness (using Eq. (5-40)) = 0,69/1.4 = 0.5 m.

Besidual uplift at 15 m upstream from downstream end of concrete floor = (15/3 + 1.52 +
0.72 + 0.7) X 0.14 = 1.11 m.

Required concrete thickness (using Eq. (540)) = 1.11/1.4 = 0.8 m.

The channel will require contraction and expansion designs (see the section entitled *Chan-
nel Transitions® in this chapter).

El‘.lltl'lﬂh 5-8: Design a 1.25m riprap drop structure with sloping apron in a rapezoidal
channel with a design discharge of 22.65 m*/s. The bed width and side slopes of the channel
are 6.1 m and 3/1V, respectively, and the water depth is 1.52 m. The &y of channel bed
material is 0,18 mm. Assume the apron slope o be 351V

Solutlon: A=61x1082+3x I:I,.’Enﬂ:l2 = 14,2 m!; F=2265%/162 = | 308 m /s
Energy head above upstream channel bed = 1.52 + (1.398)1/{2 x 9.81) = 1.62 m.

Assuming the falling water s to hit the toe of sloping apron with no energy loss with im-
pingement on water in the downstream channel, H (above we) = 1.62 + 1.25 = 2.87 m.

Length of sloping apron = 1.25 x V(% + 1) = 395 m.

As a first trial, assume average water depth between crest and toe of sloping apron to be 1.0'm,
Manning’s n of 0.04 for riprap, and apply conservation of energy equation between the
upstream channel and toe of sloping apron: 2.87 = 395 ® (0047 % V5 /(L0 + V2=
981 or ¥, = 7.077 m/s.

A=2265/7077=182=06.1y + 3y,° Subscript 1 refers io values at the toe before the hvdraulic
jump.

Thus, , = 0.43. Average depth between crest and toe of sloping apron = (1.52 + 0.43)/2 =
1.975 m, which is nearly equal to the assumed value of 1.0 m. 5o, £ = 7077/ (B8]l x 0.43) =
345 w/n = 1/2 [V(1 + 8 % 345°) — 1] = 440; and % = 1.89 m. From Table %15, length
of jump on a horizontal apron = 5.4 X LAY = 10.2 m.



236 WATER ENGINEERING

The riprap apron will provide more friction and energy loss than a smooth horizontal floor.
Provide a 10-m-long horizontal apron. The twop of the horizontal apron may be set at 1.89 -
1.52 = 0,57 m below the downstream channel,

Energy head above upsiream channel bed = H = 1.62 m. [.-Eﬂglh of upsLreanm horizonal
apron =2 H= 3234 m.

Lacey’s silt factor = 1.76 vi0.18 = 0.75. Potential scour depth below downstream channel bed
(see the previous section entitled “Protection Against Scour at Bank Toe”™) = 1.5 X 0473 X
(22.65/0.75)"* = 1.52 = 0,69 m. Provide 0.7-m-deep cutoff at the upstream and downstream
ends of the riprap aprons below the upstream and downstream channel beds.

The size and thickness of riprap may be estimated using methods given previously (see the
section entitled “Design of Riprap Protection™) with values of V) and y, estmated previously.

Usually, riprap would be pervious enough to minimize uplift pressures and piping. If signifi-

rant clogging is expected, then the total length of the nprap apron including cutoffs should
be checked 1o provide safe ereep ratio and exit gradient as in Example 5-7.

Dams and Reservoirs
Planning and Investigations

This section describes preliminary plal:lning aricl in\":.-sl:igau'nnj rctluin:rl fior :'ii'l;irlg and
designs of dams and reservoirs. Depending on the objective, dams and reservoirs may be
classificd as single- or multipurpose and, depending on size, they may be categorized as
minor, medium, or major projects. A single-purpose project is constructed to serve a single
purpose (e.g., water supply, hydropower, recreation, flood control, etc.). A multipurpose
project is designed to accomplish two or more such purposes. Common steps in the plan-
ning and investigation of such projects include the following:

1. ldentdfication of project objectives including approximate magnitudes {e.g., water
supply for a specified community or agricultural area, hyvdropower generation w
meet a specified demand, and flood control for a specified community).

2. Selecuon of dam and reservoir site. This is conducted by a mull;idiﬁcip]lnar_!.f team,
usually composed of a water resources engineer, geologist, geotechnical engineer,
and community leader. Addibonal members may be added depending on specific
circumstances. Generally, more than one site is identilied on topographic maps,
and the preliminary choice s narrowed down alter field visits. The salient items o
be observed mclude:

(a) Suitability of foundatons for an earth, earth and rockfill, or gravity dam

{b) Existence of a relatively narrow valley to avoid unduly large embankments and
inundated areas

{c)  Suitability of reservoir bottom to hold the anticipated volume of water with-
out undue seepage losses

{d} Awailability of construction materials within reasonable hauling distances
{e.g.. embankment Gll materials, rockfill, concrete aggregate)
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(e} Proximity to the service area (e.g., agncultural area and community to be served)
(f) Awvailability of suitable site for spillwayvs

Preliminary sizing and determination of dam type. Preliminary esnmation of the
dam height and length and reservoir capacity may be made using available con-
toured topographic maps of the area. This estimation may be used to reduce the
number of alternavve sites identified in the previous sieps. Suitable type of dam
{e.g., earth, earth and rockfill, and gravity) for each promising site is determined
by a multdisciplinary team using preliminary geological, geotechnical, and eco-
nomic analyses.

Preliminary surveys. Preliminary field surveys are conducted for selected promising
sites. These include preliminary geological surveys to assess the rock and soil con-
ditions for the dam, reservoir, spillway, and borrow areas, and wpographic surveys
tor estimate reservoir capacity with different dam heights, The topographic surveys
include cross sections across the valley covering potential reservoir area. These cross
sections are used to prepare elevation-area and elevation-capacity tables or curves
for the reservoir,

Hydrologic investigations. These include demarcation of the selected sites and
estimation of drainage areas upstream of each location from available topo-
graphic maps of the respective watersheds, Available data on streamflows for the
stream intended to serve as the source of water and rainfall data for precipitation
gauges in its watershed are assembled and data gaps are identified. At this time,
a hydrologic monitoring plan is prepared that includes installation of stream and
precipitation gauges at suitable locations. Available streamflow and precipitation
data for monitoring stations in adjacent watersheds are collected, along with infor-
mation such as the hydraulic characteristics of the respective watersheds, location
and datam of existing stream gauges, and location and altitude of existing precip-
IAL0n gauges,

Hydrologic analyses. These include flood routing computations for several combi-
nations of dam heights and spillway widths.

The reservoir capacity is divided into several segments:

1.

Dead or Inactive Storage: The capacity at the bottom of the reservoir that is
reserved for sediment accumulation during the anticipated life of the project.

Conservation Storage: The storage between the top of the dead storage pool and
normal reservoir water surface elevation. This storage is available for various pro-
ject uses (e.g., water supply and hydropower generation).

Flood Control Storage: The storage between the top of the conservation pool and
maximum permissible water level in the reservoir. This storage is reserved for flood
control. Usually, it is kept unused or empty for most of the time to be utilized for
temporary storage of lloodwater during storm events,

Freeboard or Surplus Storage: The storage available within the freeboard of the
dam, between the top of the flood control pool and top of the dam. This storage is
not used except during abnormal conditions. It is reserved w0 prevent dam over-
topping due to wind wave setup and runup, potential landslide-generated waves,
and extreme flood events larger than the design basis flood.
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Reservoir Sedimentation

Methods to estimate sediment yvield of watersheds and rates of reservoir sedimentation
include:

1. Penodic bathvmetric surveys in the case of an existing reservoir, usually at an inter-
val of 10 yr or less.

2, Periodic measurement of total sediment load inflowing into an existing reservoir
during storm events and snowmelt periods.

3. Estimation of sediment load using the Universal Soil Loss Equation (USLE) and sed-
iment delivery ratio (SDR) for proposed reservoirs or where data are not available,

4. Esumation based on regression equations for different regions.

5. Estimation using data for other reservoirs (e.g.. Chow 1964; USDA 1969).

If data for inflowing discharges and sediment loads for other reservoirs in similar cli-
matic, hydrologic, and geomorphologic regions are available, then a regression equation of
the following form may be developed

QL= i Qj (5-41)
where

(}, = inflowing sediment load (t/day)
@ = discharge (m’/s)

agand b = regrcs-.siuu coeflicents,

The following is a commonly used regression equation for reservoirs in semi-arid climate
(USBR 1987):

Q, = 1,098 A (3-54)
where

, = sediment deposition in reservoir (m®/km?®/yr)
P )

A = watershed arca {km®)

Other empincal equations to estimate the weight of sediment likely to be depogited in a reser-
voir are the Dendy-Bolton equations, shown below as Eqs. (5-42) and (5-43) (USACE 1989):

*  For watersheds with mean annual surface runoff equal to or less than 5 cm,
T = 202,52 R%% [1.537 — 0.26 log A] (5-42}
where

T = sediment load likely 1o be deposited in the reservoir (t/ km®/vr)

R = mean annual surface runoff (cm)
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Table 5-7. Reservoir sedimentation rates

Drainage area Sedimentation rate
Location (km?) (£/km® /yr)
Northeastern United States BO8-57 T6-217
Southeastern United States 2%, 500-11.76 41-TR3
Midwestern United States 11930414 G693
South Central United States 252 5=-59.8 G6-1,335
Morthern Great Plains, United States 1,199-%.6 431,862
Southwestern United States 12.7-282.3 51-857
Morthwestern United States 10.6-481.7 11- 375

Source: Chow { 1964,

*  For watersheds with mean annual surface runoff greater than 5 cm,
I = 686.58 [exp(0.02165 K)] [1.537 — 0.26 log A] (5-43)

Eqs. 542 and 543 are the same as Eqs. 382 and 3-83 except that R is expressed in centimeiers,
Typical rates of sedimentation for reservoirs in humid regions vary from 190 to 714 m*/
km® fora drainage area of 26 km® and 86 1o 333 m’®/km® for a drainage area of 12 950 km®,
The corresponding rates for reservoirs in semi-arid regions vary from 381 to 1,667 m*/km*
and 143 to 476 m*/km®, respectively (Golze 1977).
Sedimentation rates for some reservoirs with high and low rates of deposition per square
kilometer of drainage area are shown in Table 57 (Chow 1964).

EIIII'W"E 5-9: Bathymetric survey of a reservoir indicated a total sediment deposition of
41,000 m®* in 62 yr. Based on particlesize distribution of the sediments in the vicinity of the
reservoir shoreline, it is estimated that the deposited sedimenis may have 41 % of clay, ooon
of silt, and 37% of sand by weight, with initial unit weights of 561, 1,138, and 1,554 kg/m®,
respectively. Other relevant data include:
* Reservoir capacity = 474,821 m*
* Drainage area = 18.8 km*
*  Inflowing annual surface runoff = 4,254 889 m’..-"_','r
Length of watershed = 7,322 m
Average daily streamflow = 51 to 453 1/s
* USLE estimate of soil erosion from the watershed = 5978 t/yr

Regression of the inflowing water and suspended sediment load gives
0, = 14.74 7 {F-44)
where

{0, = suspended sediment load (t/day)
() = average daily sreamflow (m*/s)
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Using the bathymetric data, estimate the rate of sediment deposition in t/vr and rate of sed-
iment that may have entered the reservoir in o/yr. Also, use other empirical methods to esti-
mate the rate of sediment deposition in the reservoir,

Solution:

1. Sediment vield using bathymetric survey data: Initial composite unit weight of sedi-

ments = 561 % 0,41 + 1,138 x 0.22 4+ 1,554 x 0.37 = 1,055.4 kg/m".
Unit weight of sediments after 62 yr of deposition may be estimated using Miller's
equations (LSBR 1987):

K=K+ K pat K (545}
where

K, K, and K, are empirical coefficients with values of (L0, 29, and 135
P Py @and p, are fractions of sand, silt, and clay, respectively
K, = weighted average coefficient for the deposited material

Using the given data, K, = 0.0 + 29 x 0.22 + 135 x 0.41 = 61.73. Then,
We= W + 04343 K, [IT/(T— 1)} In {T) — 1] (5-46)
where
Wy = unit weight {I{E,-’m"} of sediment afier T years of deposition
W, = initial unit weight (kg/m®)

Thus, for T = 62 yr, We = 1,065.4 + 61,73 x 0.4545 [[62/61] In (62} — 1] = 1,141
(kg/m".

Thus, average sedimentation rate for the reservoir = 41,000 x 1,141 /(62 > 1,000) =
756 t/yr. This does not represent the entire sediment entering the reservoir because
the trap efficiency of the reservoir may not be 100%. Trap efficiency is defined as E =
quantity of sediment deposited in reservoir/quantity of sediment entering reservoir.

Trap efficiency of the reservoir may be estimated using Brown’s, Brune’s, and Chur-
chill’s methods (USACE 19840). Brown's equation gives

E=1-[1/{1 + 0.0021 (K C/W}] (5-47)

where

K = a coefficient ranging from 0.046 1o 1.0 with a median value of 0.1
= reservoir capacity = 474,821 m*
W = drainage area = 18.8 km*

This gives E = trap efficiency = (.84,



Horauuc Desscus 241

The USBR has developed wrap efficiency curves based on Brune's and Churchill’'s equa-
tions. Approximaie irap efficiencies for different /1 ratios are shown in Table 58,
where ] = average annual inflow fm®).

C/ Iratio for the reservoir = 474 821 /4,254,889 = 0.11. Therefore, Brune's trap efficiency
= (LB7 and Churchill’s rap efficiency = 0.73. Adopt an average trap efficiency of 0.81.
Sediment load entering the reservoir = 755,/0.8]1 = 932 1/,
. Sediment yield using inflowing sediment load: Assuming bed load transport o be 15%
of suspended load (Simons and Senturk 1992), Eq. (5-44) may be modified to

Qr= 1695 Q™ (548)

where (¢ = total daily sediment load entering the reservoir (t/day).

Q= 1695 % (0.051)"™* = 0.0835 v/ day or 305 /yr and Q7= 16,95 X (0.453)" ™ =
4.123 ¢/day or 1,505 1/yr. Average sediment inflow to reservoir = {30.5 + 1505)/2 =
768 /vr. Assuming E = 0.81, sediment load expected to deposit in the reservoir =
0.B1 X 768 = 622 1/yr.

. Sediment vield based on USLE: In this case,

Sediment deposited in the reservoir = sediment erosion from the watershed
{USLE estimate) X SDR X E (544

in which SDR = sediment delivery ratio, which accounts for sediment deposited in
portions of the watercourse or watershed during the process of transport to the reser-
voir. To estimate the average annual sediment load reaching the reservoir, the USLE

estimate has to be multiplied by the SDR.
Some empirical methods to estimate SDR are given below (USACE 198%; Vanoni 1977):

SDR = 0.30 {4y~ (3-81)
SDR = 0.76 (L) "* {560}
where

A = watershed area = 18.8 km*
L = length of watershed = 7322 m

Egs. (3-81) and (5-50) give SDR = (.17 and 0.10, respectively. In addition to these
empirical equations, generalized charts between SDR and watershed have also been
developed by various agencies (e.g., USACE 1989). For this case, an average value of
about 0,14 is adopeed for STIR.

Thus, annual sediment inflow to the reservoir = 5,978 X (114 = 837 ¢/yr. Using £ =
0.81, sediment load expected o deposit in the reservoir = 837 X 0.81 = 678 v/yr.

. Sediment deposition rate using Dendy-Bolton equation (USACE 1989): Mean annual
surface runoff = K= 4354 889,/(18.8 » 1,000 x 1,000} = 0.226 m or 22.6 cm. 50, using
Eq. (5-43), T = 686.58 [exp(0.02165 x 22.6)] [1.537 — 0.26 X log (18.8)] = 1,350 ¢/
km® yr.

For A = 188 km®, rate of reservoir sedimentation = 1,350 X 18.8 = 25 586 /v,

Assuming a unit weight of deposited sediment of about 1,100 kg/m®, this gives a wotal
deposition (in 62 vr) of (25,386/1.1) * 62 = 1,430,000 m". This is about three thimes
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the reservoir capacity and appears unrealistic. Apparently, this method s not appli-
cable to this site.

5. Sediment deposition rate using USBR equation (USBR 1987): Using Eq. (384),Q, =
1,098 (18.89%) = 543 m’,-“l:m*,-"yr. For A = 18.8/km*, reservoir sedimentation =
543 % 18.8 = 10,209 m*/yr and results in a sediment deposition of 632,958 m in 62 yr,
which is more than the reservoir capacity, Apparently, this method is alse not applica-
ble to this site,

The resulis of these computations suggest that the sedimentation rate for the reservoir is
about 622 w 755 1/yr.

Wind Wave Heights and Erosion Protection Design

Freeboard in reservoirs includes the sum of wind wave setup and wave runup. Wave
setup is the tilting of reservoir water surface caused by wind-induced movement of the sur-
face water toward the shore. Due to this, the reservoir water surface elevation on the lee-
ward or downwind side is higher than the stll water elevation and lower on the windward
or upwind side. Generally, wind wave setup is larger in shallow reservoirs with rough bot-
toms. Wave runup computations also include wave setup components, except in situations
involving complex shore configurations (USACE 1984}, Wave runup is the vertical height
up to which a wave will run up a slope. It is a function of the wave height, wave length, slope
ol the embankment, and permeability and roughness of the surface along which the wave
runs up. The wave height used to estimate freeboard and wave forces on structures is the
significant wave height, M. It is the average of the heights of the one-third highest waves.
Significant wave period is the average period of 10 1o 15 successive prominent waves. It is
approximately the average of all waves whose troughs are below and crests are above the
mean water level, Usually,

H,, = average height of the highest 10% of all waves = 1.27 H, (551}
H, = average height of the highest 1% of all waves = 167 H, (5-52)
H =v(2) - H,, (5-53)

Hens = root mean square wave height = Y[(1/N) E .F-!_',"} {5-54)

Table 5-8. Reservoir rap efficiencies

Brune's Churchill’s
c/r trap efficiency trap efficiency
0.01 0.45 .47
(.10 (.86 0.72
1.0 .98 0.88
1.0 0.98 (.96

Source: USBR (1987).
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where N = number of waves in the record and the summation is from j = 1 o j = N A dom-
inant parameter that affects wind wave characteristics is the length of water surface along
the direction of wind, known as fewch length, F Fetch is subjectively defined as a region in
which the wind speed and direction are reasonably constant. A recommended procedure
for estimating fetch length, F, is to construct nine radials from the point of interest at Sdegree
intervals and extend these radials until they first intersect the shoreline. The central radial
extends up to the farthest point on the opposite shoreline along the dominant wind direc-
tion, Then, four radials are drawn on either side of the central radial starting from the same
point. The length of each radial is measured and arithmetically averaged. If necessary, angu-
lar spacings other than 3 degrees may be used (USACE 1984).
The following are steps for approximating significant wave height (H, or H):

1.
2.

b

Estimate fetch length, F (m).

Estimate design overdand wind speed, ;.4 (m/s), at a height of about 10 m above
ground and design wind duration, f;, tfor the wind ar the site,

Convert overdand wind speed o overwater wind speed, U, (m/s), using empir-
ical adjustment factors indicated in Table 59. If F < 16 km, use U/ Uypa = 1.2

Compute wind stress factor {i.e., adjusted wind speed);
Uy = 0.71 Uy = (5-55)

Assume deep water waves and estimate fetch-hmited wave parameters:

H, = wave height (m) = 5112 ¥ 1074 = U, Fit { 5-hii)
T, = wave period (s) = 6.238 X 1072 (U, F)™* (5-57)
f = wave duration {3} = 32,15 (F*/ L)V {5-58)

if computed tis less than i the wave height and period are fetch-limited and arc
determined by Eqs. (5-56) and (5-57), vespectively. If fis greater than £, the feich-
limited values will not be reached for the given &, In this case, set { = {, compute
limiting fetch, K, using Eq. (5-58), and use this value in Egs. (5-56) and (557) o
estimate wave height and wave period.

Table 5-9. Ratio of over-water to over-land wind speed

Wind speed (m/s) Ussser/ Utana
5 1.45
7.5 1.27
10 1.13
15 1.0
20 {1498
25 .97

Source: USACE {1984).



Hidden page



Hidden page



Hidden page



Hvorauuic Desians 247

that the remaining portion of the dam is not damaged. Because of difficulties in designing
a section, which would fail at the desired reservoir water surface elevation, fuse-plug spill-
ways are not very commaon. When required, they are located on an abutment, on the reser-
voir rim, or at a low spot on the embankment crest. The selected section is designed as a pi-
lot channel, which is overtopped when the reservoir reaches a predetermined elevation,
Rapid erosion is ensured by placing erodible materials in the pilot channel. The dimensions
of the ulimate fuse plug are controlled by providing a sill or nonerodible foundation at the
bottom and nonerodible sides for the pilot channel. Usually, fuse plugs are designed not to
operate for floods with recurrence intervals of less than 100 vr, They are designed as dams
stable for all reservoir conditions except the design flood elevation that should cause it 1o
be overtopped and breached.

Free Overfall (Straight Drop) Spillvay

Straight drop spillways are suitable for drops of less than 6 m. In these spillways, water
drops freely from the spillway crest on a horizontal apron. The discharge over the spillway
may be estimated using sharp- or broad-crested weir equations depending on the length of
the crest parallel o flow. To direct the flow away from the vertical face of the spillway dur-
ing low discharges, an overhanging lip may be provided at the edge of the crest. If sufficient
tailwater depth is available, a hydraulic jump may form on the horizontal apron. For small
drops (less than 6 m or so), the velocity, V), and water depth, y, at the we for a unit dis-
charge, 4, per unit width of the crest may be approximated by

Vi = C,¥(2 g H) {5-6i0a)
n=gq'V {5-60h)
where

C; = 081009
H = head above the crest

Hydraulic jump analysis may be performed vsing the methods described in “Drop Structures.”

Opgee (Coerflow) Spillway

These are spillways where the crest and downstream face conforms to the lower nappe
of the sheet of water falling from a sharp-crested weir. The discharge equation for an ogee
spillway is given in the section of Chapter 3 entitled “Ogee Crest.” The effects of piers and
abutments on the spillway crest may be accounted for by modifving the crest length as

L=L-2(nkK+K)H (5-70)
where

L, = effective crest length
L = al unobstructed crest length

# = number of piers
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Table 5-11. Radii and coordinates of centers of ares forming upstream spillway profile

Coordinates of center
X/H, ¥/H, R/H,
0.0 0.50 0.50
—0.105 0.219 0.20
=0.2418 0,136 .04

Soarrce: USAEWES (1977).¢

Ell-ph 5-11: Develop the profile of an ogee spillway with A = 5 m, 8-m-high upstream
vertical face, and downstream face slope of 0.7V, Use K= 2.0 and n = 1.85 (see Figure 3-2
in Chapter 3).

Soludon: For the downstream face, coordinates of the point where the slope 0.7H1V
begins are given by Eg. (5-71): 1.85 X"%/(2.0 x 5°%) = 1,/0.7. This gives X = (6.06575)"'™ =
8.338 m.

From Eq. (349), ¥ = 5389 /(2 = 5"%) = 6438 m.

The coordinates of selecied poins on the downsiream face above the poing (X = B335, V=
6.438) are estimated by Eq. (349) and are shown in Table 5-13,

Using Table 512, coordinates of points on the upstream profile are shown in Table 5-14.

The profiles estimated by the USBR (1987) and the USAEWES (1977} approaches are slightly
different. The design must be finalized based on hydraulic models.

Table 5-12. Coordinates of points on upstream spillway profile

X/Hy ¥/H,

0 0
=005 (L{M¥25
=0.1 0.0101
=0.15 0023
—0.175 00316
=0.2 (.043
—0.22 (), 0555
=0.24 00714
—0.26 0.0926
=0.276 0.1153
=0.278 0.119
=0.28 .1241
—0.281H (01 3

Source: USAEWES (1877),
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Comdust or Tunnel Spithuways

These are vertical or inclined shafts or horizontal unnels designed 1o flow party full
throughout their length with the exception of drop inlets. For drop inlets, the mnnel may
be designed to ow full for a short length near the drop and partly full thereafier,

Morning Glory or Glory Hole Spalhoay

These spillways consist of a funnelshaped bell mouth inlet in the form of a weir, a ver-
tical shaft, and a closed discharge conduit carrying flows to the downstream channel. Usu-
ally, the crest profile and transiion to the vertical shaft are designed to conform to the

shape of the lower nappe of a jet flowing over a sharpcrested circular weir, The profile of
the crest may be estimated using experimentally developed mbles for the coordinates of
points on the profile (USBR 1987). For lower heads, the discharge is controlled by weir flow
over the crest. For intermediate heads, orifice flow in the tansiion through the vertical
shaft controls. For high heads, pipe flow through the vertical shaft and conduit governs.
The discharge over the crest of a momning glory spillway with a nappe-shaped profile is

given by
Q=C(2x R H" (5-78)
where
= putflow

R o= erest radius

H = head over cresi

' = discharge coefficient given in Table 516 {USBR 1987)
For very low heads, the discharge coefficient may be reduced to about 87% of the value for

the design head.
Transinonal flow through the vertical shaft is given by

Q.==% R} \"[Eg{H, = 0.1 H))] {5-74})

Table 5-16. Di.r..::harg:: cocfficients for morning glory spillway crest

Discharge coefficient, C
0.2 215 2.20 2.21
0.4 1.97 2.04 2,04
0.8 1.96 1.44 1.47
1.2 .94 0.99 1.02
1.6 0.71 0.73 0.76
2.0 0.55 (.60 .61

P = height of crest above upstream bed.
Source; LISBR {1987).
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where
0 = design discharge
g = discharge per unit width of crest
D = throat depth
Ay = throat area
H = available head between reservoir water surface elevation and tilwater elevation

€ = orifice discharge coefficient varving from 0.57 w 0.90 depending on depth of
water and radius of curvature at the throat (Davis and Sorensen 1970; Zipparro
and Hansen 1903)

The maximum discharge is limited by cavitation potential at the throat due 1o subatmos-
phenc pressures, Assuming free vortex flow, the limiting discharge is estimated by

o = RAI0.7 (2 g )} In (R/R) (5-78)
where

R = radius of corvature at crest
R, = radius of carvamre at summit

h = atmospheric pressure in terms of height of water under design conditons at the
sile

0.7 = a cocflicient that provides for limitation on permissible subatmospheric pressure
at the throat

In a siphon spillway, when reservoir water surface elevation nses above the spillway
crest, water spills over the crest (Figure 5-53). The siphonic action starts and the spillway gets

b iy

Figure 5-5. Siphon spillway schematic
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primed (i.e., starts flowing full) only after air trapped in the siphon is ejected. The follow-
ing are some devices that initiate or facilitate priming:

1.

A step in the inner wall of the downstream leg of the siphon 1o deflect water so as
to hit the outer wall, fill the cutler pipe, and seal the lower leg preventing entry of
air from the downstream side

An auxiliary (smaller) siphon provided nearly parallel to and underneath the main
siphon to release a small quantity of water to seal the lower leg

A nearly horizontal or concave outlet to create a water depth ar the exit sufficient
o seal the lower leg

To break the siphonic action at the required clevation, an air vent, consistng of a bent
{downward) pipe, is connected to the siphon. The air vent is located above the siphon hood
{cover) with its inlet slightly below the reservoir water surface elevation and outlet at the sum-
mit. As soon as water rises above the design water surface elevation in the reservoir, the air vent
s sealed and priming can occur. When water level drops below the spillway crest, the air vent
is exposed and air enters the siphon. This breaks the siphonic action. The lip {entrance of the
siphon tube) is submerged below the design reservoir water surface elevation. The siphon our-
let is a diverging duct, usually but not necessarily submerged below the tailwater elevaton.

Preliminary dimensions of a siphon spillway include the following:

L

™

A crest slightly above the design reservoir water surface elevation
A rectangular inlet with area, A {inlet) = 2 to 3 times Ay
Throat width, By & 2 to 3 times D

Radius of curvatare at crest = R = 1.5 Dand radius of corvature at summit = R, =
25D

Area of vent pipe = A45/24

The final design dimensions should be determined by hydraolic model tests,

e
Example 5-14: Determine preliminary dimensions of a siphon spillway with a design dis-
charge of 85 m"/s and head drop of 4.9 m between design reservoir water surface elevation
and taitwater elevation. Use a banery of five siphon spillways. Aumospheric pressure under
design conditions is 9.14 m of water.

Solution: (I (per siphon spillway) = 85/5 = 17 m"/s; H = 49 m; and & = 9.14 m. For

preliminary design, assume By = 2Dand C = 0.6.

From Eq. (577), 0= 17 = 0.6 X 2D % DV(2 x 9.8]1 X 49). 50, D= 12 m B, =2x 12 =
24 m; and Ay = 288 m’,

g= ¥/ Bp=17/2.4 = 7.08 m%/s.
R=16x1l2=18mand R, =25 = 1.2 = 3.0 m.

Using Eq. (5-T8), gine = 1.8 V0.7 {2 X 9.81 X 9.14)) In (3.0/1.8) = 10.3m*/s > 7.08 m*/s.
S0, [} = 1.2 m is acceptable.

A (inlet) = 2.5 Ay = 2.5 X 288 = 7.2 m*.
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Table 5-19. Toc velocities for stepped and unstepped spillways

Toe velocity (m/s)

Spillway discharge
(m’/s) Stepped spillway Unstepped spiltway
1.9 1.6 =16.8
4.6 7.6 =M.7
74 9.1 =326
9.3 11.3 =229
159 12.2 =344

Source: Campbell and Johnson (1984); Sovensen (1983).

where

N = number of steps
£y = ol energy

AE = loss of energy for stepped spillway (i.e., difference beoween £, and resid-
ual energy at toe of stepped spillway)

Yisfromi=ltwi=N-1

a = a— blog (d/h); a =030 - 0.35 (A/1), and &= 0.54 + 0.27 (h/]), where
i = length of siep

Approximate toe velocities with a typical stepped and unstepped spillway are indicated
in Table 519 {Sorensen 1985; Campbell and Johnson 1984).

Preliminary dimensions for stepped spillways for the Upper Stillwater Dam in Uah
(Young 1982) and Monksville Dam in New Jersey {Sorensen 1985) are indicated in Table 5-20.
The dimensions may provide guidance to estimate preliminary dimensions for similar stepped
spillways. The design dimensions must be finalized by model experiments for specific site
conditions.

E,III'I'I# 5-151 Estimate head loss in an ungated 5tr[:||'.h:r|. spillway under nappe flow condi-
tions with & = 0.61 m, { = 048 m, d. = 0.18 m, and M, = 27.4 m.

Salution: Here, &/ = 0L.61/0.48 = 1.27 and d4,/h = 0.18/00.61 = 0.295. Using Eq. (5-79),
AH/ Hyp = 1 = {[0.54 (0.295)"™ + 1.715 (0.295) %] /[1.5 + 27.4/0.18]) = 1 — [(0.386 +
3.356) /(1.5 + 152.22)] = 0.976 or 97.6%.

Latprinth Spillways and Spilliways with Semicircular or Dowble-Sided Entry

These are sigrmag-shaped (or folded) spillwayvs in plan such that a larger crest length is
available within a limited space for spillway location. The total crest length may be three to
five times the available width, and the discharge capacity may be about twice that of the stan-

dard overflow crest located within the same available width. The labyrinth is formed by a
series of walls vertical on the upstream face and sloping on the downsiream face. The slope
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Table 5-20. Preliminary dimensions of stepped spillways

Monksville Dam in
Stillwater Dam, Utah New Jersey
Variahle {(Young 1982) (Sorensen 1985)

Height of spillway {m) 61 27410 36.6
Width of spillway {m) 185 61
Design head above crest (m) 1.07 2.6
Design discharge (m*/s) 2.39 9.8
Downstream slope of spillway face 0.6H:1 v 0.78H1V
Height of steps (m) 0.61 0.61"%
Length of steps (m) 0.37 0.48"
Crest shape Nappe-shaped {curved) up Ogeeshaped

to 6.1 m below crest near crest
Velocity at toe (m,/s) 8-11 0.2
AE/E, (.75 —
Length of stilling basin (m) 7.6 (approx. one-half of —_

conventional stilling basin)

“Spillway slope L3241 Vup to 15.8 m below curved porton.
"Step height = 0.46 m, step length = 0. 36 m and step height = 0.80 m, step length = .24 m within

the ogeeshaped portion near the wop.
Source: Young (1982); Sorensen (1985).

of the downstream fzce may be 1 H:10Vio 1H:16V. These spillways are suitable for siruations
where space available for locating the full length of the spillway is inadequate due o topo-
graphic consiraints or structural elements of existing facilides. Generally, they are used as
ungated service spillways or auxiliary spillways for resenvoirs or as control or diversion weirs
on canals. The hydraulic performance of labyrinth spillways is fairly complex and depends
on crest length per cycle, number of cycles forming the zigzag shape, crest height, angle of
labyrinth with flow, head above crest, crest shape, wall thickness, and apex configuration.
The design must be finalized by hydraulic (physical) modeling.

Preliminary dimensions of a labyrinth spillway may be estimated using empirical equa-
tions based on model experiments {see Figure 567, One set of such equations gives the fol-

A S SRRSO C N P L ok

Figure 5-6. Plan view of four cyeles of labyrinth spillway
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lnwing {Tullis et al. 1995); Wall thickness = ¢ = P/6; inside width at apex = A = fto 21; out-
side width at apex = D= A + 2 ttan (45 — o/2); effective crest length = L = 1.5 (/[
H'* (2 g)]; apron length parallel to flow = length of labyrinth = B = [|L/(2N}] + ttan
(45 — a/2)] cos & + & actual length of side leg = L, = (B — ) /cos o effective length of
side leg = Ly = [, — ftan (45 — a/2); total length of walls = L, = N (2 L, + D + A); dis-
tance between cycles = w = 2L, sin & + A + I); width of labyrinth (normal 1o flow) = W=
N w; length of equivalent linear weir for same flow = 1.5 Q/[C; HY V(2 g]; and ratio of
distance between cycles to crest length = w/F = 3 to 4. Herein, P = height of spillway above
upstream floor; H = total head above crest; total length of crest = N[2 L, + A+ D), N=

number of cycles; W = straight width berween aburments; o = labyrinth angle; and €, =

discharge coefficient for linear (standard) overflow weir varying from about (161 for H/F =

0.1 to 0.76 for H/P = 0.9, Empirical equations to estimate the discharge coefficient €, for
rounded crests are as follows:

* C=049 - 024 (H/P) — 1.20 (H/P* + 217 (H/P* - 1.08 {H/ P for a = 6°
o =049+ 108 (H/P - 527 (H/P? + 6.79 (H/P)* = 288 (H/PY fora = §°
o ;=049 + 106 (H/P — 445 (H/P* + 518 (H/P® — 1.97 (H/PY* for o = 12°
s C,=049 + 1,00 (H/P) = 357 (H/P)? + 382 (H/P)* - 1.38 (H/P)' for o = 15°
« =049+ 132 (H/P — 413 (H/P* + 424 (H/P® — 1.50 (H/PY* for o = 18°

The design dimensions are based on a labyrinth with upstream and downstream horizontal
aprons on the same elevation assuming that the downstream channel has a supercritical slope.

EIII'”I. 5-16: Estimate preliminary dimensions for a labyrinth spillway for a design dis-
charge of 1,558 m*/s; head above crest = 1.975 m: number of cycles = N= 13; crest height =
F= 3.05 m; and angle of side legs = « = B°, This example is taken form Tullis et al. {1995).

Solation: H=197m H/P=06M81=P6=058m; A=095m; =095+ 2 =
0.508 an 41° = 1.8 m; €, = 0.49 + 1.08 (0.648) — 5.27 (0.648)° + 6.79 (0.648)* — 2.83
(0.648)* = 0.3955; L = L5 X 1,538/[0.3255 X 1975 v(2 % 981)] = 5765 m; B =
[{676.5,/(2 x 13)] + 0.508 tan 41%) cos 8* + 0508 = 22090 m; [, = (229 - 0.508) /cos B8° =
2261 m; Ly = 22,601 — 0.508 tan 417 = 2217 m; Ly = 13 [2 X 22.6]1 + 1.B3 + 0.95] = 624 m;
w3 FRG] sin BT 4 095 + B3 =907 m; W= 13 007 = 118 m; w/ P = 007/%5.05 =
2.97; length of linear overflow spillway for same flow (with C, = 0.76) = 1.5 » 1 588/[0,76 x
19759 +/(2 = 0.81)] = 247 m.

Stilling Basins and Energy Dissipation Devices

Siilling basins are devices o dissipate the kinetic energy of water falling at the toe of a spill-
way in order to minimize its scouring potential before it reaches the downstream channel.
Experimental chars are available 1o estimate velocities at the toe of spillways with down-
stream face slopes of 0.6H:1V o 0.8H:LV (Peterka 1978; Chow 1959). Alternatively, toe
velocities may be estimated by

V= Cv[2g(Z- H/?)] (5-82)
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Table 5-21. Length of stilling basins 11 and 111

F L/ys (basin IT) L/y; (basin IIT)
4 3.6 _
4.25 1.78 2.2
6 4 2.48
2] 4.2 2.64
10 4.55 275
12 4.38 2.78
14 4.36 2,78
14.25 432 278
16 -_ 2.75

Source: Peterka (1978).

Elﬂ'lﬂl 3-18: Estimatc preliminary dimensions for USBR stilling basin 11 for a spillway with
£= 40 m (from upstream water surface elevation to existing riverbed); M = 5.4 m; milwater
elevation of 100 m; and spillway discharge coefficient of 2.23,

Solution: g = 2.23 (5.4)!® = 28 m*/s; from Table 313, e velocity = V; = 22 m/s; y, =
28/22 = 1.27Tm; F= [22//(9.8] X 1.27)] = 6.233; and x5 = (1.27/2) V|1l + 8 X 6.235% -
1] = 10.58 m.

To account for some lowering of taitbwater elevation due to scour in the downstream channel,
locate the stilling basin Boor about 12 m below ailwater elevation or at El. 88 m.

From Table 521, L/% = 4.1; L = 43.4 m = length of basin; height of chute blocks = width
of chute blocks = y = 1.27 m; height of dentated sill = 0.2 3 = 2.12 m; width of dentated
sill = spacing = 0.15 3, = 1L.59 m.

If the basin floor elevation (ElL 88 m) is found 1o be significantly below existing riverbed, then
the total drop, Z from the upstream water surface elevation 1o the basin floor may be more
than 40 m, and the velocity, ¥;, estimated from Table 3-13 may be more than 22 m/s. In this
case, the computations may be repeated with the modified value of £ The depth of sheet pile
cutoff and thickness of basin floor may be estimated as described previously.

3. Basin Il is a short stilling basin for canal struchares, small outlet works, and small
spillways, and is reported to be effective for F values above 4.5. It includes chute
blocks, floor blocks, and an end sill. The height, width, and spacing of chute blocks
are equal o 5, except that the height of chute blocks should not be less than 0.2 m.
The height of the baffle blocks, kg, and end sill, &, may be taken from Table 522,
The upstream face of the baffle blocks should be placed at a distance of 0.8 % from
the downstream face of the chute blocks; the downstream face of these blocks
slopes at 151V, the upstream face is vertical; and the cross section is rapezoidal
with the top width along the direction of flow equal w 0.2 times the height The
upstream face of the end sill slopes at 2H:1V, and the downstream face is vertical.
Dietails of the basin are finalized using experimental charts that have been devel-
oped based on hydraulic model teses.
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Table 5-23. Conjugate depths and length of jump on sloping aprons

Apron slope 5H:1V Apron slope 4H:1¥ Apron slope SH:1V

F Yo'W L/ ve YoM Ly ¥e' M L/ys
2 4.8 2.55 5.5 A 6.8 i
4 10 515 12 28 14 —_—
fi 15.6 3.54 18.5 2.95 22 —
5 2] 34 25 3 A0 —_—
10 6.5 3.4 —_ — — —

— imdicanes rest resnilts are not available,
Source: Peterka (1978); Chow {1959).

8.
9,

10,

Basin VIII is used for energy dissipation downstream of hollow jet valves,

Basin [X is suitable for canals or small spillway drops up to a unit discharge of 5.6 m® /s
per meter width of the chute. It includes a chute on a slope of 2551 Vor flatter to
negotiate the drop in channel bed. Staggered blocks are provided on the slope for
energy dissipation. Steps to determine preliminary dimensions of the basin are as

follows:

{a) Provide a short sill at the upstream edge of the slope to create a stilling pool.
The height of the sl may be aboue (.61 m.

(b)  Estimate y, = (g°/0"? where g = Q/B Q = design discharge and B = width

af the chiute,

{c} Provide baffle blocks with height = H = 0.5 ¥, width of blocks = spacing =
1.5 H. Parual blocks with widths equal to 1/3 to 2/3 H should be placed
agrainst one wall in rows 1, 3, 5, 7, ete., and against the other wall in rows 2, 4,
6, 8, etc. The distance between adjacent rows of chute blocks should be 2 H.
Blocks may be placed with therr upstream faces normal to the chute surface
or with vertcal faces,

{d} Riprap protection should be placed at the downstream end of the chute.

Basin X is intended for tunnel spillways but is used for open chutes as well. It con-
sists of a flip bucket at the downstream end of the tunnel, chute, or spillway face.
Stilling basins of this type are known as ski jump, deflector, diffuser, flip, or rajec-
tory buckeis and are applicable to Fvalues varying from 6.8 to 10.3. The inclination
of the bucket ﬂip varies from about 157 to 357 with the hosizontal. The radius of the
bucket should be at least four times the depth of flow in the bucket. The length of
the trajectory of the jet (i.e., horizontal distance from the lip or downstream edge
of the bucket to the point where the jet falls vertically down), X, and the rise of the

jet above the bucket invert may be approximated by

X=V'sin28/p (5-H4a)

r=rise = {Vsin §)2/2 g (5-84b)
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where 8 = angle of lip to the horizontal and V = velocity of jet exiting the bucket,
The end of the bucket lip may have a short horizontal sill or may have an inclined
edge followed by a vertical downstream face, Downstream of the vertical face of the
bucket, a plunge pool is provided o dissipate the energy of the jet exiting the
bucket. When the jet Falls vertically on the riverbed, it creates a scour hole. The ul-
timate scour depth may be approximated by the following (USBR 1987):

D, = | RO7 q*Es q"'-"* (-85}
where

D, = ultimate scour depth below tailwater elevation (m})
H = elevation drop from the reservoir elevation to the tailwater elevation {m)

g = unit discharge m*/s per meter width of chute or bucket

Unless the riverbed is comprised of nonerodible hard rock, a reinforced concrete
plunge pool should be provided to protect against scour. The floor of the plunge
pool may be located at a depth, D, below the tailwater elevation. The length of the
plunge pool may be slightly greater than the length of the jet rajectory, X

Preliminary dimensions for comparative evaluation of alternative stilling basin designs
or preliminary cost estimates may be developed using the information presented in this sec-
tion. Detailed designs for specific conditions must be finalized using published design chars
for individual types of basins and hydraulic model tests.

Eﬂllplﬁ 5-19: Estimare preliminary dimensions of a ski jump bucket type stilling basin and
plunge pool for a spillway with H = 6.1 m; Z = 100 m; and ¢ = 33 m*/s. The design tailwater
elevation is 95 m below the design water surface elevation in the reservoir, which is at EL 1,000 m.
Use § = 25°,

Solution: From Eqs. (5-82) and (5-84a), it may be seen that the velocity at the bottom
af the drop varies approximately as the square root of the net drop and the length of plunge
ponl varies as the square of the velocity. To optimize the dimensions of the plunge pool, sev-
eral wrial computations may be required 1o determine the elevation of the ski jump bucker
For this case, it has been determined that the end sl of the ski jump bucket is located ar 50 m
below the design reservoir water surface elevation or at E1L 910 m. For £= 90 m and H = 6.1 m,
Var 34 m/s (Table 313); y = 33/34 = 0,97 m; and &= 4 X (.97 = 4 m. There are no specibic
guidelines to estimate the length and depth of the bucket. But they can be estimated once the
radius of the bucket and lip angle are determined; for example, length of bucket arc = 2 R
# x/180 and bucket depth = R -~ Rcos 8.

For preliminary estimates, the length, L, bevond the low point of the bucket may be taken o
be about 0,25 1o .60 timmes the radius, For this case, use . = 2 m and depth of bucket between
its end sill and low point = 0.80 m. Provide a 0.61-m-wide horizontal sill at the downsiream
edge of the bucket (see Figure 5-7). These preliminary dimensions must be refined based on
hyvdraulic model tests or test data for similar types of flip buckets.
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Using Eqs. (5-84a) and (5-84b), X = (34° X sin 50°)/9.81 = 90 m, and rise of jet = (34 X
sin 25°3%/(2 % 9.81) = 10.5 m above the end sill or up to EL 920.5 m.

The kinetuc energy with which the jet strikes the riverbed corresponds to a drop from the top
of the jet trajectory to the ailwater elevation (EL %05 m); e, H = 920,56 — 905 = 15.5 m.

Using Eq. (585), D, = 1.897 ¥ 1553 x 33*H = 939

Provide a 95m-long plunge pool at an elevation of about 24 m below design tailwater elevation or
at EL 8381 m. The Hoor slab of the plunge pool must be checked to be safe against uplift pressures.
Depending on site conditions, the length of the plunge may be reduced by selecting a higher
elevation lor the ski jump bucket. Alternatively, ather types of stilling basins may be evahuated.

Hydroelectric Power

Power Plant

A hyvdroelectric power plant has several components:

Tunnel or conduit or power channel: Conveys water from the source {(e.g., a reser-
voir or nver intake} to the forebay or penstocks in the vicinity of the power plant,

Forehay: A short open channel with a relatively small storage capacity 1o absorb
short-term {e.g., hourly or divrnal) Huctuations in flows. It connects the power
channel to an intake, which controls entry of water to the penstocks or turbines. De-
pending on site conditions, a forebay may or may not be necessary.

Intake Structure: Controls the flow of water from the forebay to the penstocks or
turbines. A trash rack is provided just upstream of the intake structure o control
the entrv of debnis and fish into the wrbine.

Penstocks: For medium- or high-head hvdroeleciric Facilites, water from the fore-
bay or power tunnel (if forebay is not provided) is conveved to the turbine entrance
through pressure pipes, usually made of steel. These pressure pipes are called pen-

Figure 5-7. Schematic of ski jump bucket



Hroravuc Desigus 271

stocks. They are laid on steep slopes without sharp bends to minimize losses. The
entrance of the penstocks should be sufficiently submerged to prevent air entry.
For long tunnels, a surge tank is provided between the junction of the unnel and
the penstocks, close to the power plant, 1o protect the tunnel and penstocks against
water hammer pressures in case of sudden stoppage of flow through the turbines.
In some low-head imstallations, where water can be supplied to the turbines through
open flumes, penstocks may not be necessary.

Scroll Case: From the end of the penstocks, water is transitioned to the murbine

through a scroll case, which is spiral in plan. The main purpose of the scroll case is
to maintin nearly uniform velocity at the entrance of the guide vanes {or wicket
gate) at the entrance to the turhines.

Wicket Gate: Water enters the turbine through the wicket gate,

Turbine-Generator: Various types of turhines are available from different manufac-
turers suitable for different site conditions. These are machines used to convert the
potential and kinetic energy of water to useful work. The generator transforms this
energy into electric energy.

Draft Tube: From the turbines, water is discharged downstream through a draft
tbe, The draft tube has a gradually expanding cross-sectional area so that the exit
velocity into the downstream channel is significantly reduced. Usually, the design
of the draft tube is provided by the manufaciurers.

Tailrace: The channel into which water enters from the draft tube. It conveys water
discharged from the power plant to the natural channel on the downstream side.

Depending on the installed capacity, hydroelectric power plants are classified as follows:

ol

Conventional: installed capacity is greater than 15 MW,
Smallscale: installed capacity is between 1 and 15 MW,
Minu: installed capacity is between 100 KW and 1 MW,
Micro: installed capacity is less than 100 KW,

Hydraulic structures related to a hydroelectric facility include intake structure, power

canal, tunnel, penstocks, surge tank, draft tube, and tilrace channel. Guidelines for the design
of these structures are available in various publications (e.g., ASCE 1989; Monsonyi 196%;
USACE 1985; Davis and Sorensen 1970; Zipparro and Hansen 1%93; Creager and Justin 1950).

The installed capacity or hydropower generation potential for a given site is estimated by

where

P= 9800 Hny (5-86)

P = power in kilowans
Q = flow (m®/s)
H = available net head (m)

7 = turbine-generator efficiency, usually in the range of 0.80 1o (.90
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Design vatues of () and H are esumated from the flow duration and head-discharge tables
or curves for the water supply source. To maximize use of available water, a value of {which
is exceeded 10 w 30% of times may be selected o estimate the installed capacity of the
facility. Several values of (and the corresponding A may be examined to estimate the values
that result in optimum installed capacity from water use and economic considerations. For
preliminary planning, optimum installed capacity may be that beyond which relatvely large
increases in ) are required to obtain relatively small increases in P

To estimate the annual hydropower generation potential of a facility, a reservoir and
power plant operaton study has to be conducted using models such as HEC-3 {USACE
1981) and HEC-S (USACE 1982) with sequences of available flows and corresponding heads
for relatively long periods of ime (e.g., 10 1o 50 yr or more). For preliminary estimates, flow
duration and head-discharge tables may be used. For these estimates, the overall water o
wire efficiency should be used, which varies from about 0.70 to (.86 and includes efficien-
cies of the murbine, generator, ransformers, and other equipment. In addition, adjustments
to the efficiency may be made for tailwater fluctuations and unscheduled down time.

Example 5-20: The average annual flow duration and head discharge relationship for a run-
of-river power plant are shown in Table 524. Estimate the installed capacity and annual enengy

generation potential for the facility.

Solution: It may not be advisable to install equipment to operate at flows more than
405 m" /s becanse flows in excess of this are available only for about 11% of the times. The

efficiency of the units will vary with discharge and head according to the characterisics pro-
vided by the manufacturer. For this example, assume a constant overall efficiency of 0.86. The

units are assumed to have an overload factor of 1.15. S0 the generation may be up 1o 1,15 times
the rated installed capacity,

With maximum operating (¢ = 405 m"/s, head (from given head-discharge Table 524) =
3153 m.

From Eq. (5-86), installed capacity = 9.80 X 405 x 31.53 % (L86 = 104,000 KW.

Use four units of 30 MW each capable to generate up to 120 MW with no overload and 138 MW
with an overload facwor of 1.15. Specifications provided by the manufaciurer are used 1o
determine the minimum discharge below which it may not be efficient to operate the turbine
generation unit. For this example, it is assumed that it may not be efficient to operate any one
of these wrbinegenerator units when flows are less than about 116 m*/s. The corresponding
head is 16.3 m. The generated power is about 980 X 116 X 163 X 0.86,/1,000 = 15.9 MW,
or 53% of the installed capacity of a single unit. 1 is assumed that the load can be evenly dis-
tributed on the machines so that a reasonable minimum efficency is maintained on each
operating unit. One, two, three, or four units will be operated depending on available dis-
charge and head at any given time.

Using a plot of the flow duration table () on yaxis and percentage exceedance on x-axis),
divide the flows into several convenient flow intervals and, by interpolation, estimate the mean
of each flow interval, corresponding head, and the percentage of times covered by the flow
interval. For example, the flow interval 20 to 57 m® /s occurs for (90 = 70) = 20% of the times.

The average annual energy generation potential may be estimated by

average annual energy (KWh) = E= 8760 x 9.8 > X (G, & Hn) /100 [ 5-B7)
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where

i represents the number of flow intervals

{); = mean flow in interval i

H; = head corresponding to

y; = overall efficiency corresponding 1o ), and H,

f = the percentage of imes covered by the flow interval
I is over all flow iniervals

Selected Now intervals, percentage of times covered by each flow interval, mean of the flow
interval, and head corresponding to the mean flow are shown in Table 525,

The annual energy generation poteniial of the facility is about 232,246 MWh without overload
factor and 248,337 MWh with overload factor.

Intakes

Various types of intake designs are used in hydroelectric facilities (ASCE 1989). Com-
monly used rypes of intakes include the following:

1. A dry vertical well that containg a hoisting arrangement to control valve openings
in a horizontal inlet located at the bottom of the shaft conveying water from the
reservolir or river to the point of delivery.

Table 5-24. Flow duration and head-discharge table

Q (m*/s) % exceedance Head (m)
0 L0 0
5 99.99 a5

28 o0 9.74

LY} 0 11.06

a6 h4 15.74
115 41 16.17
144 335 19.92
173 29 20,13
202 25 23.32
251 23 23.47
260 19.5 26.25
2859 17.5 26.42
318 15.5 .87
547 13.5 20,08
376 12 31.28
405 11 21.53
454 1005 335
463 10 13.81
492 9.5 35.59
521 9 5092

522 0 36.29
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Table 5-25. Computations of annual energy generation

Energy (MWh)
Flow interval %o time Mean of Head Using With
covered flowinthe  corresponding actual overload
2 Qs by flow interval to mean installed factor
(m*/8)  (m'/s)  inmterval (m*/%) flow (m) capacity of 1.15
0 28 10 14 5.94 0 0
29 57 20 43 10.42 0 0
58 86 16 72 13.48 0 0
87 115 13 101 15.96 0 0
116 144 7.5 130 18.11 15,036 13,036
145 173 4.5 1549 20,03 10,581 10,581
174 202 4 184 21.78 12,002 12,092
2073 231 3 217 23.4 11,247 11,247
232 260 2.5 246 2491 11,510 11,310
261 289 2 275 26.34 10,696 10,696
290 318 ' 304 27.69 12,429 12,429
319 347 2 333 28.98 14,250 14,250
348 476 1.5 362 30.22 12,115 12,115
377 405 1 391 31.41 9.067 9,067
406 434 0.5 420 32.55 5.047 5,047
435 463 (.5 +9 33.66 5,256 5,579
464 1492 0.5 478 34.73 b, 256" 6, 044"
493 521 0.5 07 35.76 5,256" 6.044*
522 9 522 36.29 04,608 108,799*
Total 100 232,246 248,537

*The machines will be able to produce 120 MW with no overload factor and 138 MW with an overload
factor of L.15 during these periods.

2. A solid horizontal pipe intake with a gate or valve at its entrance.,

3. An inclined conduit supported along the face of the dam with ports located at dif-
ferent elevations and connected to a nearly horizontal pipe extending through the
body of the dam.

4. A vertical shaft with a velocity cap on top to prevent vertical influx of water into the in-
take and connected o a nearly horizontal pipe extending through the body of the dam.

5. A vertical shaft where water enters the vertical shaft from its top and also from the
sides through inlet pors locaved at different elevations and the control valve is
lecated at the outlet pipe connected to the vertical shaft. The outlet pipe extends
through the body of the dam. This type of intake is called a wet well intake because
the vertical shaft always contains water.

The hydraulic designs of intakes are based on flow equations described in Chapter 3. It
18 important o avoid vortex formaton at the entrances of power intakes. The minimum sub-
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mergence required to avoid vortex formation at horizontal bell mouth entrances of intakes
is given by
§= ¢ Vd {H-HE)
where
5 = minimum required submergence above the upper lip of the bell mouth (m}
V = velocity through the intake entrance (m,/s)
d = diameter of the intake pipe (m)

¢ = 0.54 for symmetrical and 0.72 for lateral approach flow conditions

For horizontal intakes with a vertical bell mouth inlet,
5= 62 Vvt {5-89)

whers

§ = minimum required submergence above the centerline of the bell mouth {m)

V = intake velocity at the bell mouth
Alternative criteria for submergence at such horizontal intakes are
S/d= 0.7 and F=V/V{gd) =05 (B0}

For vertical intakes,
214 F*" = §/d = FUI¢ (3491}

The head loss through the entrance, exit, bends, and conduit of an intake may be estimated
using the methods described in Chapter 3. Head loss through the trash rack installed at
the entrance of the intake may be estimated by the following (Davis and Sorensen 1970;
LZipparro and Hansen 1993; Chow 1959; ASCE 1989).

by = ky (/8 (VY2 g) sin (509
where

fiy = head loss through the trash rack

kr = a coefficient with a value of 2.42 for wash rack bars with square nose and 1.79 for
round bars

i = thickness of bars (cm)
b = clear spacing between bars (cm)
o = angle of bar inclination o horizontal

V = velocity of approach ahead of trash rack
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An alternative method o estimate head loss through the trash rack is 1o use a head loss
coelficient given by the following (USBR 1987):

ky = 1.45 = 0.45 a,/a, ~ (a,/a)* (5:93)

Then,
b= ke (VE2 0 (5-94)

where

V, = velocity through the open area of the rash rack
a, = net open area through the trash rack

a, = gross area of the trash rack and supports

For practical cases, head loss through the trash rack should be estimated assuming the trash
rack to be 50% clogged.
The contraction loss in pipe flow may be estimated by the following (ASCFE 1989):

hy = k (V2 (5-95)

where ¥ = velocity in the smaller pipe, and typical values of £, for different contraction
ratios are given in Table 5-26.

Typical values of loss coefficients, k, for a 90 degree bend with a radius, R in a pipe of
diameter, d, are indicated in Table 5-27 (USBR 1987).

Example 5-21:  Water levels in a reservoir fluctuate between 300 and 310 m. The dead stor-
age clevation is 295 m. Water is to be supplied 1o a point 200 m away from the dam at ElL
289,70 m. The required water supply discharge from the reservoir is 2.85 m®/s. Estimate the
dimensions of a pipe intake for this case. Use an average friction coefficient of .01.

Solution: The intake could be an inclined pipe laid along the embankment slope or a
vertical tower located near the embankment. For this case, a vertical tower is adopted. To pre-
vent fish from getting sucked inwo the intake shaft, a vertical cylindrical fish screen will be
provided at the entrance, and the velodity of approach toward the screen will be limited o
0.15 m/s. A velocity cap will be provided at the top of the screen so that water enters only
through the height of the screen. The screen bars may occupy approximately 20%: of the gross
area of the screen. However, for design purposes, assume that blockage of the seveen area due
to screen bars, debnis, and fouling is 50%. Thus,

A= (1 —020) A, =080 4, and A, (unclogged) = 0.50 A, = 0.40 A_
To pass the design discharge,
015 x (1 -020) D Hx050=228 or DH=I1510m
where

i3, = diameter of the cylindrical screen cage (m)
H, = height of screen (m)
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Table 5-26. Typical values of contraction coefficients for pipes

A/ Ay k.
0.1 0.563
0.2 0.339
0.4 0.268
0.6 0.164
0.8 0,053

1 1

Ay = crosssectional area of smaller pipe and A; = crosssectional area of larger pipe.

Source: ASCE (1989).

Table 5-27. Typical values of bend loss coefficients for pipes (907 bend)

R/d K,
0.5 0.3
1 023
1.5 018
2 0.13
3 0.1
=4.0 0.08

Source: USBE (1987).

Assume: [, = 5.7 m and H, = 4.1 m. Assume square-cornered entrance for the crcular crest
of the intake pipe at EL 296 m and [} = 3.7 m, which gradually reduces to the pipe diameter,
d. The intake must carry 2,85 m” /s with the lower reservoir elevation of 300 m. Then,

300 — 2897 = [(ky+ &+ G+ fL/Ad+ 1) VY 2+ L HUVY2 0 - (V2 2]

where

k= trash rack loss coefficient = 1.45 — 0,45 X 0.40 — 0,16 = 1.11 (Eq. (5-93))

k= emirance loss coefficient = 0,70

k, = bend loss coefficient for the elbow where the vertical pipe becomes nearly hori-
rontal with a bend radius of twice the pipe diameter or more = (L13

k. = loss coefficient for contraction from the diameter of the bell mouth to the pipe

diameter = 0.25 (USBR 1987)

Vi = velocity through the circular intake entrance = 2.85/(7 X 3.7%/4) = 0.2T m/s

Thus, 108 = [1.11 + 0.7 + 0.13 + (0.01 X 200/d) + 1] V¥/2 g+ 0.25 [Vi/2g- 027/ 2 g =

[294 + 2/d] V*/2 g+ 0.25 V¥/2 ¢ — 0.0009,

Assume a trial d = 1.0 m so that V= 285/ (x ¥ 1.0%/4) = 3.63 m/s. Then, h, = (3.19 + 2.0)

[3.68%/(2 % 9.81)] — 0.0009 = 3485 m.
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Figure 5-8. Simple surge tank

For preliminary estimates for a simple surge tank, ¢ V* may be neglected (ASCE 1989); then,

= (/A VIA, L/ (A @)] sin [VIA g/ (A L)) 1) {5-101)
e = (G A) VA, L/ (A p) {5-102)
T=2xv4 L/(Ag) (5-10%)

where

e = Maximum water surface rise above steady-state level in surge tank

T = time period of water level fluctuations

Example 5-22: Estimate preliminary dimensions of a simple cylindrical surge fank with ciros
lar cross section for a power plant that is supplied water from a reservoir through a 1 000-m-dong,
1.75 diameter concretelined unnel. Steadystate discharge through the wnnel is 6 m®/s. The

average head above the centerline of the conduit from the reservoir w the surge tank is 30 m.
Assume the design condition to be the sudden closure of a valve at the penstock.
Solation: For concretedined nnnel, asume /= 0.015, V= 6/(xr X 1.75%/4) = 2.4945 m /s,

e (L2 gd) = 0015 > 1,000/ (2 X 9.8]1 X 1.75) = 0.437 and z (initial or steady-state value) =
e V= 0437 x 24945* = 272 m.

Crosssectional area of tunnel = A = ¢ X 1,75%/4 = 2,405 m®,

Using Eq. (5-96), minimum area of surge tank = A, = 24056 > 1,000,/(2 > 981 > 0,437 X
30) = 9.85 m?, and minimum required diameter of surge tank = Vi4 % 0.35/7) = 545 m.
From practical considerations, use 4, = 5.6 mand A, = r ® 5.5%/4 = 25,758 m".
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A/A, = (1.75/5.5)% = 0,1012.

I[gnoring friction loss and using Eq. (5-102), z,,,, = (6/23.578) ¥{(5.5/1.75)" = 1,000/(9.81})) =
2.1 m.

Considening friction loss, the maximum surge may be estimated using Eqgs. (5-9%9) and {5-104]
on an Excel spreadsheet (Rouse 1950). The computations are illustrated in Table 5-28. The
steps of compuiations are:

|. Determine time, £, at which computations are made {column (1)}.

2. Determine time step of computations, Af {difference in two consecutive values of {in
column (1)).

3. Set initial values of previously computed ) =, and ¢ V% in columns {3}, (5), and {(6),
and compute initial values in other columns. Note that initial = is negative because
steschv-state water level in surge tank is lower than reservoir water level due 1o losses in
the tunnel.

4. Determine Az (column (4)) using Eq. (5-99).
5. Determine 2 in column (5} (adding Az to z computed in the previous time step).

6. Compute ¢ V* using value of Virom previous time step, making sure that the sign of
this value in column (6) 15 opposite that of the velocity for the previous ime step in
calumn (3); Le.,

eVi= —cabs- (V) -V

where abs - represents absolute value and Vrefers to the previous time step.
7. Compute z = ¢ V* and enter result in column (7).
B. Compute 4V using Eq. (5100} and enter result in column (8).

9. Compute V{new time step) = V{previous time step) + AVand enter result in col-
umn {3) for current tme step.

The estimated maximum surge height above the reservoir water level is 6.21 m at ¢ = 55 5, and
the minimum height below the reservoir level is 4.36 m at ¢ = 159 5. The effect of friction in
the tunnel is to reduce the maximum surge height from z,,,, = 8.1 m to 6.21 m. Use a surge
tank diameter of 5.5 m and a height of 7.25 m above the reservoir water surface level, allow-
ing a freeboard of about 1.0 m.

Draft Tube

The design of the draft tube 15 usually provided by the manufacturer. However, its set-
ting with respect to the turbine and tailrace may have to be checked to ensure that there is
no poiential for cavitation at the junction of the turbine and the draft ube. This is done
ming the ﬁ:l]m-rlng ENETEY l:qual:i:{m {Davis and Sorensen 1970; Zipparro and Hansen 19493):

L+ iy Vi 2g= VY24 FLUV, + W)/2F/
[2g (dy + de) /2] +{(Va— W2 g) + pum (5-104)



Table 5-28. Computations of surge height

(1) (2) (3) (4} (5} (6} (7) (8)
¢ At V Az z cyt £— ¢t AV
i L] 24945 i -2 72 -2. 72 i 0
I i 24020 0. 2524 -2 4676 -2 7102 0.2517 — {1025
2 1 24871 0.2522 ~2.2154 —-271%9 0.4985 —().0049
5 5 2 4506 0.755] —1.4603% -2 7039 1.2430 = {10366
14 5 23326 1.24 =0.2203 = 26243 2 AT -0.1179
| Ei] il 2.1689 1. 1805 G600 -2 3TIR 13578 -0.1687
M0 5 1.96G72 10975 20575 —2 0BA7 41158 —(.2018
h 5 1.7345 05954 R.D520 = 1.64911 4. 74440 - 2327
%0 n 1.4772 08776 29305 —1.%147 52459 -0.257%
a5 5 1.2011 0.7475 4 6TRD =.9556 F.6516 ~{1L.2762
40 5 0.9108 0.6077 A.2857 -{,65%03 54016 ~ (). 2002
45 5 06111 {4604 5.7465 ={), 3625 £, 109] —= 0. 2997
) 5 (1.306:] 300 .055H —-0.1682 6,.2190 —01. 3050
ha B =, (M5 0.154% 6.2107 =] f.2516 = (1. 3066
A 1 =051 5 o | 1 6.2106 1.29E-07 6.2 106 ~ (LOG0
57 1 —0. 1995 — (O B.2044 00017 f. 29027 ={LOGOE
i) ] = {13056 ={LO%T1 61673 LGS . 1607 {1813
65 b — 41, 50466 —{.1556 6.0136 RLS ] R s o —{), 243
5 10 -1.1121 — (L6038 540098 0. 1556 5.254% —(.5154
o) 15 —1.5802 — 1.6RR1 37217 {5404 31813 ~(.4681
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Dissolved Oxygen Content of Power Plant Releases

In some cases, water released from hydroelectric facilities contains low dissolved oxygen
(D0, which is detrimental to fish and other aquatc organisms and reduces the waste assim-
ilative capacity of the downstream channel. Therefore, DO enhancement becomes an impor-
tant environmental consideration. In particular, this occurs at hydroelectric facilities bocated
on stratified reservoirs, Deep reservoirs tend wo stratify, particularly during summer months
when the top laver of water {epilimnion) becomes warmer and less dense due 1o exposure
to sunlight than the bottom layer (hypolimnion}. The processes that use oxygen dissolved in
the reservoir water include respiration of living organisms, decomposition of organic matter,
and chemical reactions between dissolved mauer and resemvoir sediments, These processes
occur in both the epilimnion and hypolimnion. However, the oxygen depleted from the
epilimnion is replenished due to exposure 1o atmosphere and sunlight. But in the isolated
hypolimnion in a stratified reservoir, there is continuous [M) depletion with little replen-
ishment. As a result, water withdrawn from the lower levels of a stratified reservoir has lower
DO concentrations. When this water passes through the low-pressure regions of the wrbine
and draft tube, it releases air and oxygen, resulting in further reduction in DO, Thus, the
water released from the turbine and draft mbe contains low DO.

Methods to enhance DO in waters from hydropower plants include the following:

1. Selective Withdrawal Intakes: These intakes are designed with multiple inlets w simul-
taneously withdrow proportional quantities of water from the epilimnion {(with high
D) and hypolimnion (with low DO}, which are mixed before entering the turbine.

2. Turbine Vl::nu'ng and {_'.nmprl:md MAar Injt:t.'.l:inn in Draft Tube (USAEWES 1983):
In this case, air is aspirated or drawn into the regions of subatmospheric pressure
in the draft tube below the turbine exit. These regions of subatmospheric pressure
may oceur as described in “Draft Tube,” or may be created by design. Vacuum is
created through the installation of baffles or deflector plates near vent holes, which
cause flow separation and localized low-pressure areas near the vent openings.
Vents are often provided on hydroturbines as part of a vacuum breaker system 1o
protect the turbine during rapid shutdown and to reduce vibration and cavitation
dul‘illg norinal operation. Compressed air injection into the draft wbe 5 used
when hydraulic conditions do not permit the use of the aspirating type of mrbine
venting.

3. Reservoir Acration or Destratification: This involves oxygen injection using dif
fusers or by introduction of a diffused air bubble plume in the water column. The
rise of air bubbles from the hypolimnion to the epilimnion tends to destratify the
reservoir and add oxygen to the lower water column,

The design and economics of the DO enhancement devices are based on model exper-
iments, experience at similar installations, and consultation with manufacturers of specific
devices. Care must be taken to ensure that DO enhancement does not result in supersat-
ration of water with gases, which may cause gas-bubble disease in fish. Gas-bubble discase
results when water becomes supersaturated with nitrogen, oxygen, and argon, and the dis-
solved gases come out of solution in the blood of fish. If the intake is located at a great
depth in the reservoir, water may be released to the wilrace, where pressure may be lower
and temperature may be higher. This may create potential for gases coming out of solution,
resulting in gas-bubble disease (ASCE 1989),



284 WATER RESOURCES ENGINEERING

Infiltration into Rock Tunnels

In addinon to evaluaung the size and lining requirements of tunnels, the water resources
engineer has 1o estimate potental infilration through rock minnels so that the contractor
may make appropriate arrangements for groundwater control during the construction and
operation phases. Measured and estimated rates of infiltration through the dolomite forma-
tions encountered in Chicago’s tunnel and reservoir plan (TARP) system varied from 61 1o
1,176 m*/day per kilometer length of tunnel {Dalton and La Russo 1979). In many field sit-
uations, adequate data are not available for the calibration and implementation of sophis-
tcated dual-porosity or fracture flow models to simulate saturated-unsanirated groundwa-
ter flow through various rock formations. Usually, infiltration will occur from the top surface
or overburden to the location of the tunnel through several intermediate rock formatons.
Because of the empirical namre of the esimation procedures, it is advisable to estimate
infiltration rates using several different methods and select the design value by judgment.
Some approximate methods are described here.

Continuum Affroach

This approach involves representation of the joints and fracures in rock formations
overlying the tunnel segment by equivalent homogeneous porous media using hydraulic
conductivities obtained by slug tests or packer tests in different formations. This approach
is a reasonable approximation of the hydraulic characteristics if the spacing of the joints,
bedding planes, and fractures is fairly dense and the hydraolic behavior of the rock masses
is similar to granular porous media (Freeze and Cherry 1979).

In this approach, it is assumed that the hydraulic conductivity of each formaton ob-
tmined from slug and packer tests is the one causing infilration into the tunnel. This means
the estimated average hydraulic conductivity represents the vertical hydraulic conductivity
of the respective formatons. Farther, it is conservatively assumed that the joints, fractures,
or porous media in the overburden and underlying formations are hydraulically connected.

Each formaton may have a different hydraulic conductivity and thickness, An equivalent
vertical hydraulic conductivity for all formations above a tunnel segment is estimated by

K {equivalenﬂ = LH /L(H,/K,) (4-2)
where

K = equivalent vertical hydraulic conductivity for infiloation inte a tunnel segment
{m/day)

H, = thickness of formation n {m)

K, = hydraulic conductivity of formaton » {m/day)

< is over all formations overlying the tunnel segment

The infiltration will be under a unit hydraulic gradient in the vertical direction along
the perimeter of the tunnel. The twnnel will act as a sink at atmospheric pressure, Thus,

there may be some concentration of streamlines in its vicinity. To account for this, a fow
concentration factor of 1.5 may be used. Thus,

O=15XKXixXLxXP (5-105)



where

Q

L = length of innel segment {m)

infiltration rate (m®/day)

i = hydraulic gradient for vertical flow

F = perimeter of unnel cross section {m)

Actually, the major portion of infiloration would occur through the top half of the mnnel.
Eq. (5-105) is approximate because it assumes infiltration to be uniformly distributed on all
sides of the mnnel.

Infiltration through Soil-Filled foints

In some cases, there may be identifiable soilfilled joints in rock formatons. Usually,
most of these joints may be Alled with fine sand, silt, and clay particles tansported from the
surface or overburden with infiltrating rainwater. Based on published data for hydraulic
conductivities, the fill materials may be assigned lower and higher limit hydraulic conduc-
tivities (e.g., 107 and 107* em/'s).

Based on sitespecific dam on distribution of joint sizes, weighted average wadth and
spacings ol rock joints are estimated. The spacings are used o estimate the number of
potential joints in the tunnel segment. The number of joint sets in a nnel segment is

g‘iﬂ:n by
N=[(LNW) + (LNE)] {5-106)
where

Ly = length of tunnel segment (m)
NW = weighted average spacing of one set of joints (m)
NE = weighted average spacing of the orthogonal set of joints {m)
If required, other sets of joints may be added.
since the rock matrix is relatvely tight, infilration through the rock matrix may be
assumed to be negligible and the ot infiltration may be assumed to occur only through
soilfilled joints under saturated conditions. The flow is assumed to be t_'hrnugh vertical slits
filled with clay, silt, and//or sand /gravel; there may be little pressure flow through the bot-

tom of the tunnel sections. The shits are assumed o open along the ceiling and side walls of
the mnnel. Therefore,

O=NX(W+2Tyx bx K¢ (5-107)
where

() = infiltration in the tunnel segment (m®/day)
N = estimated number of wotal joints or fractures in the minnel segment
W o= width of tunnel (m)
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height of tunnel (m)

T
b = weighted average width of a typical joint (m)
K = hydraulic conductivity of fill material (m/day)

¢t = hydraulic gradient for vertical infiltration

Infiltration through Fractures

In some cases, infiltration may be through narrow fractures in the formations. Flow
through a narrow lracture 15 given by the following (Streeter 1971):

:jr=g'|!|'s i/ (129) (5-108)
where

g = flow in m"/s per meter length of the fracture
b
i1 = hyvdraulic gradient

F = gravitational acceleration (m,/s")

plausible width of a water-filled joint (m)

¥ = kinematic viscosity of water {m?/s)

The range of widths of open apertures in rocks used m some previous analvses is (.(80]
to 0.002 cm (Long et al. 1982; Long and Witherspoon 1985; Freeze and Cherry 1974); how-
ever, widths of rock joints may be significantly greater, If field data are not available, then a
relatively high fracture width {e.g., 0.002 cm) may be assumed.

Because of the zsigrag patterns of interconnected fractures, water flowing through inter-
connected fractures follows a wortuous path. Tormosity, 7, is defined as the square of the o
of actual length of low along zigzag low paths in a porous medium to the straight length.
This gives the following approximate hydraulic gradient (Brooks and Corey 1964; Delleur
1999) :

i 1,V(r) (5-109)

Tortuosity may be estimated by laboratory experiments on rock cores. Where no data are
available, an approximate value of + = 5 may be used for preliminary estimates and the
results may be adjusted with appropriate factors of safery.

The length of fractures per square meter area of rock may be estimated from fracoure
mapping. For preliminary estimates in cases where such maps are not available, fracture
maps for other similar formations may be used with appropriate safety factors, Then,

Q=qgl WLy (5-110)

where L, = length of fractures per square meter of rock. If, in addition 1o the ceiling of the
wnnel, fracture openings are anticipated along the side walls as well, then Win Eq. (5-110)
should be changed o W+ 27,
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Table 5-29. Thicknesses and hydraulic conductivities of formations above tunnel bottom

Thickness (m) Hydraulic conductivity (m,/day)

Formation H, K, H, /K,
A 12.2 0006736 1.811.2
B 26.7 0071807 YRR ]
C 7.6 0.056751 133.9
D 18.7 0.038951 351.7
E 11.4 0020482 h56.6
Sum 71.6 —_ 8,225.2

Elﬂ"h S-24: Make a preliminary estimate of infiltration through a twnnel segment for
inclusion in a bid package for tunnel construction. There are five rock formations above the
tunnel, The thicknesses and hydraulic conductivities {obtained by packer tests) of these for-
mations are given in Table 529. Inspection of cores and fracture mapping indicates that there
may be a mix of narrow joints and fractures with average aperiure length of 3 m/m® of rock
surface. The average width of apertures (with narrow fractures and some relatively wide air-
or waterfilled joints) is 0.01 cm. The tunnel segment has a width of 10 m, height of 7 m, and
length of 300 m. Assume t = 5.0 and a kinematic viscosity of water of 1.51 % 107" m*® /s at about
10 C.

Salution: Using the continuum approach, with W= 10 mand T'=Tm, F=2 ¥ (10 +
7) = 34 m.

Using Eq. (42}, equivalent veriical hydraulic conductivity of the formations above the unnel
segment, K = 71.6/3225.2 = 0.0222 m/day.

Using Eq. (5-103), infiltration rate for this tunnel segment, = 1.5 ® 0.0222 X 1.0 X 300 X
34 = 340 m*/day.

Using the fracture flow approach with &= 0.0001 m, r = 5.0, and » = 1.31 X 107" m*/s, W=
10 m, Ly = 300 m, and L, = 3 m.

i=1/V5.0 = 0.447, and g =98] X {(D.0001)* x 0.447 x 105/(12 % 1.31) = 0.00000028 m?/s =
0.0241 m*/day and ) = 0.0241 % 300 X 10 ¥ % = 216.91 m®/day.

The estimated range of infiltration rates into the tunnel segment is about 217 o 340 m”/day.
These estimates must be updated when sitespecific data become available.
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CHAPTER

EconoMIC ANALYSIS

Estimates of Costs and Benefits of Water Resources
Engineering Projects
The following costs are associated with a typical water resources engineenng project:

Land acquisition

Mohilization /demobilization of equipment and labor

| L

Buildings for storage, workshops, and housing

o

Civil structures and other facilities associated with the project {e.g., diversion or
coffer dam, wnnels, intake structures, dam and its appurtenant structures, levees,
erosion protection, canals, wells, and excavation of contaminated soils or other
remediation activities)

Access roads and communication systems
Rehabilimation, relocation, and resettlement of evacuees
Permitting and environmenial compliance, including monitoring

Management during construction

n g ;W

Operation and maintenance during life of the project

The benefits may include primary benefits (e.g., municipal water supply, irrigaton,
electric energy, flood control, environmenial enhancement, and remediated site); second-
ary benefits (e.g.. developments ocourring because of the availability of the water supply,
flood control facilities, electric energy, and environmental enhancement); and tertiary ben-
efits (e.g., development of other businesses, utilities, and industries incidental to project-
related developmenis).

Both costs and benefits may be expressed in angible (dollardenominated) and/or
intangible (non-dollar-denominated) terms. Intangible terms include expression of project-
related impacts as minor, medium, or major and insignificant or significant. In addition,

they may be expressed as number of people or households, trees, archacological feamres,
and acreage (e.g., arcas of fisheries and wildlife habitat) affected by the project.

289



290 WATER RESOURCES ENGINEERING

Benefit-Cost Analysis

Economic analyses of water resources engineering projects involve comparison of costs and
benefits of projecis or alternatives of a project. Costs and benefits are expressed as annual-
ized or capitalized values over the lifetime of the project with appropriate rates of discount
{interest) and price escalation over time. For simplistic comparative evaluation of alerna-
tives, price escalation is usually ignored. The annual costs may include annualized values of
the capital cost, annual operation and maintenance cost, and annual value of liability for dam-
ages and indemnification/insurance costs associated with the construction and operation of
the project. The annual benefits may include monetary values of primary and secondary ben-
efits atributable w the project. The costs of lability and indemnification or insurance may
include annual payments to cover damages to utilities, facilities, or communities attribut-
able to the operation of project facilities (e.g., mallunction of a warning system) or in the
event of potennal failure of project structures {e.g., damages resulting from failure of a
dam}. In additon, these costs may include capital cost to reconstruct or rehabilitate the
structure or provide equivalent benefits for the projected residual life of the project. These
costs are estimated using probabilities of failure, lifetime of the project, discount rate, and
estimated monetary value of failure consequences (ASCE 1988; Prakash 1992a, 1992h).
The capital cost {present<ay cost) may be converted to an equivalent annual cost by

CA= GPi(1 + §"°/[(1 + "= 1] (61
where

CA = equivalent annual cost
P = capital cost (present cost)
1 = discount rate per annum per dollar

n = estimated life of the project

All costs are in present-day dollars
The capital recovery factor, CRF, is the annual value that, after n years, will vield the
equivalent of one dollar invested today. CRFis given by

CRF= i1 + H*[(1+ "= 1] (6-2)
The benefit-cost ratio, B/C, is computed as
B/C ratio = BA/(CA + OM) {6-3)

where

BA = annual benefits

M = annual operation and maintenance cost

Future price escalation in present-day annual costs and benefits may be incorporated by the
following (USACE 1979; Prakash 1992a):

A=CA(+ (1 +9"— (1 + "1/ +a% — IKi — ] (6-4)
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where

A = annual value adjusted for price escalation
CA = estimated annoal value of benefits or costs

§ = rate of price escalation per dollar per year

Usually, rate of price escalation, j, will be less than the discount rate, @
Average annual damage that is protected by a flood control project can be estimated by
the expected value approach:

ED = SD(P) x AP (6-5)
where

ED = gxpected damage
M = damage likely to occur due to a flood of probabihity, P
AP = incremental probability or frequency

2 = from 1 to the total number of incremental probabilities

The steps of computatons are histed below:

®  List renom p{*ﬁm‘l:s, T, for different floods from 1 yr o the upper limit flood {col-
umn (1), Table 61).

Table 6-1. Compumton of expecied damage for a flood control project

(1) (2) (3) (4) (5)
Frequency or Expected
Return incremental Damage, damage
period Probability probability DiP) D(P) % AP
{yrs) (¥ o] (AP {thousand dollars) (thousand dollars)
1.005 0.995 0.005 i 1]
2.000 0.5 0.495 300 148.5
2.500 0.4 0. 1010 400 440
5.333 04 0.100 H(H) 50
000 0.2 0100 550 55
10.000 0.1 0.100 GO0 60
2000000 0.05 0.050 650 32.5
25,000 0.04 0.010 700 7.0
33,333 0.03 0.010 750 7.5
LLIRLLE .02 0LO10 H(M) B.O
JLLIXLEY .01 0.010 #50) 8.5
200,000 0.005 0,005 1,000 5.0
=204} =<0.005 0,005 1,100 5.5

Total 1000 4275




292 WATER RESOURCES ENGINEERING

* Compute cumulative probabhilities for each return period; P = 1/T (column (2),
Table 6-1).

* Compute incremental probahilines between adjacent cumulative probabilities (col-
umn (3), Table 6-1). Note that the sum of all incremental probabilities s 1.0.

*  Estimate damages associated with floods of each retum period (columns (1) and
{4}, Table 6-1).

*  Compuie expected damages associated with each incremental probability, D(P} %
AP {column (5), Table 6-1).

* Estimate total (expected annual) damage as indicated by Eq. (6-1) (column (5).
Table 6-1).

C— mc
Example 6-1: A flood control project involves channelization, levee construction, and erosion
protection. The cost of the project (in preseni-day dollars) is $4.5 million. The discount {inter-
est) rate for the project life of 50 yr s 7%. Estimated flood damages likely 1o be prevented by
the project are shown in column (4} of Table 6-1. The estimated operation and maintenance
cost in present-day dollars is $25,000 per year. Compute the B/C ratio, ignoring price escalation
and also considering price cscalation at 3% per year.

Solution: The damages that would have occurred due 1o floods of different probabili-
ties but would be prevented by the project are shown in columns (2) and (4) of Table 6-1.
The frequency or incremental probability of each flood event or prevented damage is shown
in column (%), Column (8) is the difference of two successive values of Pin column (2). The
expected damage is the product of colamns (3) and (4) and is shown in column (53,

The estimated total annual prevented damage is $427.500. To simplify the analysis, it is
assumied that this average annual benefit is a deterministic (rather than probabilistic) estimate.

Ignonng price escalation, Eq. (6-1) gives CA = 45 X 0,07 (LO7)*/[{1.07™ - 1] = 10° =
$326,060.

Adding annual operation and maintenance cost, total annual cost = CA4 + OM = §326,060 +
£25.000 = 5351 060,

B/ C ratio = 427,500/ 551,068 = 122,

With price escalation, the dollar value of project benefits and operation maintenance costs
would increase. The capital cost has already been incurred. So price escalation may not affect
i annualized value. Using Eq. (64) with j = 0.05, adjusted annual benefit = 427 500
{1.03) x 0.07 x [{LON™ — (LOSY?J/[1(1.07) — 1} (0T —. 03)] = 427500 X 1,588 =
$678,870.

Similarly, adjusted annual operation and maintenance cost = $26,000 x 1,588 = §30,700.
Total annual cost = $39,700 + $326,069 = £365,769.

Adjusted B/C ratio = 678,870/365,769 = 1.86.

Evaluvation of Water Resources Engineering Project Alternatives
The B/C ratio is a reasonable index for comparative evaluation of different project alternatives
or for evaluation of the economic viability of a project. An additional refinement in economic
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analyses of project altermatives where additional capital investment may increase project bene-
fits is 1o evaluate incremental cost and economical benefits of various project altermatives.

hﬂw'll' 6=2: FEvaluate the economic feasibility of six alternatives of a flood contrel project
with incremental costs and benefits indicated in Table 62,

Solution: Based on B/C ratios shown in Table 62, alternative % is the preferred option.
However, if the economic capacity of the project sponsors permits, alternative 4 may provide
an additional annual benefit of $130,000 with addidonal annual cost of $100,000 and may be
worth consideration. This is indicated by an incremental benefit/incremental cost rato of
greater than unity.

A subjective method for comparative evaluation of vanous project alternatives where
bath monetary and intangible benefits and costs are w be considered is a combination of
the delphi and fuzzy set approaches (Prakash 1991). In the delphi approach, a panel of
experts is constituted that comprises a water resources engineer; representatives of the
owner/operator, beneficiaries, and impacted communities of the project; a member of the
regulatory agency; and an environmental scientist. The composiion of the panel may vary
depending on the type of project and relative importance of different evaluation factors.
The panelists participate in several delphi sessions.

In the first session, all factors for comparative evaluation of the project alternatives are
listed, and the impacts associated with each alternative are discussed and identified. Each
panelist independently assigns a weight to each evaluation factor such thar the sum of all
weights is 1.0; that is,

2Wi = 1.0 ( B-65)

where W{i) = fractional weight assigned o evaluation factor i and the summation is over all
evaluation factors, The weights assigned by each panelist along with his or her rationale are
reviewed by the entire panel 1o arrive at a consensus on weights, Based on these discussions,
each panelist is asked to revise his weights. The process is repeated untl a set of agreeable
weighis is determined for all evaluation factors. This resulis in a column vector W{4).

Table 6-2. Computation of incremental costs and benefits

[ncremental
Anmualized Incremenial Anmiialized Incremental beneht/

cost rost benelits benefit B/C incremental

Alternative {dollars) (dollars) {dollars) {dollars) ratio st
| T20, K} 0 50, (M) 0 1.14 Ll

2 25, (W) 3 O] SN, R LR 1.16 1.41
i 310,000 52,000 4200, [K) [ HEEE T 1.35 231
4 4 10K EMM) [LCEREEN S, D 150, 000 1.34 1.20
i B, (104 1 58,0040 R, (M LURET 1.06 0.52
L G710, (4K} 102, D00 GBI, () B (M) 1.01 0.78
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In the second delphi session, each panelist assigns to each alternative a score that cor-
responds to each evaluation factor on a scale of 0 to 10, A score of 10 represents the most
favorable and U the most adverse impact. As in the birst session, the scores of all panelists are
revised hased on mutnal discussions until a set of agreeable scores is obtained for each alter-
native for all evaluation factors. For evaluation factors with quantitative values (e.g., capital
cost, annual benefits, ete.), an arbitrary score of 5.0 is assigned o the median value for all
alternatives, Any increments or decrements with respect 1o the median value are represent-
ed by incremental additions or subtractions to the median score of 5.0, These increments
are also determined in this delphi session.

Based on the information about weights and scores, a fuzzy set evaluation matrix is tab-
ulated. The evaluation factors form the columns and the number of alternatives form the
rows of this table. Each row of the mble {matrix) includes scores assigned to an alternative
with respect 1o each evaluation factor. The weights assigned 1o each evaluvation factor are
included in a column {i.e., as a column vector). The product of the tabular matrix with the
column vecior of weights gives a column vector containing the weighted score of each alter-
naiive. Each entry in a row is multiplied by the corresponding weight in the column vector,
and all the products are added to get the weighted average score for the alternative in that
row. This can be accomplished manually or on a spreadsheet (e.g., Excel). The weighted
scores represent the ranking of each alternative.

e ——————
EIH'IFII 6-3: Nine altematives and eight evaluation Factors have been identified for a water
resources engineering project. The weights and sconng oriteria are determined in several delphi
sessions and are shiown in Tables 63, 64, and 65, Perform a comparative evaluation of the aler-
natives and idenufy the preferred options using the two sets of weights indicated in Table 63,

The failure consequences include the cost of damages o utilities and facilities resulting
from structural fadlures (e.g.. breach in a dam, levee, or water siorage tank). Social impacts
include disruption of communities, relocation of houses, schools, hospitals, and other social
facilities.

Solotion:  The scorng criteria for tangnble evaluation facions determined i the delphi ses-
sions are given in Table 64,
Scoring criteria for constructibility and other intangible factors are included in Table &5,
The resulting scores for each alemative for the eight evaluation Factors are shown in Table 6-6.

The weighted average score for altermative 1 89 X 02+ 35X 02+ 9 X 02 +9 <01 +9 X
006 + T X006 +9%01+9X01=78

Proceeding in the same manner, the weighted average scores of the nine alternatives are
shown in Table 6-7.

In this case, the least costly alternative {alternative 1) is indicated 10 be the preferred option.

If economic benefits of the project are given high weight, as indicated by the alternate weights
in Table 63, then the weighted scores will he as shown in Table 6-8.

In this case, the most expensive alternative toms out to be the preferred option. This demon-
strates that the method takes into account subjective factors that the dedsion maker may have

to consider in selecting the preferved course of action.
e —————————




Table 6-3. Description of aliernatives and weights of evaluation criteria

Annualized (million dollars) Intangibles
Impacts
Failure Water
Al Cost  Benefit consequences  Constructibility Ecological quality Social Other users
1 1.0 1.05 1.1 Easy Almost none  Minimal Almost none  Almost none
2 1.2 1.22 1.6 Easy Moderate Moderate Minimal Minimal
5 1.4 1.35 2.1 Easy Moderate Moderate Minimal Minimal
4 1.6 152 2.6 Moderate Moderawe Minimal Moderate Moderate
5 1.9 L6 31 Moderate Minimal Minimal Moderate Moderae
f 22 1.75 3.5 Difficult Minimal Minimal Muoderate Moderate
7 2.6 2.0 4.0 Difficult Moderate Significant  Significant Significant
8 3.5 2.4 4.6 Very difficult Significant Significant  Significant Significant
9 4.5 30 4.7 Very diflicult Significant Minimal Significant Significant
Wi 0.2 0.2 0.2 0.10 0.05 0.05 0.1 0.1
Al We.  0.05 0.5 0.05 0.08 0.08 0.08 .08 0.08

Al = aliernative; Wi = weight assigned 1o the evaluation factor; Al Wi = alternative weight assigned to the evaluation factor.
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Table &-7. Weighted average scores, Case 1

Alternative Weighted average score

78
6.8
6.5
5.6
5.3
5.2
4.75
4.6
4.85

L= e e R -

Table 6-8. Alternate weighted average scores, Case 2

Alternative Weighted average score

604
344
.59
584
hd
577
5.66
5.95
6.665

= R =L E LR A
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CHAFTER

ENVIRONMENTAL ISSUES AND MONITORING

Introduction

Warter is a natural resource essential for the sustenance of life, 1t is continually depleted and
replenished through the hydrologic evele. However, a large number of competing uses
makes equitable appropriation of water for different uses extremely complex. Development
of water resources for one or a few selected uses impacts its availability for other potential
uses. One type of use deemed as consumptive in one form may be nonconsumptive in the
holistic framework of the hydrologic cycle. For instance, water diverted for irrigation may
be considered consumptive as far as the surface water resources of a reservoir system are
concerned because that water would not be readily available for other uses within a certain
local environment. However, the portion of diverted water that is lost as seepage and reap-
pears as return flow in a different water body may constitute nonconsumptive use in the
sense of an overall water balance in nature. Nonavailability of water of required quantity
and quality for uses other than those for which it is developed under a water resources engi-
neering project resulis in impacts on other environmental fearares.

To ensure optimum and equitable use of the available quantty and quality of water in
a region, it is necessary o evaluate all conceivable beneficial and adverse environmental
impacts of a water resources engineering project. The term “enviromnment” includes both
natural and physical environment and the relationship of people with that environment
{e.g.. land; ground- and surface water regime; air; ecosystem; living organisms; geological
and archaeological features; historic artifacts; cultural, social, economic, and political units;
and environmental values at the site ). Potental redistribution of water resources among dif-
ferent types of past, present, and future uses following the development of a warer resources
engineering project may result in conllicts among competing interests, A viable method 1o
resolve or minimize such conflicts is to prepare an environmental assessment (EA) or envi-
ronmental impact statement (EIS) before decision making. Impact is a change or conse-
quence, which may be positive or negative, that resulis from the project.

In the United States, evaluation of environmental impacs of dams and other water
resources engineering projects is governed by the following:

=  Natonal Enviranmental Policy Act (NEPA) of 1969, as amended {Public Law 91-190,
42 US.C 4321 et seq.)

*  Environmental Quality Improvement Act of 1970, as amended (42 US.C. 4371 e1seq.)
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*  Executive Order 11514, Protecton and Enhancement of Environmental CQuality
{March 5, 197U, as amended by Executive Order 11991, May 24, 1977)

NEPA establishes policy, sets goals, and provides means for implementing the policy
and contains action-forcing provisions o ensure that federal agencies act according to the
letter and spirit of the act. NEPA procedures ensure that environmental information about
the project is available to public oflicials and citizens before decisions are made and before
actions are taken. Accurate scientific analysis, expert agency comments, and public scrutiny
are essential o implementing NEPA. The federal agencies are responsible for the following:

*  Interpreting and administering the pohicies, regulations, and public laws related to
NEPA

*  Implementing procedures 1o make the NEPA process more useful to decision makers
and the public

*  Emphasizing real environmental issues and alternatives

* Integrating the requirements of NEPA with other planning and environmental
review procedures

*  Encouraging and facilitating public involvement in decisions that affect the quality
of the human environment

*  Using the NEPA process to wdentifv and assess reasonable alternatives to P‘l‘ﬂPﬂ.‘H‘.l‘l
actions

*  LUsing all practicable means to restore and enhance the quality of the human envi-
romment and to avoid or minimize any possible adverse effects upon the quality of
the human environment (CFR 40, Part 15081}

The term “environmental impacts” includes all beneficial or adverse impacts or alterations
in the hydrologic regime atributable to the construction, modification, and operation of
the dam, diversion of llow, or implementation of other water resources engineering activi-
ties, Impacts can be structural; nonstructural; ecosystem-relaied; aesthetic; archaeological;
water-, sediment-, and soilrelated; economic {commerce-related); streamflow- and water-
quality—related; geomorphic; sociveconomic; culral; and recreational. EISs have to be
prepared using an interdisciplinary approach that ensures integrated use of the natral and
social sciences and the environmental design ans. In addidon, different states have devel-
oped puidelines or regulations for the preparation of EISs for dams and environmental
permit requirements for other water resources engineering projects in their jurisdictions.
These guidelines or regulations have to be followed concurrent with federal guidelmes.

Similar guidelines or regulations have been established by the World Bank and other
organizations that provide assistance for the construction and operation of water resources
engineering projects. In addition, many countries have developed their own guidelines for
the preparation of an environmental impact report (EIR) or EIS for water resources engi-
neering projects.

In some countries, inclhuding the United States, a system of water rights has been estab-
lished o facilitate the distribubon and wse of ground- and surface water. There are wo
types of water rights: riparian and appropriative. Withdrawal of water from streams is gov-
erned by appropriated or riparian water rights that generally are administered by state agen-
cies. Under riparian rights, the owner of land adjacent to a stream is entitled to reasonable
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and heneficial use of the natral flow of the stream without change in quality or quantity.

The adjacent land is called riparian land. Owners of upstream riparian water rights may not
significantly mcrease or decrease the namral flow w the disadvantage of the downsiream
water r.ighls OWTLET, Appmpri.au:r] water r'LEhtrp estahlish quanl:i.t.ir.-i and pri.nn'li:i for water
withdrawal for beneficial use by each owner of the water right, provided sufficient quan-
ties are available after sansfying the demands of senior water rights. They are based on the
concept of first in tme, first in nght. The water rights may be transferred from one enty
or owner to another. Also, the points of withdrawal may be transferred from one location
to another using appropriate legal and administrative procedures. When available water is
short, the holder of senior water rights may use his or her entire allocation, whereas hold-
ers of junior water rights have to live with the shortage. Water resources engineering proj-
ects, which may jeopardize senior water nghts, are not permitted without proper compen-
sation. Appropriative water rights have been established in most western states of the United
States. In many cases, groundwater is considered inbutary to surface water with which it is
in hydraulic connection.

Environmental Impact Statement
Definition and Format of an EIS

An EIS is a document that describes the impacts on the environment that will result from
implementing a proposed project. It also deseribes impacts of conceivable projects that may
be alternatives to the proposed action, as well as plans to mitigate the impacts. Mitigation
means minimization or elimination of negative impacts. "No acton” also is meated as an
alternative to the proposed project. Once a project plan is submitted to a regulatory agency,
the agency prepares an EA, which evaluates if the proposed project is ikely to have signifi-
cant environmental impacts and whether or not an ELS is needed. If the EA determines that
an EI5 is not needed, the agency issues a finding of no significant impact (FONSI) that briefly
explains why the action will not have significant impacts on the environment. Depending
on the size, setting, sensitivity, and details of the proposed project, it may require an ELS,
may require an EA but not an EIS, or may require neither an EA nor an ELS.
A typical EIS document includes the following components:

1. Cover sheet, which includes the title of the action; its location; EIS designation
(i-e., final or draft); responsible federal agency and cooperating agencies; agency
point of contact, with name, address, and phone number; date that comments on
the EIS are due; and a one-paragraph abstract.

2. Summary (no more than about 15 pages), which includes a narrative summary of
the proposed action and alternatives, conclusion, areas of controversy, and signifi-
cant issues o e resolved.

3. Table of contenis, which lists headings and subheadings, figures, tbles, abbrevia-
tions, and scientific or other symbols used.

4. Sections that describe the following:
*  Purpose of and need for the action.

= Alternatves, including the proposed action and no action, alternatives not Agor-
ously explored, environmental consequences of alternatives in a comparative
form, preferred altermative, and mitigation measures,
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= Description of the affected environment

* Environmental consequences, including direct effects and their significance;
indirect effects and their significance; conflicts with ather federal, state, local, ar
native American iribe plans; energy requirements and conservation potential;
natural or depletable resource requirements and conservation potential;
impacts on historic and cultural resources; and mitigation measures.

List of anthors, including names and qualificatons.

t.  Dhstribution list, which includes identificanon of agencies from which official com-
ment is requested, idemification of officials and organizations from whom com-
ment is solicited, those who requesied copies of the EIS {(although identification of
citizens is not necessaryl, and location of public access copies.

7. Index of environmental wpics.

8. Appendices that contain material prepared in support of the EIS, analysis to sup-
port effects, and analvtic computations relevant 1o the decision.

Content of an EIS

An EIS for a tvpical water resources engineering project provides the following informaton:

Description of the proposed action, in sufficient detail 1o permit accurate assess-
ment of the environmental impacts.

Discussion of probable impacts on the riverine and human environment and means
to mibigare adverse environmental mpacts.

Identification of adverse environmental impacts that cannot be avoided.

Alternatives that might avoid some or all of the adverse environmental impacts,
including cost analvses and environmental impaces of these aliernatives.

Assessment of the cuomulative long-term impacts, including their relatonship to
short-term use of the rverine environment versus the ervironment's long-term
productivity.

Any irreversible or irretrievable commitment of the resources that might result or
that might curtail beneficial use of the riverine environment and water resources.

Discussion, objections, or comments by federal, state, and local agencies, private
organizations, and indinadoals and how they are addressed.

The EIS also documents the following:

Applicable water quality standards and stream segment classification
Proposed,/ committed minimum flow releases

Measures to protect and improve water quality

Impacts on water quality

!Tl'lp-.;-l[t.'i. on fish and wildlife and bBotanical resources, jllt]uding threatened and
endangered species, and measures 1o mitigate impacts on these resources



EnviROMMENTAL bsSUES AND MONITORING 303

*  Jdentification of impacted historical and archeological sites eligible for inclusion in
the MNational Register of Historic Places

*  Measures to enhance or create recreational opportunities
¢ Impacts on wetlands and land use and measures to mitigate such impacts

* Implementation or construction schedule for any proposed measures, including
sources of financing for implementation

The EIR or EIS is site specific, and the level of detall it provides must be commensurate
with the complexity of the possible environmental impact. The EIR or EIS includes state-

menis/commitments related to monitoring programs during construction and operation,
environmental tradeoffs, research and development, and restoration measures that will be
taken routinely or as the need arises. It documents provisions for pre- and post-monitoring
of u.iE'nifim.nT, ervironmental imFa.cLi af the Prqjcct, im:luding programs for monitoring
changes in operational phases and measures for detecting and modifying noise levels, mon-
itoring air and water quality, inventorying key species in food chains, and detecting induced
changes in weather. In addition, the EIR or EIS identifies federal, regional, state, and local
regulations and codes that must be complied with in the construction, maintenance, and
operation of the project.

In the case of certain relatively less sensitive projects or relatvely small projects, an EA
muy be adequate. In general, an EA 15 a less detiled document than an EIR or EIS.

Environmental Impacts of Water Resources Engineering Projects
Environmental Impacts of Doms

Impacts of dams on the environment include impacts on channel reaches both downsiream
and upstream of the dam, In particular, these may include impacts on water quality, river
morphology, flooding, fisheries, living marine resources, wildlife, threatened and endan-
gered species, vegetation, cultural resources, land use, recreation, aesthetics, historical and
archaeological features, and socioeconomics.

General envirommental impacts on the riverine environmenis downstream of a dam or
other hydraulic suructures that must be analyzed and evaluated include the following (ASCE

1989; CFR 18, Chapter 1 and Part 380; Prakash 2002):
*  Accumulation of stabilized and armored riverbed material downstream of the dam
caused by successive clear water sluicing and lack of substrate redeposition.

*  Occwrence of a relatively low (depressed) and constant thermal regime of water
released from a deep reservoir intake.

*  Profuse accumulation of algae caused by increases in transparency, nurienis, bed
instability, and absence of fine sediments.

*  Reduced species diversity in the macroinvertebrate community, which may be atirib-
uted to lack of water temperature variations necessary for completion of important
life history events, such as egg hatching and maturation.

* Increased macroinvertebrate biomass and low diversity associated with flow con-
stancy and/or organic loading from the reservoir.

* Impacts on threatened or endangered species listed by federal and state agencies,
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Impacts on federally designated wild and scenic nvers,

Impacts on groundwater levels downstream of the dam due to long-term seepage
from the impoundment.

Impacts on migratory fish due to blockage of passage and relatively low adaptability
of figh o fish ladders and fishways.

Impacts associated with dissolved oxygen (DO} deficit due 1o biological and chemical
processes in the reservoir that consume oxXygen.

Impacts associated with higher dissolved concentration of metals, such as iron and
manganese, because of the increase in their solubility in a relatively low DO envi-
roriment.

Impacts associated with supersaturation of water released from the reservoir, resulr-
ing in gas-bubble discase in fish population. When water plunges to a great depth
downstream of a dam at the end of a spillway, it traps air. The increase in depth dur-
ing the plunge causes more gases to dissolve than would occur at the surface. When
this supersaturated water rises from the bottom of the plunge to near the water sur-
face in the downstream channel, gases begin o come out of solution, resulting in
gas-bubhle discase. Water in deeper reservoirs is sometimes samrated with dissolved
gases. When this water is released through a deep reservolr intake, it is exposed (o
much lower pressure and higher iemperature in the downsiream channel where
gases may begin to come out of solution, resulting in gas-bubble disease.

Modification of the river regime due to alteration in the natural flow hydrograph,
including alterations in floodplains, wetlands, islands, and sandbars, and impacts
on aquatic population associated with these features,

Lower assimilative capacity of the downstream channel for wastewater discharges
because of flow diversions and regulation at the dam.

Increased risk of flooding with atiendant loss of life and property due 1o potential
dam failure.

Beneficial impacts associated with primary, secondary, and teniary mngible and
intangible benefits of the dam related to the downstream environment.

Environmental impacts on the hydrologic environment upstream of a dam or other
hydraulic structures that must be evaluated include the following:

Areas and features inundated or submerged by the impoundment {such as utilities,
archaeological and historical monuments, religious sites, old cemeteries, farmland,
and any sites either lisied or determined to be eligible for inclusion in the National
Register of Historic Places), and impacts on land use, wildlife habitat, forests, min-
erals, and unique ecosystems.

Population displaced and resulting impacts on human health and safety and on aes-
thetic and cultural values and Inving standards.

Increased Aood levels and frequency of flooding due w hydraulic obstruction in
the river channel caused by the dam.

Potental for landshdes and enhanced soil erosion along the shoreline of the reservair.
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* Impacts on flora and fauna in the reservoir area and in the upstream channel.

*  Potential for degradation of water quality due to long-term interaction between sl
iment deposited and water stored in the reservoir,

*  Beneficial impacts associated with primary, secondary, and tertary tangible and
intangible benefits of the dam related to the upstream environment.

Environmental Impacts of Other Water Resources Engineering Projects

Other water resources engineering activities that result in adverse impacts on the environ-
ment include discharges of polluted water from point and non-point sources. Point source
discharges that impact riverine environments include sanitary wastewater, industrial waste-
water, and storm water runoff from construction or mining areas, industrial facilines, roads,
and parking lots through individual outfalls. Non-point sources of water pollution include
runcff from agricultural areas and forests.

It is reported that non-point sources, which mainly include agriculural nimoff, con-
tribute two-thirds of the total water-quality-—related impacts on riverine environments and
one-half of the water-quality=related impacts on lakes and reservoirs (NRCS 1996; Ojima
et al. 1999). Non-point source discharges from agricultural areas contain contaminants
from fertilizers, herbicides, pesticides, livestock wastes, salts, and sediments, This results in
increased salinity, nutrient loading, mrbidity, and siltation of streams.

Anoither :.iﬂ'niﬁl:ant nnn—F-nint source of emvironmental impacts on surface water quality
s surface runoff by way of overland flow from abandoned mine waste piles and old tailings
disposal areas. Rainwater infiltrating through such facilities or entering abandoned under-
ground mine workings enters the groundwater environment as contaminated water (e.g.,
acid mine drainage or water containing high levels of dissolved solids), which eventually
reach nearby streams. This type of impact may pertain to old coal mining areas, copper or
other mineral mines, and uranium mines. In certain instances, uranium mill tailings dis-
posed in rver floodplains have become exposed to river flows and required remediation. If
overland flow or seepage from such facilities is discharged through one or more outfalls, it
may constitute a point source of stream pollution,

Similar types of impacts result from surface runoff and seepage from old abandoned
indusirial facilices.

Remediation or mitigation of impacts resulting from past mining and industrial activities
has been undertaken through remediation programs implemented by governmental agen-
cies, actions taken by private entities, and principal responsible parties identified by the regu-
latory agencies. In the United States, hydraulic impacts associated with existing and new mines
are controlled and regulated by the federal Office of Surface Mining for coal mines; US.
Nuclear Regulatory Commission for uranium mines; and federal and state agendes for envi-
ronmental protection for other minerals through a systemn of permits, regulations, and inspec-
tions. Similar regulations are enforced by government agencies in many other countries.

Mining and other developmental (including urban and industrial} activities require
relocation or diversion of streams to maximize ore recovery, minimize Hooding, or enable
construction of contiguous facilities. Relocation of streams has negative impacts on stream
biota. Existing depressions and pits are sometimes incorporated into the relocated channel.
This may result in decrease in lotic (lowing water) habitat and increase in lentic (still water)
habitat in the stream.

Industrialization also results in water<quality-related impacts on the hydrologic envi-
ronment. Widespread use of smokestacks and chimneys emanate flue gases with particulate
matter containing different chemical constituents. These particles get deposited on tree leaves,
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Water quality monitoring and analyses are generally required to evaluate impacts on
dissolved osvgen (DO)), temperature, and other parameters of concern for specific river
reaches and 1o evaluate impacts on the assimilative capacity of the river after constuuction
of a dam, intake structure, water division project, or stormwaier discharge [acility.

Degradation of water quality may result due to water sediment interaction in the
impoundment or other modifications in the hydrologic regime, Construction of a dam or
other water resources engineering project may result in loss of artifacts of historic, religious,
or ethnic significance. Often, such impacts are brought out in public hearings related o the
ElS of the proposed projects and must be addressed.

Analytical studies are required to determine insiream flow requirements for navigation,
recreation, assimilative capacity, and fish and agquatic life in the channel downstream of a dam,
intake structure, or water diversion project. A number of analytical methods are used 1o deter-
mine instream flow requirements for different aquatic species (ASCE 1984),

Field surveys are required to determine pre- and post-project aquatic population and
biodiversity both upstream and downstream of a dam, intake structure, or water diversion
project and to evaluate potential impacts on the ecosystem. Field surveys also are required
to identfy the locations and sizes of existing islands, sandbars, and meanders in the river
channel and existing vegetation and animal populations sustained by these featres.
ﬂ:nmurphnlngii; stpdies are rl,-.quirr.rl to determine pnt:*ntial iTI'IPHET_"i- of the constrichon
and operation of the project on these features and the ecosystem supported by them. Field
monitoring is required to determine pre- and posi-project water quality of the stream,

Topographic surveys are required to identify areas, households, and urilities and mone-
tary values of property that may be inundated or dislocated after the construction of a water
FEROLIrCeS cngim::rirlg Prnlﬂ:t The cost of E{}]'I'I'Ftl'l!i.':ll.'i.{}'rl for unavoidable impacts, msurance
against damages or adverse impacts, and replacement costs for lost features attributable w a
project are included in the computation of the benefit-cost ratio for the project. When a ben-
efit-cost analysis is prepared, it must include analvses of unquantified environmental impacts,
values, and amenities. lmpacts for which monetary compensaton cannot be calculaved
should be expressed in adequately defined qualitative and descriptive terms.

According to federal and state regulatory guidelines, dams are divided into different
size categories, based on their storage capacites and heights, and inwe different hazard
categories, based on potential damage to life and property due to filure. Different design
and//or rehabilitation criteria are specified for different combinations of hazard and size
classifications {e.g., low, significant. or high hazard potential combined with small, inter-
mediate, or large size of a dam) (NRC 1985). For dams that do not or cannot meel spec-
ified design criteria, or where consequences of dam lailure are more severe than those
without failure, methods have been developed o perform risk analyses and determine
costs for indemnifying the affected entities against damages attributable to potential dam
failure {ASCE 1988). These indemnification costs, along with non=dollar-denominaved
environmental consequences of dam failure, may be included in the benefit-cost analysis
for a dam.

In the United States, consensus is growing for the demolition of a number of dams
where the benefits of removal are deemed to exceed those of operation and maimenance
of the facilities. Analysis of the environmental impacts (including benefit-cost analysis) for
such dams revealed that, even with fish passages, these dams have been a primary cause of
fish mortality in the river system. The reservoirs have inundated riparian communities and
natural wetlands, which were important in the cycling of water, nutrients, sediment, organic
matter, and aguatic and terrestrial organisms in the nverine ecosystem. Cultural resources
important to the local people were imundated, made inacceszible, or buried.
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for impacts that can be mitigated by structural or nonstructural means, along with moni-
toring plans to evaluate the progression of unmitigable impacts and effectiveness of mitiga-
tion measures for mitigable impacts. Approval of the EIR or EIS by appropriate agencies is
required before permits for construction, operations, or relicensing of the facilities are
issued, Usually, these documents form a part of the permit application for the facility.

The EIR or EIS is a public document approved by appropriate regulatory agencies after a
series of public hearings and technical reviews. The commitmenis for mitigation and moni-
toring of specilic environmental impacts stipulated in these documents become legally and
politically binding on the owners and operators of dams and other facilities. The performance
of the mitigation measures and progression of unmitigable impacts of the project during the
operatng perod are routinely scrutinized by the regulatory agencies, impacted public, and
various nongovernmental organizations (NGOs) or environmental groups. Additional sus-
pected post-mitigation impacts of the project (not identified in the EIR or EIS) can be and
often are reported by the above-mentioned groups in the form of petitions, notices, or com-
plainis. After adequate analysis and evaluation, the resoluton of these complaints may con-
stitute the basis of additional mandated environmental monitoring for the project.

Thus, post-mitigation environmental monitoring requirements are generally sitespecific,
depending on the sensiovity and environmental significance of the impacted environmenial
parameter (e.g., aquatic habitat, vegetatbon, morphology, hydrology, water quality, and socio-
economics),

Components of Environmental Monitoring

The main components of an environmental monitoring plan include monitoring of fish
and wildlife, habitat, and water quality.

Monitoring of fish and wildlife includes species composition, abundance, distribution,
and habitat use of fish and benthic inveriebrates; species composition, abundance, distribu-
tion, and habitat use of shorebirds, herons, waterfowl, and eagles; and species composition,
abundance, and distribution of herpetofauna, and habitat use of amphibians and reptiles.

Monitoring of habitat includes aquatic and terrestrial monitoring. Aquatic monitoring
includes water depth, water velocity, subsirate size and composition, and quantity ol large
woody debris. Terrestrial monitoring includes plant species composition of riparian and
floodplain vegetation and wetlands; wetland surface area, volume, duration, and depth; num-
ber, area, and elevation of unvegetated sandbars; groundwater elevations; floodplain land
cover; and floodplain geomorphology and hydroperiod.

Water quality monitoring includes water quality parameters of concern in the region,
including DO, iemperature, turbidity, and nutrients for river reaches, reservoirs, and wet-
land habitats.

Environmental water quality parameters for various sireams in the United States are
maonitored and published by the U.S. Geological Survey (LISGS). Another source ol water
quality data of streams is the Storage and Retrieval (STORET) system maintained by the
USEPA. Commonly monitored water quality parameters include specific conductance, pH,
temperature, wrbidity, DO, fecal coliform, fecal streptococci, hardness, calcium, magne-
sium, soddium, potassium, arsenic, barium, cadmium, chromium, cobalt, copper, iron, lead,
manganese, mercury, sclenium, silver, zinc, bicarbonate, carbonate, sulfate, chloride, Muo-
ride, silica, total dissolved and suspended solids, nitrogen, phosphorus, organic carbon,
PCBs, aldrin, chlordane, DDD, DDT, DDE, di<ldrin, di-azinon, endrin, ethion, hupta.chlur,
lindane, malathion, methoxychlor, methyl parathion, methyl tri-thion, parathion, toxaphene,
trithion, phytoplankton, and periphyion.
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For projects under the jurisdiction of the U.S. Army Corps of Engineers (USACE), a pol-
icy has been established for conducting environmental compliance assessments with respect
to the provisions for environmental monitoring stipulated in the EIS (USACE 1999). Inter-
nal assessments for compliance with environmental monitoring commitments are conduct-
ed annually by project/facility personnel. External assessments are conducted on a 5yr cvcle
by outside contractors or personnel not emploved at the facility. Records of the provisions of
the EIS, amendments to the EIS, or other decisions pertaining to environmental mitigation
are kept by the appropriate authority. Upon request from interested agencies or the public,
reports on the progress of required mitigation, committed environmental monitoring, and
other provisions have to be made available to them. Monitoring is required to ensure that
the decisions and committed environmental monitoning, including mitigation measures, are
implemenied,

Some agencies have implemented ambient lake monitoring programs (ALMPs) wo char-
acterize trends in the environmental condition of lakes, determine causes of environmen-
tal degradation, monitor progress of restoration programs, and update lake classification/
prioritization systems with respect o environmental quality and restoration. This involves
collection and analysis of water quality and sediment samples as well as field observations for
water color, weather, sediment deposition, algae, macrophytes, and other significant aspecs
of the lake. Ambient trend monitoring is conducted to determine long-term trends in water
quality and to evaluate restoration programs, For this purpose, lakes are monitored once
during the spring runoff and tumover period (April or May), three times duning the sum-
mer { June, July, and August), and once during the fall mrmover (September or October).
The parameters analyzed include suspended solids, nutrients, chlorophyll, DO and temper-
ature profiles, and other field parameters for water samples collected from 1 ft below the sur-
face and 2 fi above the bottom at the deepest location. Intensive lake-specific monitoring is
conducted ar some lakes. Lakes are selecied for Phase | {diagmml.i::]l, Phase [1 (evaluation),
or Phase Il {post-restoration evaluation) of intensive monitoring. For Phases | and 11, mon-
itoring is generally conducted twice per month from May to September and monthly from
Oxctober 1o April for a 1+ period prior 1o implementation (Phase 1) and for 1 or more yr
during and following implementation (Phase I1). Phase 111 monitoring usually consisis of
3 yr ufﬂmpling from 1 fit below the surface, mid—dcpth [t IIEI:PLT lakes), and 2 ft above the
bottom at the deepest location. Parameters monitored include suspended solids, nutrients,
chlorophyll, DO and temperamre profiles, and major biological resources (e.g.. phyto-
plankton, fish, aquatic vegetation, and sometimes zooplankion and benthos). Sediment
samples are analvzed for solids content, nutrents, persistent organics, and heavy metals in
the initial diagnostic period. In additon, fish contaminant sampling and analyses also are
conducted during this initial phase,

For dams and other international waters projects, the World Bank requires an EA or
EIS, which are public documents that spell out unmitigable impacts and associated moni-
woring plans that must be scrutinized by the bank staff and by others in public hearings. The
commitments for environmental monitoring stipulated in these documents are binding on
the owners or operators of dams and related facilities. The descrniption of the environmen-
tal monitoring programs must include reasons for and costs of monitoring and institu-
tonal arrangements for monitoring, evaluating monitoring results, and ininating necessary
action to limit adverse impacts disclosed by monitoring. It is imperative that there is an insti-
mition © monitor compliance and instiute enforcement action when and where needed.

The World Bank has developed guidelines for the design and implementation of
monitoring and evaluation of projects funded by the Global Environment Facility (WB
1996). All World Bank-funded projects must include plans for monitoring and evaluation
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* In- and out-migrations of people
*  Changes in economic and social status of resettlement population and people
remaining in the river basin

Similar monitoring factors are identified for projects involving flood protection, watershed
development, imigation and drainage, fisheres, agroindustry, natural forest management
and plantation development, rangeland and livestock management, and rural roads.

There is no standard monitoring program for hydroelectric projects. The EA or EIS for
these projects should include a monitoring plan for those variables included in the list for
dam and reservoir projects that are pertinent for each particular site (WB 1998),

Project monitoring is the responsibility of the project management team. Institutional
responsibilities for evaluation of performance differ depending on the evaluation designation:

Interim evaluation (during project implementation)
Terminal evaluation (at the end of the project)
3. Impact evaluation (several years after completion of the project) to measure direct

and indirect impacts

The development, implementation, and evaluatuon of the M&E plan involve the
following:

o [nital assessment of existing environmental and socioeconomic conditions and
institutional entities for environmental management, monitoring, and evaluation

*  Identification of major problems causing environmental degradation

*  Development of indicators for performance monitoring

*  Development of procedures for data collection, analytical methods, maintenance of
maonitoring equipment, and regional coordination

*  ldentification of institutional responsibilities and funding sources for implementation

* Perodic evaluation of project performance and adequacy of the M&E plan

Evaluation of Environmental Significance of Projects
Significance for Fish Habitat Sustainability and Enhancement

Some factors used to evaluate the significance of water resources engineering projects for
fish habitat sustainability and enhancement include the following (USDA 1977):
*  Acreage of water body that is available for fish movement, spawning, and hatching,

*  Whether low is constant or intermittent throughout the vear and whether water
levels remain nearly constant or fluctuate greatly from time to time.

*  Waer quality, including temperature, pH, DO, dissolved carbon dioxide, and con-
centrations of chemicals toxic to fish and humans.

*  Percentage of total stream length occupied by the following:

- Pools: Stream sections that are -rlnr*]_'u'.r and I::Ijl]ﬂll’}' wider than normal with
appreciably slower current than immediately upstream and downstream stream
reaches and with streambed consisting of a mixture of silt and coarse sand.
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— Riffles: Stream sections that contain gravel and /or rubble in which surface water
is slightly turbulent and current is swiflt enough so that the surface of gravel and
rubble is kept fairly frec from sand and silt.

—~  Flats: Siream sections with current too slow to be classified as a riffle and wo shal-
low to be classified as a pool. In a flat, streambed is usually composed of sand or
finer materials, with occasional coarse rubble, boulders, or bedrock,

- Cascades: Stream sections without pools, consisting primarily of bedrock with
little rubble, gravel, or other such materia